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Summary

Glucose metabolism is a highly regulated and conserved pathway, which is orchestrated by
several factors like hormones, nutritional state, enzymes and substrate availability. The
organs, which are responsible to maintain normal blood glucose levels are the liver and to a
lesser extent the kidney. Under prolonged fasting, the body makes use of the de novo
production of glucose from non-carbohydrate substrates — mainly lactate, glycerol and amino

acids. This process is called gluconeogenesis.

In the non-alcoholic fatty liver disease (NAFLD) hepatic gluconeogenesis is frequently elevated
which results in hyperglycemia and manifests the progression to type 2 diabetes mellitus.
NAFLD is a chronic liver disease that does not only affect the liver but also causes extrahepatic
complications. In our previous study, a steatosis-associated downregulation of the alanine-
glyoxylate aminotransferase (Agxt) was observed in mouse models and patients with NAFLD,
and this was accompanied by increased urinary oxalate levels. The physiological function of
Agxt is to detoxify glyoxylate to prevent the formation of the harmful waste product oxalate.
Therefore, decreased Agxt expression in the fatty liver could represent a mechanism that

explains a higher risk of hyperoxaluria in patients with NAFLD.

In addition to the well-established role of Agxt in preventing oxalate production, evidence for
a role of Agxt in amino acid-driven gluconeogenesis exists, which has to date not been
completely understood. At the same time, oxalate has been reported to inhibit pyruvate
carboxylase, a key enzyme of the gluconeogenesis pathway. Altogether, this leads to the

hypothesis, that Agxt may support gluconeogenesis by restricting oxalate generation.

To investigate this hypothesis, the inhibitory effect of oxalate on gluconeogenesis was first
studied in vitro. An in vitro hepatic glucose production assay with various glucogenic
substrates recapitulating gluconeogenesis was set up and characterized. The exposure of
oxalate and the oxalate precursor hydroxyproline to human and murine hepatocytes in this
assay revealed an inhibitory effect of oxalate on the glucose production from pyruvate, lactate
and alanine, but not from glycerol. The findings demonstrated a direct influence of oxalate on
glucose synthesis from precursors that require pyruvate carboxylase to enter the

gluconeogenesis pathway.

To translate the in vitro findings to an in vivo model, glucose homeostasis was studied in

AgxtKO mice, which display high plasma and urinary oxalate levels. The results revealed no
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changes in the plasma glucose levels, but, intriguingly, a decreased body weight loss after an
overnight starvation. In plasma, levels of the glucogenic amino acid glutamine were decreased
after fasting in Agxt-deficient compared to wildtype mice. Glucose metabolism-associated
gene expression analysis in the liver showed no difference between AgxtKO and wt mice,
whereas in the kidney, gene expression changes were observed, suggesting upregulation of
compensatory pathways to overcome oxalate inhibition, such as glycerol-driven
gluconeogenesis. The results demonstrated that renal gluconeogenesis is more affected by
oxalate in the kidney of hyperoxaluric AgxtKO mice, and when hepatic Agxt deficiency appears

it affects muscle protein breakdown and glutamine release.

Since Agxt is inducible by the hormone glucagon, the time course of Agxt expression in
response to glucagon was investigated. The stimulation with glucagon led to an upregulation
of Agxt mRNA followed by a more pronounced protein expression of Agxt compared to
untreated controls. The upregulation of Agxt was not an immediate response towards
glucagon, occurring 6h and 24h post stimulation. In a subsequent approach, in vitro data
displayed a direct stimulation of Agxt mRNA by common glucogenic precursors like pyruvate,
lactate, alanine and glutamine but not by glycerol. This indicates a role of Agxt in

gluconeogenesis, since other key enzymes of gluconeogenesis were also upregulated.

All in all, the results suggest a small contribution of Agxt in glucose homeostasis via regulation
of oxalate generation within hepatocytes. In the absence of Agxt, mice can maintain glycemia.
However, the levels of oxalate generated in the liver appear to affect the kidney, as judged by
the observed gene expression changes. We propose that in kidney, gluconeogenesis from
glycerol and other compensatory pathways will be predominant when Agxt is downregulated
and oxalate levels become high enough to inhibit gluconeogenesis via pyruvate carboxylase.
Conversely, upregulation of Agxt — e.g. by glucagon or pyruvate availability - will prevent
oxalate generation and allow pyruvate-driven gluconeogenesis. The hypothesis that levels of
oxalate may determine substrate utilization for glucose production in glucose-producing
organs like liver and kidney in health and disease should be further explored using 13C
metabolic flux analysis. Finally, further experiments are also needed to understand the

influence of hepatic Agxt on muscle protein breakdown.
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Zusammenfassung

Der Glukosestoffwechsel ist ein hochregulierter und konservierter Stoffwechselweg, der von
mehreren Faktoren wie Hormonen, Erndhrungszustand, Enzymen und Substratverfligbarkeit
beeinflusst wird. Die Organe, die fir die Glukose-Homoostatse verantwortlich sind, sind die
Leber und, in geringerem Malie, die Niere. Bei langerem Fasten greift der Kérper auf die de-
novo-Produktion von Glukose aus nicht-kohlenhydrathaltigen Substraten — hauptsachlich
Laktat, Glycerin und Aminosduren — zurlick. Dieser Prozess wird als Glukoneogenese

bezeichnet.

Bei der nicht-alkoholischen Fettlebererkrankung (NAFLD) ist die hepatische Glukoneogenese
in den haufigsten Fallen erhoht, was zu Hyperglykdamie fihrt und das Fortschreiten zu Typ-2-
Diabetes mellitus beglinstigt. NAFLD ist eine chronische Lebererkrankung, die nicht nur die
Leber betrifft, sondern auch extrahepatische Komplikationen verursacht. In unserer
vorherigen Studie wurde eine steatose-assoziierte Herunterregulierung der Alanin-Glyoxylat-
Aminotransferase (Agxt) in Mausmodellen und Patienten mit NAFLD beobachtet, begleitet
von erhdéhten Oxalatwerten im Urin. Die physiologische Funktion von Agxt besteht darin,
Glyoxylat zu entgiften, um die Bildung des toxischen Abfallprodukts Oxalat zu verhindern.
Daher kdnnte die verringerte Agxt-Expression in der Fettleber einen Mechanismus darstellen,

der ein hoheres Risiko fiir Hyperoxalurie bei Patienten mit NAFLD beglinstigt.

Neben der bekannten Rolle von Agxt gibt es Hinweise auf eine Rolle von Agxt bei der
aminosadurebasierten Glukoneogenese, die bisher nicht vollstindig verstanden wurde.
Gleichzeitig wird beschrieben, dass Oxalat die Pyruvat-Carboxylase hemmt, ein
Schlisselenzym des Glukoneogenese. Aus diesen Befunden lasst sich folgende Hypothese
ableiten, die besagt, dass Agxt die Glukoneogenese unterstitzt, indem es die

Oxalatproduktion einschrankt.

Um diese Hypothese zu untersuchen, wurde die hemmende Wirkung von Oxalat auf die
Glukoneogenese zundachst in vitro untersucht. Ein in vitro-Glukoseproduktionsassay , der die
Glukoneogenese nachahmt, wurde mit verschiedenen glukogenen Substraten erfolgreich
etabliert. Die Exposition von menschlichen und murinen Hepatozyten gegeniiber Oxalat und
dem Oxalatvorldufer Hydroxyprolin in diesem Assay zeigte eine hemmende Wirkung von
Oxalat auf die Glukoseproduktion aus Pyruvat, Laktat und Alanin, jedoch nicht aus Glycerin.

Die Ergebnisse zeigten einen direkten Einfluss von Oxalat auf die Glukosesynthese aus
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Vorlauferstoffen, die Pyruvat-Carboxylase benétigen, um die Glukoneogenese zu

ermoglichen.

Um die in vitro-Ergebnisse in ein in vivo-Modell zu (ibertragen, wurde der Glukosestoffwechsel
bei AgxtKO-Mausen untersucht. Diese Mause sind durch hohe Plasma- und Urinoxalatspiegel
gekennzeichnet. Die Ergebnisse zeigten keine Veranderungen des Blutzuckerspiegels, aber
einen verringerten Gewichtsverlust nach nachtlichem Fasten. Im Plasma waren die Spiegel der
glukogenen Aminosaure Glutamin nach dem Fasten bei Agxt-defizienten Mausen im Vergleich
zu  Wildtyp-Mausen reduziert. Die Analyse der Glukosestoffwechsel-assoziierten
Genexpression in der Leber zeigte keinen Unterschied zwischen AgxtKO- und Wildtyp-
Mausen, wahrend Genexpressionsveranderungen in der Niere beobachtet wurden, die auf
eine Hochregulation von Kompensationswegen zur Uberwindung der Oxalatinhibition
hindeuten, vorallem durch die Glycerin-getriebene Glukoneogenese. Die Ergebnisse zeigten,
dass die renale Glukoneogenese in den Nieren von hyperoxalurischen AgxtKO-Mausen starker
von Oxalat beeinflusst wird, und dass ein hepatischer Agxt-Mangel den Muskelproteinabbau

und die Glutaminfreisetzung beeinflusst.

Da Agxt durch das Hormon Glukagon induzierbar ist, wurde im Zeitverlauf die Agxt-Expression
auf Protein- und mRNA-Ebene als Reaktion auf Glukagon untersucht. Die Stimulation mit
Glukagon fiihrte zu einer Hochregulierung der Agxt-mRNA, gefolgt von einer stdrkeren
Proteinexpression von Agxt im Vergleich zu unbehandelten Kontrollen. Die Hochregulation
von Agxt war keine unmittelbare Reaktion auf Glukagon und trat erst 6 Stunden und 24
Stunden nach der Stimulation auf. In einem nachfolgenden Ansatz zeigten in vitro-Daten eine
direkte Stimulation von Agxt-mRNA durch gangige glukogene Vorlaufer wie Pyruvat/Laktat,
Alanin und Glutamin, jedoch nicht durch Glycerin. Dies weist auf eine Rolle von Agxt in der
Glukoneogenese hin, da auch andere Schliisselenzyme der Glukoneogenese hochreguliert

wurden.

Die Ergebnisse deuten auf einen kleinen Beitrag von Agxt zur Glukosehomoostase hin, indem
es die Oxalatproduktion in Hepatozyten reguliert. In Abwesenheit von Agxt kénnen Mause die
Glykdamie aufrechterhalten. Allerdings scheinen die in der Leber erzeugten Oxalatwerte die
Niere zu beeinflussen, wie die beobachteten Genexpressionsverdanderungen zeigen. Daraus
resultiert, dass in der Niere die Glukoneogenese aus Glycerin und anderen

Kompensationswegen vorherrschend ist, wenn Agxt herunterreguliert wird und die



Oxalatspiegel hoch genug sind, um die Glukoneogenese Uber Pyruvat-Carboxylase zu
hemmen. Umgekehrt verhindert die Hochregulation von Agxt — z.B. durch Glukagon oder
Pyruvatverfligbarkeit — die Oxalatbildung und ermoglicht die Pyruvat-getriebene
Glukoneogenese. Die Hypothese, dass Oxalatspiegel die Substratnutzung fir die
Glukoseproduktion in glukoseproduzierenden Organen wie Leber und Niere in Gesundheit
und Krankheit bestimmen konnten, sollte weiter mit Hilfe der 13C-Metabolitenflussanalyse
untersucht werden. SchlieRlich sind weitere Experimente erforderlich, um den Einfluss von

hepatischem Agxt auf den Muskelproteinabbau zu verstehen.



Abbreviations

%

Adj
Agxt
APS
BCA
BisTris
BMI
BSA
°C
CaCl
cAMP
cDNA
CKD
CpG
CRE

CREB/pCREB

CRTC2
CvD

C

DAPI

DEPC

Percent

Adjusted

Alanine-glyoxylate aminotransferase
Ammonium persulfate

Bicinchoninic acid
Bis-(2-hdroxy-ethyl)-amino-tris(hdroxymethyl)-methane
Body Mass Index

Bovine Serum Albumine

Degree Celsius

Calcium chloride

Cyclic adenosine monophosphate
Complementary DNA

Chronic kidney disease
5‘-cytosine-phosphate-guanine-3‘

cAMP response element

cAMP response element binding protein/ phosphorylated cAMP

response element binding protein
CREB regulated co-activator 2
Cardiovascular disease

Cycle threshold

days
4',6-diamidino-2-phenylindole

Diethyl pyrocarbonate

Xi



DMEM
DNA/RNA
DNMT
DPPIV
DTT
EDTA
EGTA
Eif2a
e.g.

et al.
ESKD

FM
g/mg/ug
G6Pase
GAPDH
GCGR
GPB

GRHPR

HAO1
HRP
HEPES
HOGA1

HE

Dulbecco’s modified Eagles’ ,edoi,
Deoxyribonuleic acid/ Ribonucleic acid

DNA methyltransferase

Dipeptidyl peptidase 4

Dithiothreitol

Ethylenediaminetetraacetic acid

Ethylene glycol-bis (B-aminoethylether)-N,N,N,N‘-tetra acetic acid
Eucaryotic translation inititation factor 2a

for example

And others

End stage kidney disease

Glucose-free media

gram/milligram/microgram
Glucose-6-phosphatase

Glyceraldehyde 3-phosphate dehydrogenase
G-protein coupled glucagon receptor

Glucose production buffer

Glyoxylate reductase/hydroxypyruvate reductase
hours

4-hydroxy-2-ocoglutarate aldolase 1

Horseradish peroxidase
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
4-Hydroxy-2-oxoglutarate aldolase

Haematoxylin and Eosin Y

Xii



Hyp

i.E.

IfADo
IFNy

IHC
1I-6/11-10
IR

INK
KH,PO4
L/mL/pL
LC-MS/MS
LDH/LDHA
LPS

KO

MAFLD

M/mM/uM/nM

MgS04

MTS

N

NazHPO4

NaCl

NAFL

NAFLD

NASH

Hydroxyproline

that is

Leibniz-Institut fiir Arbeitsforschung an der TU Dortmund
Interferon gamma

Immunhistochemistry

Interleukin 6/ Interleukin 10

Insulin resistance

c-Jun N-terminal kinase

Potassium dihydrogen phosphate

liter/ milliliter/ microliter

liquid chromatography-mass spectrometry/ mass spectrometry
Lactate dehydrogenase A
Lipopolysaccharide

Knock-out

Metabolic-associated fatty liver disease
Molar/millimolar/micromolar/nanomolar
Magnesium sulfate

Mitochondria target sequence

number of biological replicates

Sodium hydrogen phosphate

Sodium chloride

Non-alcoholic fatty liver

Non-alcoholic fatty liver disease

Non-alcoholic steatohepatitis

xiii



NCD/WD/HFD
NF-kB
NF-Y
nm
NP-40
o/n
PAGE
PBS

PFA

PH (1, 2, 3)
PHH
PKA
PKCa
PMH
PRODH2
PVDF
gRT-PCR
RFU
Rpm
ROS
RPBS

RT

SDS

siRNA

Normal chow diet/Western Diet/ High-fat diet
Nuclear factor kappa-light-chain-enhancer of activated B cells
Nuclear transcription factor Y

nanometer

Nonidet P-40 substitute

overnight

Polyacrylamide gel electrophoresis
Phosphate-buffered saline

Paraformaldehyde

Primary hyperoxaluria (type 1,2,3)

primary human heptatocytes

Protein kinase A

Protein kinase Ca

Primary mouse hepatocytes

Proline dehydrogenase 2

Polyvinylidene fluoride

Quantitative real-time polymerase chain reaction
Relative fluorescence unit

Rounds per minute

Reactive oxygen species

Reduced representation bisulfite sequencing
Room temperature

Sodium dodecyl sulphate

Small interfering RNA

Xiv



SREBP-1c
STZ
T2DM
TBS-T
TEMED
Tris

UBS

UPR

Vs

v/v; w/v

Xg

Sterol regulatory element-binding protein-1c
Streptozotocin

Type 2 diabetes mellitus

Tris-buffered saline
Tetramethylethylenediamine
Tris(hydroxymethyl)aminoethane

Ubiqutin C

Unfolded protein response

versus

volume per volume; weight per volume

standard gravity

Xv



1 Introduction

1.1  Glucose metabolism

Glucose homeostasis refers to the maintenance of blood glucose levels within a tight range
and is a highly regulated process in every living organism. To maintain a balanced glucose
homeostasis, several factors play a role, ranging from the uptake and intestinal absorption of
carbohydrates in the first place and the distribution of glucose by the liver and the kidney to
peripheral organs to maintain energy balance in the second place (Anyamaneeratch et al.,
2015; Pilkis and Claus, 1991). On the organ level, the liver takes over most of the part for the
maintenance since it controls its distribution between blood stream and hepatocytes by
controlling uptake and storage of glucose via glycolysis and glycogenesis under feeding
conditions and production of glucose via glycogenolysis and gluconeogenesis under fasting
conditions (Nordlie et al., 1999). Besides the storage of glucose in glycogen, excessive glucose
can also be used by other metabolic pathways like lipogenesis and stored in white adipose

tissue (Towle et al., 1997).

Among the hormones that control glucose homeostasis, the anabolic hormone insulin that is
secreted from the B-cells of the pancreas stimulates the uptake of glucose from the
bloodstream to the liver under feeding conditions after binding to the insulin receptor
(Campbell and Newgard, 2021). Constantly high levels of glucose in the bloodstream
(hyperglycemia) can cause severe problems including kidney damage, cardiovascular disease
and diabetes (Giri et al., 2018). Under physiological conditions, the secretion of insulin
activates key enzymes like glycogen synthase (GS) for glycogenesis and phosphofructokinase,
pyruvate kinase for glycolysis in the liver. This activation is mostly mediated by the well-
characterized PI3K/Akt pathway induced by insulin (De Meyts, 2004). Further, lipogenic
enzymes - fatty acid synthase and acetyl CoA carboxylase - are activated to induce lipogenesis
(Hatting et al., 2018; Oh et al., 2013). Insulin does not only regulate glucose uptake and
metabolism in the liver, it also regulates the uptake in peripheral organs which also express
insulin receptor on their cell membrane, for instance the skeletal muscle and the brain, which
require large amounts of glucose to maintain their functionality (Mergenthaler et al., 2013;
Merz and Thurmond, 2020). Moreover, insulin prevents glycogenolysis and gluconeogenesis

(De Meyts, 2004), therefore antagonizing the effects of glucagon, which will be explained next.
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The orchestration of euglycemia under fasting conditions in an organism is mediated mostly
by the hormone glucagon that is secreted from a-cells of the pancreas (MacDonald and
Rorsman, 2023). When glucagon is secreted, it reaches the hepatic glucagon receptor via the
systemic circulation. Here, it binds to the G-protein coupled receptor and induces a
conformational change of the glucagon-receptor complex (Engelking, 2015; Janah et al.,
2019). This leads to the activation of Gsa protein. The activated protein consequently
promotes the adenylate cyclase (AC) to produce the messenger protein cyclic adenine
monophosphate (cCAMP). After this, cAMP activates the cAMP-dependent protein kinase A
(PKA), which can phosphorylate multiple target proteins involved in glycogenolysis and

transcription factors that upregulate gluconeogenic enzymes (Janah et al., 2019)(see Fig. 1).

Under short-term fasting periods, the organism makes use of the available glycogen storages
in order to maintain glucose homeostasis (Rui, 2014). Whereas after long-term fasting periods,
the organism makes use of the de novo synthesis of glucose from any non-carbohydrate
substance (Petersen et al., 2017). This process is termed gluconeogenesis. It occurs mainly in
liver and kidney, hepatocytes and proximal tubular cells respectively. In the next chapters, the

focus will be on the hepatic and renal gluconeogenesis.

1.1.1 Hepatic gluconeogenesis

The precursors mostly used to produce glucose de novo in the liver are lactate, glycerol and
alanine. They make up to 90% of the newly synthesized glucose (Petersen et al., 2017; Rui,
2014). They can either be synthesized in the liver or brought to the liver from extrahepatic

tissue, e.g., muscle or white adipose tissue.
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Figure 1: Metabolic pathways in the generation of glucose under fasting (glycogenolysis, gluconeogenesis) and
ad libitum conditions (glycogenesis, glycolysis) (adapted from Miiller et al., 2017b).

Gluconeogenesis is stimulated by glucagon. The actions of glucagon are mainly mediated by
the cAMP-PKA pathway. PKA can translocate to the nucleus where it phosphorylates the cAMP
response element binding protein (CREB). The phosphorylated CREB then binds to its CRE
sequence facilitating the gene and protein expression of key enzymes in gluconeogenesis and
other CRE-containing genes (MacDonald and Rorsman, 2023). Key enzymes involved in
gluconeogenesis are glucose-6-phosphatase (G6pc), fructose-1,6-bisphosphatase (Fbp1l),
pyruvate carboxylase (Pc) and phosphoenolpyruvate carboxykinase (Pck1). Their activity and
transcriptional expression are regulated via several different mechanism, e.g. hormonal
stimulation via glucagon (Pckl1, Pc and G6pc) or by changes in allosteric regulators (Fbp1). The
glucogenic genes of Pc, Pckl, and G6pc are all immediately activated by the CREB transcription
factor which contains a CRE sequence in the promotor region (Thiel et al., 2005; Thonpho et
al., 2010; Xing and Quinn, 1993). The glucogenic pathway is the reversal of glycolysis except
for four steps, which are circumvented by different enzymes. The rate-limiting enzyme in this
pathway is Pckl catalyzing the conversion of oxaloacetate to phosphoenolpyruvate. The
reaction requires GTP to mediate it in an energetically-efficient way. In most organisms, Pck1
is found in the cytosol of the cells (Zimmer and Magnuson, 1990). Studies in a global Pckl-
knock-out (KO) have revealed that mice are not viable postnatal and die within the first three
days (She et al., 2000). In contrast, liver-specific Pck1-KO mice are viable but they cannot
produce glucose from lactate and amino acids by gluconeogenesis. This resulted in high levels
of TCA cycle intermediates in hepatocytes and in a steatotic liver via enhanced flux of such

intermediates towards lipogenesis. Nevertheless, these mice were able to maintain
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euglycemia by the production of glucose derived from glycerol after a 24h fasting period
(Burgess et al., 2004). The second important enzyme is the Fbpl, which dephosphorylates
fructose-1,6-bisphospate to fructose-6-phosphate and represents the antagonist of
phosphofructokinase in glycolysis. The deficiency of Fbp1 results in hypoglycemia, while the
overexpression of this gene results in hyperglycemia and an impaired insulin secretion
(Kebede et al., 2008; Moey et al., 2018). The last enzyme before glucose is generated under
fasting conditions is G6pc. This enzyme removes a phosphate group from glucose-6-
phosphate to produce glucose (Foster et al., 1997). This glucose can enter the blood stream
and reach the respective tissue. Ultimately, this causes the rise in the blood stream. A
hepatocyte-specific KO of G6pc led to hypoglycemia, hyperlipidemia, lactic acidosis, glycogen
accumulation and hepatic steatosis. Genetic mutations in the G6PC gene are highly associated
with glycogen storage disease (GSD)(Chou et al., 2010). As stated before, glucose can also be
produced from triglyceride-derived glycerol. Glycerol kinase (Gyk) is the enzyme that
phosphorylates glycerol to glycerol-3-phosphate and ultimately results in the formation of
dihydroxyacetone phosphate, which can be incorporated in the glucogenic pathway.
Compared to the two enzymes before, this reaction is not a direct reversal of the glycolytic

pathway (Rui, 2014).

The initial step to induce lactate/pyruvate and amino acid-driven gluconeogenesis is facilitated
by Pc. Pc converts pyruvate to oxaloacetate, and therefore it does not only play a role in
gluconeogenesis, but also in anaplerosis, replenishing TCA cycle intermediates (Jitrapakdee
and Wallace, 1999). Pc is the only enzyme that is not expressed in the cytosol of the cells, it is
exclusively found in mitochondria (Gray et al., 2014). The reaction requires ATP and
bicarbonate as substrates and is allosterically activated by higher levels Acetyl-CoA in the
mitochondria (Valle, 2017). One would wonder why pyruvate is not directly converted to
phosphoenolpyruvate in gluconeogenesis. This is a highly inefficient reaction and therefore
oxaloacetate is formed as an intermediate substrate (Prochownik and Wang, 2021).
Subsequently, oxaloacetate needs to be further metabolized to malate, which then can be
shuttled out of mitochondria and into the cytosol where it is oxidized back to oxaloacetate via
malate dehydrogenase. This oxaloacetate is metabolized via Pckl for glucogenic purposes
(Hanson and Owen, 2013). Additional studies suggest that mitochondrial Pck2 can directly
phosphorylate oxaloacetate to produce phosphoenolpyruvate without being shuttled to the

cytosol before (Méndez-Lucas et al., 2013). A deletion of Pc in a liver-specific KO led to an
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impaired hepatic anaplerosis, suppressed gluconeogenesis and a compensatory ketogenesis
and renal gluconeogenesis, which did not alter euglycemia after fasting (Cappel et al., 2019).
Loss of PC also hinders food-derived hyperglycemia and insulin resistance. Though it did not
affect glucose homeostasis directly, Pc is essential for biosynthesis and oxidation that is

related to the TCA cycle (Cappel et al., 2019).

Apart from the enzymatic modulation of gluconeogenesis and the substrate availability to
produce glucose, other regulators influence the process of gluconeogenesis, such as the
metabolic state and the circadian clock (Lamia et al., 2011). Even growth hormone and nuclear
receptors, e.g., glucocorticoids influence gluconeogenesis (Mueller et al.,, 2012). Of note,
several different studies have reported that the hepatic gluconeogenesis is also highly
regulated by the cellular redox state in the hepatocytes. For example, the pyruvate/lactate
driven gluconeogenesis in the liver requires high levels of NAD* to maintain Ldha functioning.
When NADH/NAD* ratio is high, it was observed that glucose production derived from
pyruvate/lactate was inhibited (Madiraju et al., 2014; Meng et al., 2022). Additionally,
cytokines and gastrointestinal hormones like GLP-1 have been well established to influence
hepatic glucose production by the secretion of insulin (Rui, 2014). Further, the endoplasmic
reticulum can also modulate hepatic gluconeogenesis in both directions, negatively or
positively, depending on the downstream signaling pathway. The ER-bound protein CREBH is
one example as its levels are higher in fasting state and trigger the dephosphorylation of CREB-
regulated transcription coactivator-1 to induce gene expression of glucogenic enzymes (Rui,

2014).

In some diseases that are affecting the glucose metabolism, e.g. in the fatty liver or in type 2
diabetes mellitus, hepatic gluconeogenesis is perturbed. This phenotype is characterized by
an increased hepatic gluconeogenesis and elevated glucagon levels, which will be explained

in a later chapter (Barroso et al., 2024).

1.1.2 Renal gluconeogenesis

Historically, the liver was seen as the organ controlling euglycemia and being responsible for
the production of glucose under fasting conditions. In 1937, first evidence emerged that also
the kidney can produce glucose from pyruvate and lactate (Elliott and Greig, 1937). It took
almost four decades along with the development of the isotopic tracing method until it was

confirmed that the kidney is a major organ for gluconeogenesis. Gluconeogenesis takes place
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only in the proximal tubules, where all the required enzymes for the pathway are expressed
(Guder and Schmidt, 1974; Vandewalle et al., 1981). In contrast to this, key enzymes for the
consumption of glucose (glycolysis) are highly abundant in the distal part of the nephron,
displaying a distinct pattern of anabolic and catabolic processes (Guder and Ross, 1984;
Legouis et al., 2020). In 1995, scientists were able to discriminate between renal uptake and
release of glucose using isotopic methods. In a human study, after a 14-16 h overnight fast,
glucose levels in the blood were stable in the post absorptive phase, indicating that systemic
glucose uptake and release were equivalent. In this study, the kidney was shown to contribute
to about 30% of the systemic glucose rate. Additional studies revealed a renal contribution of
20 % to systemic gluconeogenesis, which is comparable to the previous study. Assuming that
glycogenolysis and gluconeogenesis share a 50:50 ratio after an overnight fasting and that the
renal glucose is only synthesized via gluconeogenesis (as glycogen storages are rarely found
in the kidney), this enhances the contribution of renal gluconeogenesis to maintain glucose
homeostasis in vivo (Chandramouli et al., 1997; Petersen et al., 1996). This becomes even
more important after prolonged fasting, when hepatic glycogen stores are depleted, and 90%
of glucose production rely completely on gluconeogenesis. At this condition, gluconeogenesis
derived from kidney attributes almost 50% of the systemic glucose production in human
(Owen et al., 1969). This indicates a critical role for the kidney in glucose homeostasis under

fasting conditions.

As previously stated, hepatic gluconeogenesis can be driven from various substrates like
lactate, alanine and glycerol, the latter derived from triacylglyceride. This is very similar in the
kidney; the main substrates utilized to produce glucose are lactate, glutamine and glycerol
accounting for 50%, 20% and 10% respectively (Meyer et al., 2002). Thus, the main difference
is that the amino acid preferentially used by the renal gluconeogenesis are glutamine and to

a lesser extent alanine.
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Figure 2: Schematic illustration of the de novo production of glucose in the kidney. Glucogenic enzymes are
restricted to the cortical space of the kidney, whereas glycolytic enzymes are exclusively expressed in the
medullar space of the kidney (adapted from Sharma and Tiwari, 2021)

In another study, Bjérkman et al. reported that the kidney can also produce glucose from
fructose in humans after a 60 h fasting period using a fructose tracing method (Bjorkman and
Felig, 1982). Lactate is however the most common substrate for renal gluconeogenesis.
Interestingly, the kidney is lactate utilizer and lactate producer at the same time with
differences between medulla and cortex. The distal nephron of the kidney (medulla) relies
mainly on glycolysis, producing ATP and elevated levels of lactate (see Fig. 2). The cortex
instead relies on oxidative phosphorylation for ATP production (Klein et al., 1981). The
produced lactate from the glycolysis in the distal nephron can also be used for cortical
gluconeogenesis, indicating a corticomedullary lactate cycle loop (Bartlett et al., 1984). In
consequence, this leads to the assumption that renal re-uptake of lactate is not related to

oxygen consumption rather it is used for immediate gluconeogenesis (Brand et al., 1974).

The onset of renal gluconeogenesis is triggered by hormonal stimuli. Hormones attributed to
induce renal gluconeogenesis are stress hormones like hydrocortisone, epinephrine and
glucagon. In dogs, these stress hormones accounted for 22% of the overall glucose production
with the kidney being more sensitive to the hormonal stimulus than the liver (McGuinness et
al., 1993). Further studies revealed that the hormonal secretion increased the net glucose

balance via the upregulation and higher activity of common glucogenic enzymese Pckl and Pc
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(lynedjian and Hanson, 1977; Meisner et al., 1985). After an infusion of epinephrine in humans
in the post-absorbative phase, glucose net balance was increased 2-fold accounting for 40 %
of the systemic glucose homeostasis. On the contrary, insulin represents the suppressor of
renal gluconeogenesis and is even more sensitive compared to its suppression in the liver

(Cersosimo et al., 2000).

Besides this finding, evidence exist that substrate availability of lactate, glycerol and glutamine
and substrate concentrations determine efficiency and regulation of renal gluconeogenesis
(Meyer et al., 2002). Apart from this, glucose itself is a regulator of renal gluconeogenesis. In
a glucose-rich environment, reabsorption of glucose increases the ratio of oxidized and
reduced nicotine adenine dinucleotide (NAD*/NADH) leading to a downregulation of Pck1 and
inhibition of gluconeogenesis (Sasaki et al., 2017). This mechanism is thus meant to prevent
hyperglycemia. The opposite effect which induces renal gluconeogenesis is facilitated by
acidosis in the proximal tubular cells by elevated levels of lactate. This leads to the
upregulation of Pck1 mRNA and its activity (Curthoys and Moe, 2014). Acidosis describes a
disease in which the plasma acidity is elevated - which means that the plasma pH levels are
lower than the physiological range of 7.35-7.45 - mainly due to elevated hydrogen ion
concentrations that arise from elevated lactate levels in the renal microenvironment
(Soleimani and Rastegar, 2016). To summarize, renal gluconeogenesis seems to be regulated

either by hormones or by the acidic environment that the kidney is exposed to.

Since gluconeogenesis is malfunctioning in diabetes due to insulin resistance, the explicit role
of renal gluconeogenesis in this term has been poorly investigated. In an in vivo model of
diabetes, renal gluconeogenesis was elevated and comparable to hepatic gluconeogenesis by
an increased activity of Gépc and Pckl in fasting conditions (Eid et al., 2006; Sharma and
Tiwari, 2021). In addition, increased renal gluconeogenesis is attributed to increased level of
fasting glucose in type 2 diabetes mellitus (T2DM) (Chang and Schneider, 1970). Furthermore,
several human studies also reported an elevated glucose release by the kidney in the fasting
state in T2DM patients (Meyer et al., 1998). It seems very likely that insulin resistance is the

key driver of impaired renal gluconeogenesis in T2DM.

1.2 Dysregulated glucose metabolism in Non-Alcoholic Fatty Liver Disease (NAFLD)
Non-alcoholic fatty liver disease (NAFLD) is the most common cause of liver disease on a global

scale especially in Western countries. Its term encompasses a whole spectrum of disease
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stages from fatty liver (NAFL) to the advanced form of steatosis, steatohepatitis (NASH)
(Benedict and Zhang, 2017). In NAFLD, the liver is affected by the accumulation of lipids within
liver tissue, which represents a hallmark for the diagnosis of a fatty liver. Throughout energy
imbalance, when energy intake exceeds energy expenditure and the body is no longer able to
store excessive energy in the adipose tissue in form of triacylglycerol, the organism adapts and
stores lipids in organs normally not designated to store it. Here, the liver is one central organ
to store lipids. The term which describes this phenomenon is “ectopic fat accumulation”
(Bugianesi et al., 2010; Byrne, 2013). It is estimated that NAFLD will represent the most
frequent indication for liver transplantation until 2030 (Gadiparthi et al., 2020). During the last
decades, it has been shown that the clinical burden becomes more and more challenging for
the healthcare system (Pouwels et al., 2022) due to the pathological progression of NAFLD to
more severe liver disease and the associated morbidity and mortality from cirrhosis, liver
failure and hepatocellular carcinoma (Byrne and Targher, 2015). However, NAFLD is not only
a liver-related disease. Other extrahepatic consequences and metabolic disorders result from
the progression of NAFLD, with cardiovascular disease (CVD), chronic kidney disease (CKD) and
T2DM being the most crucial ones (Deprince et al.,, 2020; Targher et al., 2021b). These

premises point out why NAFLD is also described as a multi-organ disease.

1.2.1 Prevalence, diagnosis and risk factors

Current population-based estimation revealed a NAFLD prevalence of 40% among men and
15-20% among women. For poorly known reason, cases are more frequent in men compared
to women (Browning et al., 2004). Demographically, cases of NAFLD vary parallel to obesity
cases indicating a relationship between those two parameters. Further, it is evident that also
ethnicity plays a role for the development of NAFLD showing that Hispanic populations are
the most susceptible group to develop NAFLD followed by white and African Americans

(Browning et al., 2004).

An initial radiological diagnosis of NAFLD is confirmed when >5% of accumulation of lipid
droplets is present in absence of drug abuse or alcohol (Masuoka and Chalasani, 2013).
Nowadays, the most reliable method to confirm the diagnosis of NALFD is the liver biopsy

(Brunt et al., 2015).

24



NAFLD

Insulin
resistance

e duvt)

Life Style

A Fles
Stn, * 4 [

Other
| Metabelic risk
factors

Figure 3: lllustration of the possible origins contributing to the progression and manifestation of NAFLD (adapted
from Xu et al., 2023)

Since liver biopsy represents an invasive method and requires a surgery, it is not regarded as
a screening method for regular practice. Therefore, additional non-invasive methods like
imaging techniques (Magnetic resonance imaging, ultrasonography) are applied (Lee et al.,
2013). Unfortunately, these methods are less sensitive compared to liver biopsy and therefore

the latter remains the gold standard for investigating NAFLD.

The predisposition to suffer from a fatty liver can vary tremendously. It begins with the
accumulation of lipids promoting the progression of NAFLD. Several other risk factors have
been characterized in detail in the last couple of decades e.g., age 250 years, nutritional status,
sedentary lifestyle, obesity, T2DM, insulin resistance and genetic disorders like papatin-like
phospholipase domain-containing 3(PNPLA3) 1148 M polymorphism (Huang et al., 2021; Xu et
al., 2023; Younossi et al., 2018). This genetic disorder results in lower plasma triacylglycerol
and impaired lipolysis. Consequently excessive hepatic fat accumulation and inflammation
occurs (Romeo et al., 2008). By now, the pathological mechanisms by which the progression

of NAFLD is promoted is still not well understood.

1.2.2 NAFLD and the metabolic syndrome

A term that is highly associated with NALFD is the metabolic syndrome. The metabolic
syndrome is not a disease itself; it is a predisposition which increases the susceptibility for
cardiovascular disease, kidney disease and T2DM. Origins of the metabolic syndrome are

either cause or consequence of insulin resistance in obese patients. Clinicians refer to the
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metabolic syndrome when three of the following criteria are fulfilled: (1) elevated fasting
glucose levels, (2) hypertriglyceridemia, (3) low high-density lipoprotein cholesterol, (4)
increased waist circumference and (5) hypertension (Yki-Jarvinen, 2014). The probability to be
diagnosed with the metabolic syndrome is higher in obese patients, but there are also
exceptions occurring. Many criteria of the metabolic syndrome can also be found in the
progression of NAFLD, e.g., T2DM and hypertriglyceridemia so that a connection of the two
seemed logic (Francque et al., 2021). Scientists stated that NAFLD is an independent disease
not related to the metabolic syndrome; rather it goes along with the metabolic syndrome and
is not exclusively concurrent. Others refer to NAFLD as the hepatic manifestation of the
metabolic syndrome, but this is controversially discussed (Gastaldelli, 2017; Medina-Santillan
et al., 2013). Recent activity has been made that the term NAFLD is inappropriately used,
because it implies what it is not (non-alcoholic). As a result, it is currently stated as metabolic
dysfunction-associated fatty liver disease (MASLD) which emphasizes on the metabolic

disorder as a key event in the progression of a fatty liver (Chan et al., 2023; Eslam et al., 2020).

1.2.3 NAFLD and T2DM

Up to date, T2DM is affecting around 450 million people worldwide (Tanase et al., 2020). For
three decades, the prevalence of this disease has continuously been increasing due to high-
fat diet, sedentarism and obesity (Cloete, 2022; Fletcher et al., 2002). The clinical measure for
the manifestation of T2DM is abnormally elevated fasting glucose levels, which is also often
the case in patients suffering from NAFLD. Understanding the mechanisms underlying the
development of T2DM in NAFLD is issue of worldwide research. It is believed that the ectopic
fat accumulation in the liver of NAFLD patients is accompanied by the secretion of hepatokines
inducing chronic inflammation, increased gluconeogenesis and lipogenesis, decreased
glycogen synthesis and an impaired insulin signaling, which results in the manifestation of
T2DM (Samuel et al., 2004; Zhang et al., 2020). Insulin resistance seems to be the key driver
for the severity in both diseases, T2DM and NAFLD. Nevertheless, it is still elusive whether
insulin resistance is the cause or the consequence in both disease progression (Brar and
Tsukamoto, 2019). Diabetic individuals have a three times higher probability to die from a
chronic liver disease, which is in most cases attributable to NAFLD (Campbell et al., 2012).
Studies, aimed at understanding the relationship between T2DM and NAFLD, and considering
biochemical and anthropogenic properties like serum alanine aminotransferase (AAT),

gamma-glutamyl transferase (GGT), fatty liver indices or imaging techniques, have shown that
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NAFLD effectively increases the risk of incidence of T2DM (Byrne and Targher, 2015). This
susceptibility highly correlates also with the severity of NAFLD. However, there are exceptions
where patients diagnosed with NALFD do not become obese or develop T2DM and vice versa.
Regardless of this complex relationship between NAFLD and T2DM, hepatic insulin resistance
results in hyperglycemia because pathways involved in glucose production by the liver, mostly

gluconeogenesis, cannot be shut down by insulin and are abnormally increased.

In addition to insulin resistance, the hormone glucagon, which is the counterpart of insulin, is
attributed to be a driver in the progression of NAFLD. Studies in different forms of diabetes,
type 1 and type 2, displayed high levels of glucagon in the plasma (Unger and Orci, 1975).
These patients suffer from excessive hepatic glucose production resulting in a hyperglycemic
phenotype (Miiller et al., 2017b). This highly correlates with obese patients displaying
elevated levels of glucagon in the plasma. In mice, studies with glucagon receptor KO mice
show improved glucose levels which was overturned when glucagon receptor was re-
expressed in these mice displaying hyperglycemic, diabetic phenotype (Gelling et al., 2003;
Lee et al., 2011).

Historically and even nowadays, Metformin has been the state of the art drug used to treat
patients suffering from T2DM (Gnesin et al., 2020). However, it is not completely understood
how Metformin modifies hepatic glucose metabolism in those patients. Among the various
targets of Metformin, new evidence showed that the gut is a crucial facilitator. On a
physiological level, it reduces hepatic glucose production by AMPK-dependent and
independent pathways and by inhibition of mitochondrial respiration (LaMoia and Shulman,
2021; Rena et al., 2017). Current pharmacological approaches ameliorating T2DM and obesity
focus on the generation of glucagon/Glucagon-like peptide 1 (GLP-1) agonists/antagonists
preventing the excessive production of hepatic glucose and, hence, reduce body weight
(Capozzi et al., 2022; Holst, 2019; Janah et al., 2019). However, inhibition of the glucagon
receptor by antagonists showed poor clinical outcome and was not longer followed up on
(Bergman et al., 2017; Pearson et al., 2016). A very recent drug that was approved by the FDA
was the GLP-1 agonist semaglutide for treatment of T2DM and adipositas (Chao et al., 2023;
Singh et al., 2022). The binding of semaglutide to the GLP1-receptor leads to the glucose-
dependent secretion of insulin from the a-cells of the pancreas and the inhibition of glucagon

from the B-cells from the pancreas (Nauck et al., 2021).
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Due to the fact that elevated gluconeogenesis is a common hallmark of NAFLD and T2DM,
targeting this pathway achieve lower blood glucose levels could be a promising approach
(Barroso et al., 2024). Since, as previously stated, gluconeogenesis can be fueled by several
substrates, including lactate, amino acids and glycerol, the questions arises whether limiting
substrate availability can be used as a therapeutical approach (Barroso et al., 2024). For this
reason it is important to understand the regulation of the gluconeogenesis flux under

physiological conditions and in diseased states.

1.2.4 Extrahepatic consequences of NAFLD

1.2 4.1 Cardiovascular implications

NAFLD and CVD are both endpoints of the manifestation of the metabolic syndrome (Targher
et al., 2021a). In how far one of the two diseases contribute to the progression of the other
one is difficult to estimate. The mechanism that links both diseases together are very complex
and involve several different pathways. What is known is that impaired glucose metabolism
and hepatic insulin resistance are major hallmarks in NAFLD and crucial for the pathogenesis
of CVD in NAFLD patients (Kasper et al., 2021). Targher et al. reported that NAFLD patients
have a 64% higher risk to develop fatal or non-fatal cardiovascular events compared to
patients without NAFLD (Targher et al., 2016). These include arterial hypertension, coronary
artery disease and cardiac arrhythmias (Adams et al., 2017; Ryoo et al., 2014). Along with this
finding, meta-analysis showed that mortality of CVD highly correlates with the severity of
NAFLD (Mahfood Haddad et al., 2017). However, Wu et al. published no correlation between
an increased mortality between NAFLD and CVD compared to healthy controls (Wu et al.,
2016). This difference in outcomes between the two studies might be explained by the
heterogeneity of the cohort along with co-morbidities (obesity, diabetes) and the different
recruitment and diagnostic criteria of the study. Current evidence implies NAFLD to be a

driving force of the development of cardiovascular CVD and cardiovascular events.

1.2.4.2 Chronic kidney disease, kidney stones and hyperoxaluria

Besides NAFLD, CKD represents an enormous health burden especially in western countries
where it affects almost 25% of adults 265 years of age (McCullough et al., 2012). Evidence-
based data shows that NAFLD is a risk- and causative factor in the development of CKD
(Loomba and Sanyal, 2013). Clinically, a patient is diagnosed with CKD when the glomerular
filtration rate (GFR) is decreased and/or the elevated levels of proteinuria are present (Targher
et al., 2014). Other risk factors like obesity, hypertension and dyslipidemia, are very similar to
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NAFLD and often associated, which makes it difficult to predict independent causative
relationship. Two meta-analyses tried to decipher a potential correlation of NAFLD and CKD.
Musso et al. reported that NAFLD independently correlates to incident and prevalent CKD
compared to healthy controls. Here the correlation of NAFLD and CKD increased with the
severity of NAFLD (Musso et al., 2014). This was confirmed by a very recent meta-analysis by
Mantovani et al. involving 13 longitudinal studies accounting for over a million participants. In
this study, a significant association between NAFLD and incident CKD was confirmed over a

median follow-up of up to 10 years (Mantovani et al., 2022).

A subtype of CKD is the renal formation of kidney stones, which is termed renal kidney disease
and can ultimately result in urolithiasis. This has become of high interest in the field of NAFLD
research, as there seems to be a putative link between NAFLD and urolithiasis. Noteworthy,
kidney stone formation is also highly associated with traits of the metabolic syndrome.
Akarken et al. reported a strong correlation of obesity and kidney stone formation (Akarken
et al., 2015). Furthermore, evidence exist showing hypertension and dyslipidemia to be also
positively associated with the formation of kidney stones and nephrolithiasis (Ding et al., 2019;
Shavit et al., 2015). Regarding NAFLD, a total of 7 longitudinal study exist investigating the
correlation between NAFLD and the formation of kidney stones via different imaging
techniques (Qin et al., 2018). Badillo et al. stated a 33% prevalence between NAFLD and
urolithiasis. Importantly, when checking only steatotic patients, they observed urolithiasis in
almost 75% of subjects indicating a causal relationship between these two pathologies
(Lubinus Badillo et al., 2020). Another study from Einollahi et al. confirmed the previously
described observation reporting a prevalence of 30% of NAFLD and kidney stone formation
using ultra sonographic techniques (Einollahi et al., 2013). To date, different factors of the
metabolic syndrome seem to boost the progression of NAFLD and the formation of kidney

stones. However, how they interact mechanistically is still not well understood.

Most of the stones formed in kidney and the urinary tract are attributed to calcium oxalate
precipitates. Oxalate was discussed to promote the bridge between the metabolic syndrome
and CKD (Eisner et al., 2010; Kohjimoto et al., 2013). In an additional study, Walker and Brzica
noticed elevated urinary levels of oxalate (termed as hyperoxaluria) as indicators in the
progression of CKD (Brzica et al., 2013; Waikar et al., 2019). This is also true in the context of
T2DM. In multiple studies, it was observed that T2DM patients have elevated urinary oxalate

levels compared to healthy controls. Thereby, glyoxylate was found to be potential marker for
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the diagnosis of T2DM in a retrospective study (Lieske et al., 2006; Meydan et al., 2003).

Anyhow, the hepatic contribution of oxalate in the progression NAFLD was not elucidated.

Hyperoxaluria is a disease, which is characterized by a urinary oversaturation of calcium
oxalate. This can ultimately lead to the formation of calcium crystals, contributing to
urolithiasis and deposits in the kidney parenchyma. The origins for hyperoxaluria can be
different: (1) inherited disorder of the glyoxylate pathway (primary hyperoxaluria) leading to
a hepatic overproduction of oxalate, which we will focus on in the next few pages, or (2) by an
increased intestinal absorption of oxalate (secondary hyperoxaluria) (Demoulin et al., 2022).
In the US, the prevalence of the formation of kidney oxalate stones amounts to 10.1% reaching
up to 17% for males older than 60 years. In a younger American cohort, the prevalence is
increasing continuously to almost 8% (Chen et al., 2020). Different mechanisms are considered
for the formation of oxalate crystals; however, the urinary oxalate concentration is one
hallmark for the progression. Oxalate originates from the hepatic production or from the

absorption from bowel by food (Demoulin et al., 2022).
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Figure 4: Dietary uptake of oxalate or precursors of oxalate can result in less intestinal oxalate degradation by
microbiota. Additionally, higher intestinal malabsorption of oxalate results in less-efficient oxalate secretion
resulting in elevated plasma oxalate levels. In primary hyperoxaluria, the liver produces more endogenous
oxalate due to malfunctioning of respective enzymes leading to chronic kidney disease (adapted from Demoulin
et al., 2022).

Food-derived products rich in oxalate are vegetables, nuts and fruits. Endogenously produced
oxalate is generated as a harmful end product of the glyoxylate pathway (Cochat and Rumsby,
2013). The daily dietary intake of oxalate is 80 — 130 mg of which only approx. 15% is passively
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absorbed in the gut while the rest is eliminated via the stool or urine (Ermer et al., 2016).
However, there is evidence that oxalate is actively absorbed and secreted by the gut via the
anion exchangers of the solute-linked carrier 26 (Slc26) family (Whittamore and Hatch, 2017).
The three variants Slc26al, Slc26a3and Slc26a6 are expressed in basolateral and apical
membrane of the intestine and mediate uptake and secretion of oxalate (Ermer et al., 2016).
These transporters are not only expressed in the intestine. In tubular cells of the kidney,
Slc26a6 actively transports oxalate into the urinary filtrate on the apical membrane. In
contrast, Slc26al is expressed at the basolateral membrane and reduces the urinary excretion
(Bergsland et al., 2011; Bhasin et al., 2015). The excretion level of oxalate in the urine ranges
from 30 — 44 mg/day. Nephrologists speak of hyperoxaluria when the oxalate levels in the
urine is >45 mg/day, which predisposes the patient to develop an oversaturation of salts in
the urine resulting in a precipitation of calcium oxalate crystals (Evan, 2010). By now, plasma
oxalate has no purpose in mammalian blood circulation and is rapidly excreted via glomerular
filtration and tubular secretion. In disease state situation like end-stage CKD, in which the
kidney is not working properly anymore, plasma oxalate levels are elevated (Pfau et al., 2020).
The consequences of high levels of plasma oxalate are very broad ranging from oxalosis,

atherosclerosis in the cardiac system and, hence, sudden cardiac death (Liu et al., 2021).

1.2.4.3 A molecular linkage between NAFLD and hyperoxaluria: Agxt promotor
hypermethylation in steatosis

Despite the strong association between NAFLD and risk of kidney stone formation, the
molecular mechanism explaining this association are largely unknown. A study conducted in
our group at IfADo in collaboration with the DEEP consortium (Gianmoena et al., 2021)
revealed a mechanism that could explain why patients suffering from NAFLD are at higher risk
of hyperoxaluria. The study showed that genes involved in the detoxification of glyoxylate are
altered in the steatotic liver, resulting in insufficient detoxification of glyoxylate and thus
excessive formation of oxalate. In particular, the authors reported a hypermethylation in the
promotor region of the alanine-glyoxylate aminotransferase (Agxt) as reason for this

malfunction (Gianmoena, 2017).

The study was initiated with the goal of understanding the role of epigenetic modifications in
the progression of NAFLD. To identify transcriptomic and epigenetic fingerprints in NAFLD in
human and mice, publicly available genome-wide data sets of patients suffering from NASH,

cirrhosis and liver carcinoma were obtained and compared to those of mice models mimicking
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NAFLD, e.g. leptin deficient obese/obese (ob/ob) mice model. In a subsequent step, mRNA
expression via RNA-Seq as well as DNA methylation (by RRBS) were investigated in ob/+
(control) and ob/ob (steatotic) liver tissue and hepatocytes. Further, chromatin accessibility
was also analyzed by DNase I-seq. To draw conclusions on the received data, differently
methylated regions (DMRs) and differently open region (DORs) were put in context to the
gene expression patterns of ob/ob and ob/+. From this data, 649 differently expressed genes
(DEGs) were related to DMRs or DORs. Of the 649 DEGs in mice and the 62 DEGs from human
data sets, 12 were found to be deregulated in NAFLD in both, human as well as in mice
(Gianmoena et al.,, 2021). Among the 12 deregulated genes, Agxt was one of the
downregulated genes in the steatotic liver of human and mice, and also accompanied with
hypermethylation of its promoter and less chromatin accessibility (Gianmoena, 2017), two
epigenetic alterations that are usually associated with decreased transcription. In addition, it
was shown that the downregulation of Agxt was accompanied by elevated urinary excretion
and lower levels of hepatic glycine in the ob/ob steatotic mouse model. Thus, this observation
indicated a physiological role for Agxt in preventing hyperoxaluria in NAFLD. In vitro, steatotic
hepatocytes derived from ob/ob mice were also more susceptible to produce oxalate when
exposed to the precursor hydroxyproline in comparison to ob/+-control hepatocytes
(Gianmoena et al., 2021). Further, the epigenetic analysis in human hepatoctyes from NAFLD
donors also revealed a hypermethylation in the promotor region of AGXT as a possible cause
for its downregulation. This would imply a steatosis-associated downregulation and silencing
of Agxt, which was further confirmed in a second mouse model of NAFLD, feeding mice with
a high caloric Western-diet . However, downregulation but not hypermethylation of Agxt was
reported in an inducible in vitro model of steatosis generated by feeding hepatocytes with
oleic acid. This leads to the assumption that other factors or regulatory mechanisms, and not
necessarily promoter hypermethylation, are causally involved in the downregulation of Agxt
in the context of NAFLD, or, alternatively, that the contribution of epigenetic mechanisms is

only observed in vivo and not in vitro (Gianmoena, 2017).

Despite this uncertainty, this study was the first one to reveal that a downregulation of Agxt
occurs in the fatty liver and that this may provide and explanation for the higher risk of

hyperoxaluria in NAFLD patients.
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1.3  The role of Agxt in hyperoxaluria

1.3.1 Hepatic formation of oxalate

Erythrocytes and mostly the liver are responsible for the endogenous production of oxalate
(Baker et al., 2004; Holmes et al., 2001). The liver produces glyoxylate, which is the direct
precursor of oxalate, and also mediates the detoxification of glyoxylate. This pathway is
termed the glyoxylate pathway. Oxalate is a harmful waste product of the glyoxylate pathway
that is generated when glyoxylate detoxification is insufficient or when overproduction
exceeds its detoxification. As described in the chapter before, two types of hyperoxaluria exist,
primary and secondary hyperoxaluria. Three pathogenic variants of the genes AGXT (alanine:
glyoxylate-aminotransferase; Serine: pyruvate aminotransferase), GRHR (glyoxylate
reductase—hydroxypyruvate reductase) and HOGA1 (4-hydroxy-2-oxoglutarate aldolase) are
responsible for the primary hyperoxaluria type 1,2 and 3 (Cochat and Rumsby, 2013). In PH1
and PH2, the impaired conversion of glyoxylate to glycine or glycolate respectively leads to an
increased conversion of glyoxylate to oxalate. In PH3, the situation is more complex. PH3 is
characterized by a mutation in the HOGA1 gene encoding for a mitochondrial aldolase that
facilitates the breakdown 4-hydroxy-2-oxoglutarate downstream of the hydroxyproline
catabolism (Belostotsky et al., 2010; Kemper et al., 1997). If this protein is malfunctioning,

glyoxylate is formed by other cytosolic aldolases causing elevated levels of oxalate.

All three primary hyperoxalurias lead to hepatic overproduction of oxalate and subsequent
hyperoxaluria, oxalemia and eventually accumulation of oxalate in other organs. Comparing
all three variants, primary hyperoxaluria 1 is the most common and severe form of

hyperoxaluria causing kidney failure within the first three decades (Hoppe, 2012).

The current therapy options for people suffering from various types of hyperoxaluria remains
a liver transplantation or a simultaneous liver/kidney transplantation (Devresse et al., 2020).
But there has been successful market access approved by FDA with Lumasiran, which is a RNA
interference (RNAi)-therapy showing additional treatment options for hyperoxaluria. The
mode of action of Lumasiran is based on to shut down the enzyme encoded by the gene HAO1
(Hydroxyacid oxidase 1) to diminish glyoxylate synthesis and oxalate generation (Garrelfs et

al., 2021).

One of the best-known sources of glyoxylate is the catabolism of hydroxyproline in the

mitochondria of hepatocytes (see Fig. 3). Hydroxyproline is derived from collagen-rich food,
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e.g. meat and gelatin, or from the endogenous breakdown of collagen, which is not reused
any longer (Phang, 2022; Salido et al., 2012). The daily turnover of hydroxyproline is up to 400
mg and results in a maximum of 240 mg glyoxylate available for metabolism per day (Knight
et al., 2006). Due to the toxic property of glyoxylate, it is important to metabolize it to a less
harmful product. In liver mitochondria, GRHPR catalizes the conversion of glyoxylate to
glycolate (see Fig. 5). In mice, in addition to Grhpr, also Agxt in the present in the mitochondria
and catalyzes the transamination of glyoxylate to glycine. In the peroxisomes, the hydroxyacid
oxidase 1 (Hao1/GO) converts glycolate to glyoxylate, which is subsequently detoxyfied by
peroxisomal AGXT/Agxt to glycine (see Fig. 5). It is believed that any excess of glyoxylate can
shuttle into the cytosol where it is metabolized to oxalate by lactate dehydrogenase (LDH)
(Salido et al., 2012) (see Fig. 5). This reaction should be prevented at any cost, because high
levels of oxalate are unfavorable for the organ and organism. The key enzymes Agxt and Grhpr
are therefore essential to prevent excessive conversion of glyoxylate to oxalate. To what
extent each of these key enzymes contributes, is difficult to predict because glyoxylate
pathway intermediates can shuttle within the different organelles of hepatocytes due to their

anionic structure, making it difficult to establish a general pathway (Rokka et al., 2009).
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Figure 5: Schematic illustration of the glyoxylate metabolism in the hepatocytes and its genetic deficiencies in
PH. PH1 and PH2 indicated by a downregulation of AGXT (blue) and GRHPR (light green),which results in
accumulation of glyoxylate, which is further metabolized by LDH to oxalate. PH3 is the consequence of
malfunctioning of HOGA (blue)(adapted from Demoulin et al., 2022).
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Unlike in mice, human AGXT expression is limited to the peroxisome (Cellini et al., 2007). In

the next chapter, the focus will be on the role of Agxt.

1.3.1 Alanine: glyoxylate aminotransferase

1.3.1.1 Subcellular distribution

Foremost, Agxt was characterized in 1978 in the rat liver (Noguchi and Takada, 1978). Agxt is
a pyridoxal 5’-phosphate-dependent enzyme having a molecular weight of approx. 43.6 kDa
(Cochat and Rumsby, 2013). Its protein catalyzes the transamination of alanine to detoxify
glyoxylate, which results in the two products glycine and pyruvate (see Fig. 6). The fate of

those two products will not be further addressed.
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Figure 6: lllustration of the detoxifying reaction mediated by Agxt. L-alanine is deaminated and glyoxylate
represents the amino group acceptor producing glycine. As a result of the deamination of L-Alanine, pyruvate is
produced (adapted from Donini et al., 2009).

The localization of Agxt in the organelles differs in animals depending on their nutritional
habits. In herbivores, where glycolate represents a precursor of glyoxylate and is highly
abundant in the diet, Agxt is present in the peroxisome. In contrast, in carnivores, Agxt
expression is restricted to mitochondria because of excessive production of glyoxylate derived
from hydroxyproline in this organelle. In omnivores, Agxt is expressed in both compartments,

peroxisomal and mitochondrial (Birdsey et al., 2004; Danpure, 1997).

By now, more than 190 mutations of the Agxt gene have been identified, the majority of which
affect its enzymatic activity. In addition, some mutations lead to mistargeting of AGXT,
resulting in transport of AGXT to the mitochondria instead of the peroxisome, with the most
prominent one, G170R, accounting for up to 30% of mutant alleles (Hopp et al., 2015).
Targeting of AGXT to the peroxisome is facilitated by the peroxisomal targeting sequence type
1 (PTS1) which binds to PTS1 receptor Pexp5 and shuttles into the peroxisome. A minor allele

of AGXT present in the human population encodes an N-terminal mitochondrial targeting
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sequence (MTS). However, this MTS motif is rather ineffective and results in import of only up
to 5% Agxt protein to the mitochondria (Purdue et al., 1990). In addition, AGXT is known to
form dimers and dimerization could influence peroxisomal trafficking. In 2021, a study

reported that mistrafficking is related to a lack in protein dimerization (Dindo et al., 2021).

In comparison to this, subcellular localization of mouse Agxt is determined by the expression
of two different Agxt transcripts, one with and one without MTS. This explains the expression
of Agxt in both compartments, peroxisome and mitochondria in mice (Li et al., 1999).
Regarding the homology of genes between the two species, human and mice, the identity is

very similar for gene expression as well as protein, 75 % and 76 % respectively.

A second less prominent reaction facilitated by Agxt is the conversion of serine to
hydroxypruvate, which is considered to play a role in the gluconeogenesis and will be

addressed in a later chapter (Donini et al., 2009; Noguchi and Takada, 1978).

1.3.1.2 Transcriptional regulation and activity of Agxt

In 1969, Roswell initially reported a potential role for Agxt in gluconeogenesis, when rat Agxt
was induced by the hormonal stimulus of glucagon (Rowsell et al., 1969). The stimulation was
mediated by the PKA/cAMP/CREB pathway and was confirmed by an independent stimulus
experiment in rats using glucagon and cAMP (Uchida et al., 1994). It is known that the rat Agxt
gene contains a cAMP responsive element (CRE) sequence as well as a glucocorticoid
responsive element (GRE) sequence, which is also conserved in the mouse Agxt gene (Oda et
al., 1990). Moreover, the glucagon and cAMP treatments showed that the enzymatic activity
of Agxt was also elevated (Li et al., 1999). Of note, even though Agxt is expressed in
peroxisome and mitochondria in mice, mRNA induction was only observed for the
mitochondrial transcript (Ferrara et al., 2008). There is additional evidence that also insulin
can induce Agxt mRNA upregulation in mice and rat (Miyajima et al., 1989). However, its

physiological function has not been further elucidated.

1.4 The role of Agxt in gluconeogenesis

1.4.1 Serine: pyruvate aminotransferase activity

As already mentioned, Agxt catalyzes two different reaction. The first reaction, which Agxt is
primarily known for, is the detoxification of glyoxylate to form glycine and pyruvate. The
second reaction is the serine:pyruvate transamination (Agxt/Spt), high levels of which are

found in carnivores. With L-serine being one of the main glucogenic amino acids in several
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vertebrates, it represents a reaction that is not considered at the forefront of
gluconeogenesis, but should be considered when amino-acid driven gluconeogenesis is taking
place (Youngson et al., 1982). Spt converts L-serine and pyruvate to hydroxypyruvate and L-
alanine (Noguchi and Takada, 1978). The newly formed hydroxypruvate can be used in
subsequent reactions to form glucose via D-glycerate (see Fig. 7). However, the relevance of

this reaction in gluconeogenesis has not been further elucidated by now.
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Figure 7: A possible involvement of Agxt in gluconeogenesis (adapted from Xue et al., 1999).

1.4.2 Evidence for a contribution of Agxt in amino-acid driven gluconeogenesis

Recently, Just et al. showed a new mechanism by which liver kinase bl (Lkb1) suppresses
amino acid-driven gluconeogenesis. Lkb1l resembles a serine/threonine kinase which
phosphorylates and activates AMPK. AMPK itself is a metabolic sensor, which orchestrates
many different metabolic pathway. Among those pathways is the glucose metabolism that is
taking place mainly in the liver (Steinberg and Hardie, 2023). The authors showed that in a
liver-specific KO of Lkb1 the amino acid-driven gluconeogenesis was enhanced at the expense
of the muscle tissue, which ultimately led to cachexia and sarcopenia in those mice.
Accompanying this effect, Agxt was upregulated, showing that Agxt was one of the
downstream targets of Lkb1 and that it acts as an effector of Lkb1 suppression (Just et al.,
2020). This justifies investigating a possible role for Agxt in gluconeogenesis. Together with
the previous findings, which reported that Agxt facilitates the conversion of L-serine, which is
a common one-carbon unit utilized for the generation of glucose via hydroxypruvate (Xue et
al., 1999), it seems highly relevant to understand in how far Agxt leads to changes in amino-

acid driven gluconeogenesis (see Fig. 7).

1.4.3 Inhibition of gluconeogenesis by oxalate
Agxts” main function is to detoxify glyoxylate to prevent the formation of the toxic waste

product oxalate . Interestingly, in addition to its poor solubility and its tendency to precipitate
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as calcium oxalate, oxalate appears to exert additional effects by its ability to inhibit several
metabolic enzymes that use pyruvate as a substrate, including pyruvate kinase and pyruvate
carboxylase (Reed and Morgan, 1974; Yount and Harris, 1980). As previously mentioned,
pyruvate carboxylase is important for both gluconeogenesis and the TCA cycle. Little is known
about the consequences oxalate has on gluconeogenesis. In 1980, Yount et al. investigated
the effect of oxalate on gluconeogenesis. They showed that oxalate inhibits gluconeogenesis
from pyruvate/lactate and amino acids except for glutamine and dihydroxyacetone, which is
an intermediate in the glycerol-derived gluconeogenesis. Mechanistically, they proposed that
this effect is due to the inhibition of pyruvate carboxylase (Yount and Harris, 1980). In line
with this, Buc et al. also reported an inhibitory effect of oxalate on the tricarboxylic acid cycle
via Pc inhibition indirectly affecting gluconeogenesis (Buc et al., 1983). Similar results are
obtained from a study in which perfused rat liver was co-administrated with oxalate and
glucogenic precursors. Oxalate affected glucose production from pyruvate/lactate and amino
acids, inhibited glycolysis and triggered glycogenolysis. Glycerol and glycerol-derived

precursors were not affected in glucose production (Tonon et al., 1998).

All these findings suggest that a high concentration of oxalate within the hepatocytes may
compromise the flux of pyruvate/lactate and selected amino acids towards gluconeogenesis.
Therefore, Agxt, as an enzyme that prevents excessive formation of oxalate, should indirectly

support gluconeogenesis. This concept is the main focus of this thesis.

1.5  Aim of this work

Increased gluconeogenesis results in fasting hyperglycemia and is a common hallmark of
NAFLD and T2DM. Therefore, targeting this pathway to lower blood glucose levels could be a
promising approach. Indeed, inhibitors of gluconeogenesis have been developed to treat
T2DM. Since gluconeogenesis can be fueled by several substrates, including lactate, amino
acids and glycerol, an open question is whether limiting substrate availability can be used as
a therapeutical approach. For this reason it is important to understand the regulation of the
gluconeogenesis flux under physiological conditions and in diseased states (Barroso et al.,
2024). Which substrate is used at a given time and which factors determine substrate

preference is still not understood.

Recent research has demonstrated the impact of an elevated activity of liver transaminases in

T2DM by promoting gluconeogenesis from alanine, thereby leading to hyperglycemia and
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muscle wasting (Okun et al., 2021). Among the liver transaminases, Agxt, is well known for its
crucial role in the detoxification of glyoxylate and prevention of high oxalate production by
the liver (Bacchetta and Lieske, 2022). However, despite some research indicating a possible
role of Agxt in gluconeogenesis (Just et al., 2020; Li et al., 1999), the contribution of Agxt to

glucose homeostasis remains elusive.

The harmful effects of oxalate in the body have been mostly attributed to its poor solubility
and its ability to form calcium oxalate stones in the kidney. However, evidence is reported of
a possible inhibitory role of oxalate on gluconeogenesis via pyruvate carboxylase. This
suggests that Agxt could influence gluconeogenesis by regulating oxalate production in the
liver. Increasing Agxt expression, and consequently avoiding oxalate production, should allow
the gluconeogenesis flux via pyruvate carboxylase. Conversely, decreasing Agxt expression

should lead to the opposite effect.

Hence, one of the goals in this thesis was to confirm the inhibitory properties of oxalate on
the production of glucose and the substrate utilization for gluconeogenesis. To this aim, an in
vitro hepatic glucose production assay (HGP) should be established which should recapitulate
gluconeogenesis from different gluconeogenic substrates, and that could subsequently be
used to assess in detail the influence of oxalate in this process in a concentration-dependent

manner.

In addition to studying the possible inhibitory effects of oxalate on gluconeogenesis in vitro, a
further major goal of this work was to identify whether such effects are also observed in vivo
and whether they would translate to systemic complications in glucose homeostasis. A mouse
model suitable for this analysis would be a hyperoxaluric mice model, such as AgxtKO mice,
characterized by its high oxalate production, which is shown by high oxalate concentration in
plasma and in the urine. Here, Agxt deficiency would be indirectly causing an effect on
gluconeogenesis pathways via oxalate. To investigate this, the AgxtKO mice should be studied
in fasting conditions, in which the gluconeogenesis pathway is essential for the maintenance
of blood glucose, and several different parameters, e.g. blood glucose, gene expression in the
liver and in the kidney, amino acid profile should be recorded. The questions that should be
answered in this mouse model are, whether hepatic or renal amino acid utilization for
gluconeogenesis is affected by the high oxalate burden in this mouse model and whether this

results in a phenotypical alteration or can be compensated. One potential scenario could be
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that overall glucose homeostasis itself is not affected, but that the hyperoxaluric AgxtKO mice
might compensate by adapting its substrate utilization, e.g. increased glycerol, and organ

contribution to maintain glucose levels (see Fig. 8).
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Figure 8: The current hypothesis claims that due to elevated levels of oxalate in the liver inhibition of key enzyme
in TCA cycle takes place, which leads to a compromisation of glucose production under fasting conditions in
hyperoxaluric mice. This figure was created with BioRender.com

Finally, the significance of the glucagon-stimulated upregulation of Agxt in gluconeogenesis
should be investigated. There is evidence that glucagon induces Agxt via the PKA/cAMP/CREB
pathway, but its influence on glucose production is still unclear. Therefore, a third goal of this
thesis was to investigate the expresssion of Agxt in vivo in response to glucagon as well as in
vitro in response to glucogenic substrates to draw possible conclusion about its contribution

to glucose homeostasis.

Previous work at IfADo had shown that Agxt is downregulated in human NAFLD and also in
mouse models of NAFLD (ob/ob and Western diet-induced), which was accompanied by
increased oxalate production when challenged with a the precursor hydroxyproline
(Gianmoena et al., 2017). However, a causal role for Agxt in this process was not formally
proofed. Therefore, one further goal of this work was to demonstrate the role of Agxt in
oxalate production in a mouse model of NAFLD (ob/ob) by rescue experiments using adeno-
associated viral transfer. These experiments, which will be described in this thesis, resulted in

the publication of the final study (Gianmoena et al., 2021).
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2 Material and methods
2.1 Material

2.1.1 Technical equipment

Table 1: Equipment

Equipment Company
Autoclave Systec VX-150 Systex

Autosampler Sil-20AC cr Shimadzu
Balance EW, Kern

Bunsen Brenner
Blot Imager Vilber Fusion Fx7

Centrifuge with cooling function

Centrifuge with cooling function 5424R

Centrifuge MiniSpin plus

CO2 ncubator C150R Hinge
Electrophoresis unit Mini-Protean®
Electrophoresis unit SE260

EVOQ™ Elite Triple Quadrupole
Fume hood

LC system LC-20AD XR

LC column: PL Hi-Plex-H (100x4mm)
Magnetic stirrer IKAMAG RCT
Microscope BX41

Microscope eclipse TsS100
Microscope Primo Vert

Microwave oven

MiSeq

Modular tissue embedding center
Nanodrop ND-1000

pH meter

Pipettes (2 uL, 10 pL, 20 L, 100 uL, 200 uL;

500 pL, 1000 pL, 5000 pL

IBS Fireboy Plus, Integra Biosciences
Vilber Lourmat

Biofuge Fresco, Heraeus
Eppendorf

Eppendorf

Binder

BioRad

Hofer

Bruker

Waldner

Shimadzu

Agilent

Ikamag

Olympus

Nikon

Zeiss, Software Zen from Zeiss
Bosch

[llumina

Thermo Fisher Scientific
Thermo Fisher Scientific
Schott

Eppendorf
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Pipet boy Inetgra
Plate reader infinite M200 Pro Tecan
Power pack HC BioRad
Power pack P25T Biometra
Precision balance EW150-3M Kern
Precision balance ME235P Sartorius

gPCR system ABI7500

Applied Biosystem

QTRAP 5500 LC-MS/MS system Sciex
Rocking platform VWR
Shaker KS260 IKA
Slide drying oven TDO SAHARA Medite
Sliding microtome HM450 Microm
Sonicator sonoplus mono Bandelin

Spin tissue Processor STP120

Thermo Fisher Scientific

Sterile hood Hereaus
Thermo cycler T gradient Biometra
Thermomixer Eppendorf
Thermo shaker PHMT Grant-bio Keison
Thermo shaker Peqlab
Transfer chamber fast blot B44 Biometra
Transfer chamber Trans-Blot SD BioRad
Vacuum pump Vacuubrand

Vortex-Genie2

Water purification

Bender & Hobein

Maxima Ultra-Pure Water, ELGA

Water purification system Milli-Q® Integral 15 System, Merck
Waterbath GFL 1083, Gesellschaft fiir Labortechnik

Waterbath Precision GP28 Thermo Scientific



2.1.2 Consumables

Table 2: Consumables

Consumable Company
Cell scraper Sarsted
Cover slips VWR
Embedding cassettes Carl Roth
Glass inserts, 200L VWR
Glass vials (1,5 mL—4 mL) VWR
Metabolic cages for single mouse Tecniplast

MicroAmp® Optical Adhesive Film
MicroAMP® Optical 96-Well Reaction plate
Microscope slide Superfrost Plus
Minsart® syringe filter (0.45uM)

Needle (22, 24, 26G)

NuPAGE®4- 12% Bis-Tris

Pestle and Microtube

Pipette tips (filtered/non-filtered)

PVDF Membrane

PCR SInglICAP 8er-Softstrips 0.2mL
RNase-free Microfuge Tubes 1.5mL
Reaction tubes (0.5 mL-50mL)

Serological pipets (5 mL, 10 mL, 25 mL, 50
mL)

Syringe 1 mL

Tissue culture plates (6-,12-,24-,96-well
format)

95-well plates black

96-well plates transparent

Whatman paper 3mm

Thick Blot Filter paper, Precut

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sartorius

BD Bioscience

Thermo Fisher Scientific
VWR

Eppendorf

Perkin EImer

Biozym Scientific
Thermo Fisher Scientific
Sarstedt

Sarstedt

BD bioscience

Sarsted

Greiner Bio
Greiner, Sarstedt
VWR

BioRad
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2.1.3 Chemicals and Dyes

Table 3: Chemicals and dyes

Chemicals/Dyes Company
Acetic acid Carl Roth
Acrylamide (30% (v/v)) PAN Biotech
Alanine Sigma Aldrich
Amino acid solution PAN Biotech
Ammonium persulfate Sigma Aldrich
Bovine serum albumin (BSA) Carl Roth
Bovine serum albumin, fatty acid free Sigma Aldrich
Bromophenol blue Carl Roth
Calcium chloride Carl Roth
Chloroform Carl Roth
Citric acid monohydrate Carl Roth
Collagenase from Clostridium histolyticum Sigma Aldrich
p-Coumaric acid Sigma Aldrich
Creatinine hydrochloride Sigma Aldrich
Dimethylsulfoxide (DMSO) Sigma Aldrich
Dithiothreitol (DTT) Sigma Aldrich
Triethylene glycol diamine tetra acetic acid | Carl Roth
(EGTA)

Entellan® Merck

Eosin Y disodium salt Sigma Aldrich
Ethanol, absolute Carl Roth
Ethylene diamine tetra acetic acid (EDTA) Carl Roth
Fetal Calf Serum (FCS), Sera Plus PAN Biotech
FluorPreserve reagent Calbiochem

Glucagon
Glucose
L-Glutamine

Glycerol

Cayman Chemicals
Carl Roth

Sigma Aldrich
Sigma Aldrich
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Glycine

HEPES

Hydrochloric acid, 32%
Hydrogen peroxide, 30%
L-Hydroxyproline

L-lactic acid

Luminol

Magnesium chloride
Magnesium sulphate

Methanol, HPLC grade

Nonidet P-40 substitute (NP-40)
Paraffin Histoway Surgipath paraplast
Paraformaldehyde 4% (PFA)
Picric acid

Potassium chloride

Potassium dydrogen phosphate
2-Propanol

Rotihistol

SDS pellets

Sodium chloride

Sodium deoxycholate

Sodium glycolate

Sodium hydrogen phosphate
Sodium hydroxide pellets
Sodium pyruvate
Tetramethylethylenediamine (TEMED)
Tris

Tris-HCI

TritonX-100

Tween20

Tween80

Carl Roth
Carl Roth
Carl Roth
Merck
ApplChem
Sigma Aldrich
Sigma Aldrich
Carl Roth
Sigma Aldrich
Carl Roth
Roche

Leica

Carl Roth
Sigma Aldrich
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Carl Roth
Sigma Aldrich
Carl Roth
Carl Roth
Carl Roth
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
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Xylol

2.1.4 Commercial buffers and reagents

VWR

Table 4: Commercial buffer and reagents

Buffer/reagent

Company

Anode-/Cathode-bufffer concentrate A & K
Diethylpyrocarbonate treated (DEPC) water
Duotrol® urine level 1 + 2

Ketamine 100 mg/mL

Mayer’s Haemalaun solution

NuPAGE® MES SDS Running Buffer (20x)
Phosphate Inhibitor Cocktail Il,llI

Precision Plus Protein Dual color standards
Protease-Inhibitor cocktail

QlAzol Lysis-Reagent

Rompun 2%

TagMan Universal PCR Master Mix

2.1.5 Prepared buffers and reagents

Carl Roth

Thermo Fisher scientific
Biomed Labordiagnostik GmbH
Ratipharm

Merck

Thermo Fisher Scientific
Sigma Aldrich

BioRad

Sigma Aldrich

Qiagen

Bayer Health Care

Thermo Fisher Scientific

Table 5: Prepared buffered and reagents

Buffer Substances

Concentration

Anode buffer

Methanol

Ultrapure water

APS solution

Buffer concentrate A

Ammonium persulfate

10%
20%
70%
10% (w/v)

in ultrapure water

Blocking solution BSA in TBS-T
Cathode Buffer

Methanol

Ultrapure water

Buffer concentrate K

5% (w/v)
10%
20%
70%
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Chemiluminescent solution

Glucose Production Buffer

Loading buffer

PBS (10x)

RIPA Buffer

Running Buffer (10x)

SDS Solution

Separation buffer

Stacking buffer

Luminol
p-Coumaric acid

in 0.1 M Tris
DMEM

HEPES

Sodium pyruvate
Lactic acid
Bromophenol blue
DTT

Glycerol

SDS

Tris-HCI

KCl

KH2PO4

Na;HPO4

NaCl

in ultrapure water
Tris-HCI

NaCl

NP-40

Sodium deoxycholate
SDS

Glycine

SDS

Tris

in ultrapure water, pH 8.3
SDS

in ultrapure water
Tris

in ultrapure water, pH 8.8
Tris

in ultrapure water, pH 6.8

2.5 mM
0.2 mM

10 mM

2 mM

20 mM
0.05% (w/v)
0.25M
50% (w/v)
5% (w/v)
0.225 M
27 mM
18 mM
100 mM
1.37M

50 mM (pH 7.5)
150 mM

1%

0.5%

0.5%

1.92M

1%

0.25 M

10% (w/v)

3M

0.47M
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Stripping buffer

TBS (10x)

TBS-T

Buffer

Glycine

SDS

Tween20

In ultrapure water, pH 2.2
NacCl

Tris

in ultrapure water, pH 7.4
10x TBS

Tween20

Substance

0.2 M
0.1% (w/v)
1% (v/v)

1.5M
0.5M

10% (v/v)
1% (v/v)

Table 6: Buffers for histological stainings

Concentration

Citrate buffer

Haematoxylin

Buffer

Citrate 1xH.0
in ultrapure water, pH 6
Mayer’s Haemalaun

in ultrapure water

Table 7: Perfusion buffers

Substance

0.01M

20% (v/v)

Concentration

Collagenase Buffer

EGTA Buffer

Amino acid solution
CaCly solution (19g/L
CaCl,*2 H,0)
Collagenase Type 1
Glucose solution (9g/L)
Glutamine (7g/mL)
Hepes (60g/L, pH 8.5)
KH Buffer

Amino acid solution
EGTA solution (47.5g/L)

Glucose solution (9g/L)

30 mL
10 mL

100 mg
155 mL
25mL
25 mL
25 mL
60 mL
1.6 mL
248 mL
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Glutamine (7g/L) 4 mL

Hepes (60g/L) 30 mL
KH buffer 30 mL
KH Buffer KCl 1.75¢
KH2POg4 l16¢g
NaCl 60g
In 1L ultrapure water, pH
7.4
Suspension Buffer Albumin Fraction V 400 mg
Amino acid solution 30 mL
CaCl; solution (19g/L 1.6 mL
CaCl2*2 H,0)
Glucose solution (9g/L) 124 mL
Glutamine (7g/L) 2mL
HEPES 20 mL
KH buffer 20 mL
MgS0Os solution (24.6g/L 0.8 mL

MgSO4* 7 H20)

Table 8: Commercial assay and kits

Kits

Company

BCA Protein assay
CellTiter-Blue® assay

DAB Peroxidase substrate kit

Glucagon assay

High-Capacitiy cDNA Reverse Transcription
Kit

Insulin assay

Vectastain Elite ABC Kit (rabbit)

Thermo Fisher Scientific
Promega

Vector laboratories

Mercodia

Thermo Fisher Scientific

Mercodia

Vector laboratories
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2.1.6 Cell culture constituents

Table 9: Medium and supplements

Cells Medium Company
Primary human and mouse | William’s E Medium PAN Biotech
hepatocytes + Dexamethasone (100nM) | Sigma Aldrich
+ Gentamycine (10ug/mL) PAN Biotech
+ Insulin (ITS) (2ng/mL) Sigma Aldrich
+ Penicilin/Streptomycin PAN Biotech
(100 U/mL)
+ Stable L-Glutamine (2mM) | PAN Biotech
For attaching of cells:
+ 10% Sera plus PAN Biotech
Primary human and mouse | Glucose-free DMEM PAN Biotech

hepatocytes Medium

+ Penicilin/Streptomycin

(100U/mL)

Table 10: Additional supplements for cell culture

Supplement Company
Acetic acid glacial Carl Roth
Casyton Roche
Collagen rat tail lypholised Roche
Dexamethasone Sigma Aldrich
DMEM (10x, 1 g/L glucose) Pan Biotech
DMSO Sigma Aldrich
OptiMEM Life technologies
10x PBS See table 2.5
Trypan blue Sigma Aldrich
Trypsin 0.05% EDTA Pan Biotech
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2.1.7 Animals

Table 11: Mice

Mouse Gender Age at experiment Provider
Agxt”’ male/female 8-12 weeks Eduardo Salido
Lep®®/Lep°®® and male 8-12 weeks Janvier labs
Lepob/+
C57BL6/) male/female 8-12 weeks Janvier labs

Table 12: Mice feeding
Reagents Company

Pellet standard diet R/M-10-mm

Powder standard diet R/M-H

Ssniff, Soest, Germany

Ssniff, Soest, Germany

R/M-H 10-mm pellet with 1% hydroxyprolin | Ssniff, Soest, Germany

2.1.8 Antibodies

2.1.8.1 Primary antibodies

Table 13: Primary antibodies for Western blotting and Immunhistochemistry

Antibody Host Cat-No./ Company

anti Agxt Rabbit HPA035370, Sigma Aldrich
Anti-G6pc Rabbit 22169-1-AP, Proteintech
anti Gyk Rabbit MA5-36209, Thermo Fisher
anti Pckl Rabbit ab70358, Abcam

Anti B-aktin Mouse A5316, Sigma Aldrich

2.1.8.2 Secondary antibodies

Table 14: Secondary antibodies for Western Blotting

Antibody Host Cat-No./ Company
anti-mouse HRP-linked Horse 7076, Cell Signaling
anti-rabbit HRP-linked Goat 7074, Cell Signaling
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2.1.9 TaqMan gene expression assays

Table 15: Tagman gene expression assay for qRT-PCR (Life technologies)

Target gene Mouse Supplier

Agxt MmO00507980 Life technologies, Darmstadt
Eif2a Mm01289723 Life technologies, Darmstadt
Fbpl MmO00490181 Life technologies, Darmstadt
Gapdh 4352932E Life technologies, Darmstadt
G6pc MmO00839363 Life technologies, Darmstadt
Gotl MmO01195792 Life technologies, Darmstadt
Gpd1l MmO00515846 Life technologies, Darmstadt
Gptl MmO00805379 Life technologies, Darmstadt
Grhpr MmO00519119 Life technologies, Darmstadt
Gyk MmO00433896 Life technologies, Darmstadt
Haol MmO00439249 Life technologies, Darmstadt
Hogal MmO00470609 Life technologies, Darmstadt
Ldha Mm01612132 Life technologies, Darmstadt
Nampt MmO00451938 Life technologies, Darmstadt
Pckl Mm01247058 Life technologies, Darmstadt
Prodh2 MmO00457662 Life technologies, Darmstadt

2.1.10 Adeno-associated viral vectors
Table 16: Adeno-associated viral vectors used for gene transfer in mice

Name

Description

Vector ID/Supplier

pAAV[Exp]-CMV > EGFP

pAAV-TBG-mAgxt

Liver-specific expression of
Agxt under control of the

hepatic

thyroxine-binding globulin

(TBG) promoter

VB150925-10026,
VectorBuilder
VB200115-1168mpa,
VectorBuilder
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2.2 Methods

2.2.1 invivo

2.2.1.1Housing of mice

Mice arrived at an age of 8 weeks from the respective supplier and were kept for one week to
acclimatize without performing any experiment with them. They had free access to water and
food ad libitum and were held under a 12h light/dark cycle. Experiments were approved and
performed according to the guidelines of the local animal welfare authority, which means that
the Principles of Laboratory Care and recommendations of the Society of Laboratory Animal

Science (Gesellschaft fur Versuchstierkunde, GV-SOLAS, Germany, 2022) were guaranteed.

2.2.1.2 Collection of organs, tissue and blood from mice

When in vivo collection was performed, different organs e.g., liver, kidney or pancreas were
collected for further subsequent analysis. Therefore, the animals were anesthetized with an
intraperitoneal injection of Rompun® and Ketamine. When the mice were fully narcotized by
checking defined reflex, they were placed in a dorsal position and the abdominal cavity was
opened by using a surgical scissor longitudinally. In some experiments, the mice were killed
by cervical dislocation when no anesthesia was necessary. The liver was extracted surgically
and weighed. The left lobe was cut into two pieces: the left piece was used for cryosectioning,
and the other was put in histological cassettes and placed in 4% PFA. The rest of the remaining
liver was placed in a clamp and afterwards crushed by using mortar and the powder was
transferred to a 5mL tube. The clamp was placed in liquid nitrogen to prevent the sticking of
the organ to the clamp. For the kidneys, the procedure was basically similar. The left kidney
was cut in two halves longitudinally. One piece was used for the histological analysis and the
other for cryo-sectioning. The second kidney was crushed in the same way as described for

the liver.

Blood was collected from two different places. When sacrificing mice, either by cervical
dislocation or anesthesia, blood was also collected by taking it from the heart chambers using
a syringe when the abdominal cavity was opened or by stitching the facial vein via 24G needle.
These two different approaches were used when larger amounts of blood were needed for
analysis. Depending on the specimen of the blood — plasma or serum — the samples were
differently prepared. For serum, the blood was placed at room temperature for 30min and

afterwards spun down at 4000rpm for 10min. Later, the serum (supernatant) was transferred
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to a new tube and kept at -80°C. For plasma, the blood was chelated by using respective
volume of EDTA to prevent coagulation of the blood. In the next step, blood was centrifuged
at 12000rpm for 10 minutes. After that, the supernatant was transferred into a new tube and

stored at -80°C.

2.2.1.324h urine collection

To analyze and measure the urinary oxalate levels of mice, mice were placed in metabolic
cages to collect 24h urine for up to three consecutive days. Those mice had free access to
water and food throughout the experiment. The urine was collected in a tube, which
contained 35 plL of 6 M HCI to acidify the urine preventing the conversion of ascorbic acid to
oxalic acid. Otherwise, this could lead to misinterpretation of the data. The collected urine
was centrifuged down at room temperature for 10 min at 179xg to remove food residues from
the urine. The supernatant was aliquoted in various tubes and stored at -80°C for further

analysis.

2.2.1.4 Histology staining of embedded tissue

2.2.14.1 Fixation and paraffin embedding

After collecting tissue in histological cassettes, the cassettes were placed in 4%
paraformaldehyde (PFA) at 4°C for fixation the next two days. Afterwards, the PFA solution
was removed and replaced by 1x PBS. Cassettes were left in 1x PBS until further processing.
Next, STP120 processor (Thermo Fisher Scientific) performed fixation procedure. During this
process, the tissue is dehydrated by an ethanol gradient, followed by xylene and finally
infiltrated by paraffine to increase the stiffness of the tissue for sectioning. A detailed

procedure is depicted in the next table.

Table 17: Fixation protocol for histological stainings

Step Reagent Time (min)
1 70% ethanol 30
2 70% ethanol 60
3 90% ethanol 30
4 90% ethanol 30
5 99% ethanol 30
6 99% ethanol 35
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7 99% ethanol 60

8 Xylol 30
9 Xylol 35
10 Xylol 60
11 Paraffin histowax 80
12 Paraffin histoway 105

After finishing the program, the tissue was embedded in paraffine using the Microm HM450
automated embedding device. If not otherwise stated, 4um-thick formalin-fixed organ tissue
was sectioned and used for common staining as well for immunohistochemical staining. The
tissue sections were mounted on glass slides and placed in an oven at 60°C for 20 minutes.

Prior usage, slides were stored at 4°C.

2.2.1.4.2 Hematoxylin and eosin Y staining

In the first step, tissue sections were deparaffinized in Roti®-Histol four times for 5 minutes
before being placed in an ethanol gradient reaching from 100% to 70% ending up in ultrapure
water (5 minutes in each solution). Next, the slides were incubated in freshly prepared
Hematoxylin for 5 minutes. After that, the tissue was blued under running tap water for
another 10 minutes. Then, the sections were stained for three minutes with 1% filtered eosin
Y and immediately rinsed with ultrapure water. Afterwards, the sections were rehydrated in
an ascending ethanol gradient (70%, 90%, 95%, 2x 100%, 5s each). This was followed by
exposing the sections to Roti®-Histol two times for 5 minutes. Lastly, the sections were

covered with a glass slide using Entellan®.

2.2.1.43 Periodic acid Schiff (PAS) staining

For the histological detection of glycogen, a common technique is the PAS staining. Same as
for the H&E staining, the slides were deparaffinized and hydrated to water in an ethanol
gradient reaching from 100% to 70% terminating in ultrapure water (5 minutes in each
solution). Next, the sections were oxidized in 0.5% periodic acid solution for 5 minutes. After
that, the sections were rinsed in distilled water for a few seconds. In order to start the color
reaction, the sections were kept in Schiff reagent for 15 minutes which led to a light pink color
change. Afterwards, the sections were washed in lukewarm tap water for 5 minutes leading

to an immediate dark pink color change. To visualize the cell nuclei of each cell, the sections
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were counterstained via Mayer’s hematoxylin for one minute. After that, tap water was used
for washing of the sections for 5 minutes. Finally, the sections were dehydrated, and cover
slipped by using Entellan®. The glycogen staining results in a purple colorization of glycogen

and a blue staining for the cell nuclei.

2.2.2 invitro
2.2.2.1Isolation of primary hepatocytes

2.2.2.1.1 Murine hepatocytes

For the isolation of murine hepatocytes an adapted two-step perfusion method was used by
which the liver was dissected from the animal and the modified into a suspension of viable
hepatocytes (Seglen, 1976). In the first step, the mice were anesthetized by using a cocktail of
Rompun® (25-40 mg/kg) and Ketamine (50-80 mg/kg). The anesthesia was checked by testing
different reflex of the mice. Procedure was continued after the animal showed no signs of
reflex anymore. Then, the animal was placed in a dorsal position and the abdominal cavity was
opened using a surgical scissor longitudinally. In the next step, organs which hamper the view
on the vena cava were removed very carefully. Having direct access to the vena cava, a blunted
needle was inserted in the incised vena cava. The needle was stuck to a flexible tube which
was connected to a flowing pump and ended in a bottle where different buffers could be filled
in. When inserted with the needle, the liver is perfused firstly with pre-warmed EGTA buffer
at a flow rate of 15 mL/min for 10-15min. This is meant to remove blood and Ca%*-dependent
adhesion factors. To cleave the extracellular matrix and cell-cell connections, in the next step
the EGTA buffer was replaced by Collagenase buffer(37°C). Flow rate and perfusion duration
were kept constant as in the step before. This step was stopped when the liver seemed to
become slimy and soft. Subsequently, the liver was excised carefully and removed by using
forceps and then placing the liver in a petri dish. Under the laminar air flow system, the petri
dish was filled with suspension buffer. In the following, the liver capsule was broken up and
the hepatocytes were gently bruised into the suspension buffer. The cell suspension was then
filtered through a 100um cell strainer and transferred into a new 50mL tube. Next, the
suspension was centrifuged for 5min at 50xg at 4°C to remove non-parenchymal cells (NPC)
from hepatocytes. The NPC-containing supernatant was discarded and the pellet which
contained hepatocytes was resuspended in 10mL suspension buffer. The isolated hepatocytes
were placed on ice and a small fraction of cells was diluted with suspension buffer and trypan

blue (1:2) in order to determine the cell number by using a Neubauer counting chamber.
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2.2.2.1.2 Human hepatocytes

Cryopreserved primary human hepatocytes (PHHs) were purchased from Lonza or BiolVT. In
addition to this a non-commercial collaborator by the group of Dr. Georg Damm was able to
provide us with freshly isolated human hepatocytes from patients who suffered from a first
to second degree liver tumor. The patients gave their agreement on sharing the hepatocytes
for research purposes according to the ethical guidelines of the University of Leipzig. The
isolation of the PHHs was performed by using a two-step isolation protocol described above
with minor deviations (Lee et al., 2013). The hepatocytes were then transferred to the
institute and on the next day they were suspended in William’s E medium and cell number
was determined by using trypan blue. Cells were cultivated in sandwich-on-top culture system

as described in the next chapter.

2.2.2.2 Cultivation of primary hepatocytes

Hepatocytes were incubated under sterile conditions at 37°C and 5% CO; with aqueous
saturated vapor. Two different methods for cultivating the cells were applied here in this
thesis: The first one was the monolayer, which is described by a thin layer of collagen only on
the bottom of a well. The second method was a Sandwich-On-Top (SOT) system, which is
described by a thin layer on the bottom of the well and a thick layer on top of the plated cells.
For the two different layers of collagen, 10mg of rat-tail collagen was dissolved in either 9mL
or 40mL 0.2% acetic acid, which resulted in a concentration of 250 pg/mL and 1.1 mg/mL
respectively. The process of dissolving took place at 4°C overnight. The next day, cell culture
plates were flushed with thin layer collagen solution and left to dry for several hours under
the laminar airflow hood or stored in the incubator. After that, the plates were washed with
William’s E medium without any additives to adjust the pH of the monolayer. Afterwards,
Williams’s E medium with additives + 10% sera plus and the respective numbers of cells were
added into each well (see. table 18). To guarantee homogenous distribution primary
hepatocytes the plates were gently shaken in every direction. Then the plates were incubated
for 3h at 37°C for attaching to the monolayer. After 3h, the plated were washed for three
times with pre-warmed Williams’ E medium to get rid of dead and unattached hepatocytes.
The second layer collagen was further modified by adding 1 mL of 10x DMEM to the 9mL

collagen for a concentration of 1 mg/mL collagen which was indicated by a yellowish color.
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Table 18: Overview of different plating systems for in vitro experiments

Plate Cell number 1mg/mL collagen Williams’ E +

additives/ Glucose-

free DMEM
6 well plate 0.85*10° cells/well 350 uL 2mL
12-well plate 0.4*106° cells/plate 200 pL 1mL
24-well plate 0.2*106° cells/plate 100 pL 0.5 mL

Subsequently, the pH value of the solution needed to be adjusted by adding 1 M NaOH
solution carefully, which turned the yellowish color into a purple/pink. Next, the adequate
volume of second collagen layer was added to the well and the plates were put back into the
incubator for 45min for polymerization of the second layer. When experiments were
performed in monolayer system, the steps for preparation of the second layer were skipped.

Finally, Williams’ E medium + additives was added to the wells.

2.2.2.2.1 Hepatic glucose production assay

To mimic the glucogenic conditions in vitro, we established a hepatic glucose production
assay. The general procedure is also illustrated in the figure below. After the 3h attachment
of hepatocytes, cells were washed three times with glucose-free DMEM and then the cells
were exposed to glucose-free DMEM medium without any additives except antibiotics for 3h
hours. This step is meant to exclude any glucose leftovers from glycogen storages of the
hepatocytes. After this incubation, hepatocytes were treated with glucogenic precursor like

pyruvate/lactate, glycerol or amino acids.
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Pre-incubation in
glucose-free medium

Lac/Pyr ﬂ
Alanine Glucose
Glycerol l

Addition of
gluconeogenic substrates

* Supernatant= glucose quantification
* Cell lysates - protein quantification

Figure 9: Brief description of the hepatic glucose production (HGP) assay

Depending on the setup and the duration of the experiment (6h/ 24h), cells were collected for
protein or gene expression analysis. Additionally, the supernatant was also collected to

guantify the glucose that was produced from the precursors.

2.2.3 Gene expression analysis

2.2.3.1RNA isolation

RNA from tissue or cells was isolated by using the QIAzol reagent (Qiagen) for phenol-
chloroform extraction. QlAzol reagent consists of guanidinium thiocyanate and phenol, which
causes the lysis of cell membranes and inhibits RNases to prevent degradation (Chomczynski
and Sacchi, 1987). For tissue, 1mL of the reagent was added independent of the weight of
snap-frozen tissue being isolated. It was further homogenized by using a pestle before
continuing. In the next step, samples were sonicated (50% power for 30s, 5s pulse — s break)
while placed on ice. Cells, that were cultivated in a 6-, 12- or 24-well plates, were placed on
ice and the media was aspirated and then 1 mL, 500 uL, 250 pyL was added, respectively.
Detaching of the cells from the well was mediated by using cell scraper. The cells lysates were
then transferred to a 2 mL tube and sonicated on ice in the same way as described before.
Next, 200 uL of chloroform was added to each tube and the tubes were shaken for 10 to 15
seconds. Subsequently, tubes were kept at room temperature and incubated to improve

phase separation. In the next step, samples were centrifuged for 15 minutes at 12000 rpm
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and 4°C, which resulted in a visible two-phase separation. The agueous supernatant, which
contains the isolated RNA, was carefully transferred in a new tube containing 500 pL of 2-
propanol for precipitation of RNA. Again, the samples were centrifuged for 15 minutes at
12000rpm. Afterwards, the supernatant was discarded, and the pellet displayed the isolated
RNA. Following this, the RNA was washed and purified by several steps using 100%-, 80%-, and
75%-pure ethanol. Between the washing steps, the RNA was centrifuged by adding 850 uL of
the respective ethanol solution. After the last washing step, the supernatant was discarded
carefully by pipetting and the RNA pellet was kept at room temperature allowing to air-dry.
Finally, the RNA was dissolved in 15-100 uL DEPC-treated water, and its concentration was
determined photometrically via the NanoDrop2000 (Thermo Fisher Scientific). Isolated RNA

was stored at -80°C.

2.2.3.2 Synthesis of cDNA

Prior a real-time polymerase chain reaction (rt-PCR), the isolated RNA needed to be
transcribed to cDNA. This was mediated by reverse transcription using the cDNA reverse
transcription kit (Applied Biosystems) in order to receive a single-stranded cDNA fragment.
For the reverse transcription, 0.5-2 ug of RNA were mixed with appropriate volumes of 10x
RT-Buffer, 10x random primer, 25x DNTP mic, reverse transcriptase and DEPC water. The total
volume of a single reaction was 20 uL. The program for the cDNA transcription is displayed in
the table below showing the chosen conditions for the thermo cycler (Tgradient, Biometra).
After finishing the program, the cDNA was diluted to a concentration of 10ng/uL with DEPC

water and stored at -20°C.

Table 19: Program for reverse transcription of RNA to cDNA

Step Temperature (°C) Time (min)
Incubation 25 10
Reverse transcription 37 120
Inactivation 85 5
Hold-stage 4 oo

2.2.3.3 Quantitative real time polymerase chain reaction (qPCR)
gPCRis a quantitative, sensitive technique to detect changes in the gene expression of a target

gene (Higuchi et al., 1993). The principle of this method relies on the binding of so-called
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TagMan probes that hybridize to the DNA template strand between the primers and are
conjugated with a fluorescent reporter on the 5’- end and a quencher on the 3’end.
Consequently, a fluorescence resonance energy transfer (FRET) between the quencher and
the reporter suppresses the fluorescent signal. To detect a fluorescent signal, the applied DNA
polymerase has a 5’-3’ exonuclease activity which results in a separation of the TagMan probe
from the template cleaving into single nucleotides (Holland et al., 1991). Consequently,
reporter and quencher are split apart and a fluorescent signal, which is proportionally to the
amplified DNA concentration, can be detected and quantified. The fluorescence signal
provided is displayed as a function of time and called the Ci- value. This C: describes the
necessary number of cycles which are needed to reach a defined threshold and reaches the
exponential phase so that a signal can be detected. Every gene expression analysis was
performed with a 7500 Real-Time PCR System (Applied Biosystems). In total, 25ng of cDNA
were mixed with 2x universal master-mix and 20x specific TagMan probe and filled up with
DEPC water to a volume of 20 pL. Samples were measured in technical duplicates and water

was used as a negative control. The standard operation procedure is listed in table XX.

Table 20: Program for PCR amplification

Step Temperature (°C) Time (min) Cycles/Repetitions

(1) Activation of DNA | 50 2 1
Polymyerase

(2) DNA 95 10 1
denaturation

(3) Annealing and | 95/ 60 1.25 40

Elongation

For the calculation of gene expression levels the 2-22‘method was applied which is a relative
guantification approach that relies on the levels of a gene of interest (GOI) and of a
housekeeping gene (HKG) in an unknown sample. (Livak and Schmittgen, 2001). The
housekeeping gene is meant to be stable even under conditions where cells or tissue is
stressed, consequently they serve as endogenous control and give information on the quality
of the sample. In this thesis, different housekeeping genes were used as endogenous controls,

e.g., Eif2a, Gapdh and UBC. The expression of the gene of interest was subtracted from the
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housekeeping gene (ACi= Cicoi-CiHke). In the following step, the AC: of the control sample was
subtracted from the values of the test sample (AACi=ACu- ACy) resulting from the
intervention. In case of a higher value compared to control, the intervention induced an

upregulation of the respective gene and vice versa.

2.2.4 Protein analysis

2.2.4.1 Protein extraction from different specimen

Protein was extracted from tissue like liver or kidney and from primary hepatocytes. For this,
tissue and cells were lysed in RIPA buffer which contained protease inhibitor and phosphatase
cocktail Il and Ill, respectively 1:100 diluted. Depending on the source of the material e.g., liver
tissue, 1mL of RIPA was added to snap-frozen tissue. If necessary, the mixture was
homogenized by using a pestle, followed by a sonication step (50% power, 0.5s pulse, 0.2s
break). After that, the homogenate was placed on ice for 20 minutes and then centrifuged for
10 minutes at 12000rpm at 4°C. The supernatant, which contained the protein, was

transferred into a new tube.

For cells, the collection deviated from the one described before. The 6-, 12-, 24-well plates
were placed on ice and the media was aspirated and after that 300 uL, 150 pL and 75 pL of
RIPA was added, respectively. Extraction of the cells was performed by scraping out the cells
from the well and transferring the lysate into tubes. Same as for the tissue, the cell lysates
were sonicated and incubated on ice for 20 minutes. Next, the lysates were centrifuged for 10
minutes at 12000rpm at 4°C. The supernatant was then transferred into a new tube. Protein

lysates were stored at -20°C or -80°C for long-term storage.

2.2.4.2 Quantification of protein

For the quantification of protein, the bicinchoninic acid (BCA) protein assay (Thermo Fisher
Scientific) was used. The principle of this method relies on two different reactions. The first
one is a modified biuret reaction, which outlines the conversion of Cu?* to Cu* by peptide
bonds under alkaline conditions. In a second reaction, two molecules of BCA react with a Cu*-
ion forming a chelate complex with a purple color. The intensity of the colorization is
measured at a wavelength of 562nm which is proportional to the protein

concentration.(Walker, 2009).

In practical, 5uL of sample were mixed with 195 uL of BCA working reagent consisting of 49

parts of reagent A and one part of reagent B in a single well. For quantification of the protein
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concentration, a calibration curve of bovine serum album (BSA) was prepared, ranging from 0
+ 2000 pg/mL. Measurements were performed in duplicates. The prepared plate was
incubated at 37°C for 30 minutes light protected. Plate reading was done in a plate reader
(Infinite M200 Pro, Tecan). For tissue samples, a pre-dilution of 1:10 was conducted — for cell

sample a dilution of 1.3 was necessary.

2.2.4.3 Western Blot

2.243.1 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-Page is a commonly used technique to investigate protein expression in different cells
and tissue. Put simply, it relies on the separation of protein in a protein mixture depending
on the size and electrophilic mobility of the protein. This separation is mediated by applying
an electric field. Sodium dodecyl sulfate (SDS), which is an anionic detergent, linearizes the
protein and covers their charges negatively (Manns, 2011). In this thesis, the mobility of the

protein depends on the size of the protein.

Freshly prepared gels were stacked in Mini-PROTEAN electrophoresis chamber (BioRad) as
described in the manufacture’s protocol. A recipe for two 1.5mm thick 10%-containing SDS

separation gel is illustrated in the table below.

Table 21: Composition of separation buffer for Western blots

Chemicals/Reagents volume
Ultrapure water 6.4 mL
Acrylamide solution (30% v/v) 5.28 mL
Separation buffer 4 mL
SDS (10% w/v) 160 pL
TEMED 6.4 pL
APS (10% w/v) 160 pL

The prepared solution was then transferred between the two glass plates and filled up to a
defined height. To get rid of air bubbles on top of the gel, a thin layer of 2-propanol was added
to avoid oxidation and evaporation. The gel was kept for 20 minutes to allow for

polymerization. After polymerization. the 2-propanol was removed by inverting the gel and
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the stacking gel was added on top of the separation gel and combs were added to form

pockets. A list of the chemicals constituting for the stacking gel is displayed in the table below.

Table 22: Constitution of stacking buffer for Western blots

Chemicals/Reagents volume
Ultrapure water 4.8 mL
Acrylamide solution (30% v/v) 1mL
Stacking buffer 0.8 mL
SDS (10% w/v) 65 uL
TEMED 5puL
APS (10% w/v) 100 pL

For the separation of protein, equal amounts of protein were mixed with 5x Loading buffer
and denaturized at 95°C for 5min. The dithiothreitol (DTT) which is part of the loading buffer,
reduced desulphated bonds of the protein and optimizes better protein separation during
electrophoresis. The denaturized protein samples and a control ladder for protein sizes (4 pL)
were added into each pocket and the electrophoresis was started. An initial current of
20mA/gel was applied and increased to 40mA/gel when all samples were on the same level.

The electrophoresis was terminated when the sample almost reached the end of the gel.

2.2.43.2 Protein transfer on PVDF membrane

For the immobilization and detection of proteins by antibodies, the protein samples were
transferred onto a PVDF membrane. The transfer was mediated by using the semidry transfer
system by Biometra or BioRad. Every system consisted of an upper plate, displaying the anode,
and a lower plate representing the cathode. Blotting papers were soaked in the anode or
cathode buffer, respectively. The gel was removed from the cast and placed in the cathode
buffer for equilibration. The PYDF membrane was shortly put in methanol for the activation
of the membrane. The blotting papers soaked in anode buffer were placed on the anode plate
of the transfer chamber and the activated PVDF membrane was put on top of it. In the
following, the gel was added on top of the membrane. Finally, one in cathode buffer-soaked
blotting paper completed the sandwich system. Subsequently, the chamber was closed with

a cover and the run was performed at 234mA/blot for approx. 30 to 40 minutes. After the
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transfer, the membrane was washed once with 1x TBS-T and then incubated with either 5%

BSA or 5% milk - depending on the antibody — to block unspecific antibody binding.

22433 Protein detection

Following the blocking step, the membrane was incubated with a specific primary antibody in
5% BSA or 5% milk in 1x TBS-T overnight at 4°C. The membrane was constantly shaken.
Afterwards, the membrane was washed with 1x TBS-T for three times 4 5 minutes prior the
incubation with the secondary antibody which was labelled with a Horseradish Peroxidase
(HRP). The secondary was incubated for one hour at room temperature (RT). Repeatedly, the
membrane was washed with 1x TBS-T three times a 5 minutes. Further information regarding
the incubation with the primary antibody is shown in the table below. The protein signal was
detected by using chemiluminescence and hydrogen peroxide (5 mL ECL + 3 pL hydrogen
peroxide). The chemiluminescent signal was provided by the catalyzation of luminol via
oxidation. This oxidation was accompanied by a light emission at 428nm. This light emission
was captured by Blot-Imager Vilber Fusion Fx7 (Vilber Lourmat). For the detection of a
housekeeping protein, the membrane was incubated in stripping buffer for 30 minutes at
room temperature. This was meant to detach the secondary antibody from the primary
antibody. In the following, membrane was blocked again and incubated with primary and
secondary antibody the way it was described for. Both, the signal of the protein of interest

and the housekeeping gene were quantified densitometrically with the software Imagel.

Table 23: Antibodies used for Western blots

15t antibody 2"d antibody Dilution Incubation

anti B-aktin anti-mouse 1:5000/1:10000 in | 30min RT / 1h RT
5% BSA

anti Agxt anti-rabbit 1:1000/1:5000 in 5%  o/n 4°C/1h RT
BSA

Anti-G6pc Anti-rabbit 1:100/1:1000 in 5% | o/n 4°C/ 1h RT
milk

anti Gyk Anti-rabbit 1:1000/1:5000 in 5% | o/n 4°C/ 1h RT
BSA

anti Pckl anti-mouse 1:1000/1:5000 in 5% | o/n 4°C/ 1h RT
milk
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2.2.5 Colorimetric assays

2.2.5.1 Quantification of glucose

For the quantification of glucose in different specimen, e.g., cell supernatant or plasma, the
Glucose Assay Kit (Sigma Aldrich) was used. In this kit, glucose is oxidized to generate a
colorimetric product which is proportional to the amount of glucose present in the sample.
There is the option to detect also a fluorescent signal, which is only applicable when small
amounts of glucose are expected in the sample. In this thesis, only the colorimetric analysis
was used. For cell supernatant, 2 uL of the sample was directly added to a well in a 96-well
plate without diluting. For plasma, a dilution of 1:10 was determined as best suited. In the
next step, the final volume of sample was brought up to 50 uL with Assay buffer. Afterwards,
a master reaction mix was added to each well (50 uL). This master mix consisted of glucose
assay buffer, glucose probe and glucose enzyme mix. The constituent of each reagent was
applied according to manufacturer’s protocol. The plate was then incubated for 30 minutes at
37°C under light protection. The absorbance was measured at a wavelength of 570nm with a
plate reader (Infinite M200 Pro, Tecan). For quantification of the samples, a glucose standard
curve was prepared according to manufactures protocol generating concentrations reaching

from 0 up to 10 nmol/well. All samples were measured in duplicates.

2.2.6 Enzyme-linked immunosorbent assay (ELISA)

2.2.6.1Insulin quantification

A very useful technique to quantify hormones (e.g., insulin and glucagon) is to use enzyme-
linked immunosorbent assay as they display high sensitivity. The ELISA used here is a solid
phase two-site enzyme immunoassay. It is based on the sandwich technique from which two
monoclonal antibodies can bind to the antigen of interest at two different epitopes. During
the incubation insulin can bind to the monoclonal anti insulin antibody that is attached to the
bottom of the well plate and the peroxidase-conjugated anti insulin antibody. In a subsequent
washing step, the unbound labelled antibody is removed. The bound conjugated antibody is
detected by a reaction with 3,3’, 5, 5’-tetramethylbenzidine (TMB). In a final step, the reaction

is stopped by adding acid to give a colorimetric endpoint that is read-out photometrically.

For the reaction, 10uL of sample and standards were added to each well. Calibration standards
were prepared as described in the manufacture’s protocol. In the following, 100 pL of 1x

enzyme conjugate was put into each well. Afterwards, the plate was placed on a plate shaker
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for two hours at room temperature for distribution. After washing the plate 5 times, 200 pL
of TMB substrate was added into each well and the plate was incubated for another 15
minutes. Finally, the reaction was stopped by adding 50 uL of stop solution. Then, the optical

density was read at 450nm, and results were calculated.

2.2.6.2 Glucagon quantification

For the quantification of glucagon an ELISA was used. This ELISA was a solid phase two-site
immunoassay. Its principle is based on the direct sandwich technique in which two
monoclonal antibodies are directed against different antigenic determinants on the glucagon
molecule. While incubating, glucagon in the test sample will react with peroxidase-labelled
anti-glucagon antibodies (clone E6A11K) and with anti-glucagon antibodies (clone M5F9S)
attached to the bottom of the well plate. After washing the plate, the conjugate is detected
using 3,3’, 5, 5’-TMB. The reaction was stopped by using acid to reach a colorimetric endpoint.

Then, the colorimetric endpoint is read-out photometrically.

For the reaction, 10 pL of sample and standards were added to each well. Calibration
standards were prepared as described in the manufacture’s protocol. In the following, 50 pL
of 1x enzyme conjugate was put into each well. Afterwards, the plate was placed on a plate
shaker overnight at 2-8°C for equal distribution. The next day, the plate was washed 5 times
and after that 200uL of TMB substrate was added into each well and the plate was incubated
for 30 minutes. Finally, the reaction was stopped by adding 50 pL of stop solution. Then, the

optical density was read at 450nm, and results were calculated.

2.2.7 Amino acid quantification in plasma and tissue

The analysis of amino acids and creatinine was accomplished as published elsewhere
(Custodio et al., 2023). Therefore, mouse body fluids (5uL) were used for protein precipitation
with 80% methanol containing stable-isotope labelled internal standards (MSK-CAA-1,
Cambridge Isotope Laboratories; trans-4-Hydroxyprolin-d4, Toronto Research Chemicals;
Creatinine-d3, Cayman Chemical; concentration 10 umol/L). Proteins were pelleted by

centrifugation at 21,000 xg. 1 pL of the supernatant was used for LC-MS/MS-analysis.

Cell and tissue samples were lysed in 300 pL 80% methanol containing 10 umol/L of stable-
isotope labelled internal standards (MSK-CAA-1, Cambridge Isotope Laboratories; trans-4-

Hydroxyprolin-d4, Toronto Research Chemicals; Creatinine-d3, Cayman Chemical) using a
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Bioruptor Pico (Diagenode) and proteins were pelleted by centrifugation at 21,000 xg. 1 L of

the supernatant was used for LC-MS/MS-analysis.

The analysis of amino acids was accomplished by LC-MS/MS using a Vanquish Horizon UHPLC
coupled to a QExactive mass spectrometer(both ThermoFisher) equipped with a MN
NucleoShell Bluebird RP18 (3 mm I.D. x 150 mm length, 90 A, 2.7 um particle size) using 400
uL/min flow rate and the following binary gradient (solvent A: 0.1% formic acid, 0.02%
heptafluorobutyric acid; solvent B: 0.1% formic acid in acetonitrile): 2% B for 2.5 min, 2-50%
Bin 3.75 min, 50-90% B in 0.25 min, 90% B for 2.25 min, 90-2% in 0.25 min and re-equilibration
at 2% B for 3 min. The QExactive mass spectrometer operated in positive mode acquiring
alternatingly Full-MS and AIF spectra at a resolution of 140,000 and AGC 1x1076; the m/z-
range was 70-300 for Full-MS and 50-300 for AIF spectra.

Quantification was accomplished using Skyline Daily (v22.2.1.351) (Adams et al., 2020). Data
were normalized to the respective stable-isotope-labelled standards. Calibration curves

ranged from 1-100 umol/L for amino acids and from 5-500 umol/L for creatinine.

2.2.8 Oxalate quantification in urine, plasma, supernatant and tissue
The oxalate, glycolate and glyoxylate concentrations in urine samples (acidified), in plasma or
in cell supernatants (in serum-free medium) were quantified by LC-MS/MS as previously

described (Schriewer et al., 2017).

Urine samples were acidified and diluted appropriately; cell culture supernatants remained
undiluted. Plasma samples were first subjected to precipitation with 100% methanol to
remove plasma proteins while cell and tissue samples were lysed in 80% methanol. All samples
were supplemented with uniformly 13C-labelled internal standards for oxalate and glycolate.
Samples were dried down under nitrogen flow and reconstituted in 20 pL 0.1% formic acid. 5
uL of the sample were injected onto a Shimadzu UFLC system coupled to a QTrap4000 mass
spectrometer (Sciex). Analytes were separated by ion exclusion chromatography using a Hi-
Plex H column (100 x 4 mm; 8 um particle size; Agilent) isocratically within 10 min at 60 °C
with a flow rate of 0.2 mL/min of 0.1% formic acid with a post-column make-up flow of 0.1
mL/min acetonitrile. The mass spectrometer was operated in negative-ion multiple-reaction-
monitoring (MRM)-mode using the transition given in Table Y with a dwell time of 150 ms per
transition. Quantification was accomplished in the Analyst software using calibration curves

from 2.5 —200 pmol/L.
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2.2.9 AQuantification of creatinine in urine

Creatinine is a waste product that is excreted from the kidney into the urine. It is well-accepted
that it is a suitable normalization marker independent of the urinary volume. Therefore,
creatinine was used to normalize the urinary oxalate excretion of mice since mice do not
always produce the same amount of urine per day. The creatinine levels were determined via
the Jaffé reaction (Jaffe, 1886). Picric acid and creatinine form an orange mixture under
alkanine conditions that was measured colorimetrically at a maximum wavelength of 492 nm.
Technically, murine urine samples were diluted at a 1:20 ratio with ultrapure water and 50 plL
of sample was pipetted in a 96-well plate. Additionally, 50 uL of two urine samples of known
creatinine concentrations were analyzed to check for quality reasons. In the last step, 200 uL
of the basic picric acid was added to each well and the plate was incubated light protected for
45min. Next, the absorbance was measured at a wavelength of 492 nm using a microplate

reader.

2.2.10 Cell Titer Blue® viability assay

Cryopreserved human hepatocytes or primary mouse hepatocytes (approx. 0.5x10°
hepatocytes) were seeded in black 96-well plates. After the attachement of the hepatocytes,
cells were treated with the compound of interest for which the toxicity should be evaluated.
The test compound was dissolved in normal cultivation media without any sera. For the assay,
only the 60 inner wells of the plate was used since edge effects might compromise the results.
Each well of the 96-well plate requires 200 pL of medium with the appropriate compound
concentrations. The cells were incubated with the test compound for 24h and after that a
morphology check was performed to evaluate the viability. Thereafter, the cells were washed
for three times with pre-warmed PBS. Then, Cell Titer Blue® reagent was added to the cells
at a ratio of 1:10 in normal cultivation media (one fraction of reagent and 9 fractions of
cultivation media). The added amount of volume of the Cell Titer Blue® mixture to the well
was 100 pL. The assay itself measured the mitochondrial enzyme activity by reducing the dark
blue indicator dye resazurin to the pink and highly fluorescent dye resorufin. This fluorescent
signal was measured at a wavelength of 584nm. Vital cells exhibit a strong metabolic rate for
resazurin so that the fluorescence intensity is increased. In contrast, non-viable cells showed
a decreased metabolic rate for resazurin resulting in a low fluorescent intensity. In case of

dead cells, the dark blue color of resazurin was not metabolized.
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2.2.11 Gene transfer using an adeno-associated viral transfer expressing Agxt

For the gene transfer of Agxt in different mice models, the vector pAAV-TBG-mAgxt (vector
ID: VB200115-1168mpa) was used. This vector was designed for the exclusive expression of
Agxt in the liver under the control of the hepatic thyroxine-binding globulin (TBG) promotor
and packaged into adeno-associated virus DJ (AAV-DJ) by Vector Builder. The transduction of
the virus in the liver was performed by an i.v. administration of 4.5x10%? gene copies per

mouse in PBS by using a 27G needle.

2.2.12 Statistical analysis

All experiments were performed in three different biological replicates if not stated
differently. Statistical significance between groups or conditions was tested by applying a two-
sided unpaired t-test. Significant differences were considered when the p-value was <0.05 and
indicated by an asterisk and so on. All data is shown as mean % SD. Calculations and graph

presentation were performed by using GraphPad Prism 10.
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3 Results

In previous studies, it has been shown that Agxt plays a significant role in the detoxification of
glyoxylate in vitro. However, no mechanistic study was performed showing that Agxt in
general and in the fatty plays a crucial role in the detoxification of glyoxylate causing an
excessive production of oxalate. Little evidence exists that focuses on the role of oxalate on
other organs and the systemic circulation apart from its devastating consequences in the
kidney. It is reported that oxalate has an inhibitory function on pyruvate carboxylase, which is
a key enzyme to facilitate glucose production from non-carbohydrate substrates under
fasting. In the course of this chapter, a newly established in vitro hepatic glucose production
assay will be introduced which covers the de novo production of glucose from various
substrates. Next, this assay is used to demonstrate the inhibitory role of oxalate on glucose
production in vitro. Moreover, the consequences of excessive systemic oxalate levels is
addressed in a hyperoxaluric mouse model, which is the AgxtKO mice. Lastly, the hormonal

and substrate-specific stimulation of Agxt is characterized in vitro and in vivo.

3.1 Establishment of an in vitro hepatic glucose production (HGP) assay in hepatocytes

To investigate the capability of primary mouse hepatocytes to produce glucose when the cells
are exposed to different glucogenic substrates, and to later be able to test the influence of
compounds on glucose production, a hepatic glucose production assay was set up. A detailed
procedure of the assay is described in chapter 2.2.2.2.1. Here, a set of increasing
concentrations of glucogenic substrates was given to the cells and glucose was quantified in
the supernatant and normalized to the protein content. In addition, gene and protein

expression analysis was performed. The results are described in the following chapter.

For exploring the hypothesis that oxalate may influence pyruvate-driven gluconeogenesis it
was particularly important to previously demonstrate that primary mouse hepatocytes utilize
pyruvate for glucose synthesis. This has been questioned in a recent study by Kalemba et al.
which proposes a substrate preference for glycerol superior to that for pyruvate/lactate in

hepatocytes in vitro and in vivo (Kalemba et al., 2019).

3.1.1 Primary mouse hepatocytes are capable to produce glucose from various glucogenic
precursors
The hepatocytes were exposed to increasing concentrations of various glucogenic precursors,

including pyruvate/lactate, glycerol, alanine and glutamine.Since the pyruvate/lactate ratio
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under aerobic glycolysis in the plasma of human and mice is near to 10 and kept stable by the
LDH catalyzing the reduction of pyruvate in lactate, we also considered this ratio in our hepatic
glucose production (Looyens et al., 2021). The results showed that primary mouse
hepatocytes can significantly produce glucose from different substrates in a concentration-
dependent manner compared to the untreated media control, which contained no glucose
since this would influence the endogenous production of glucose by hepatocytes (FM=
glucose-free medium). The two most common glucogenic precursors, pyruvate/lactate and
glycerol, which are either derived from the breakdown of muscle proteolysis or from adipose
tissue via lipolysis, also result in the highest levels of produced glucose. After 6h, the highest
concentration of pyruvate/lactate resulted in a significant increase in glucose when compared
to untreated media control (see Fig. 10A). This was also true for glycerol; here the difference
followed the same pattern (see Fig. 10B). Compared to this, glutamine and alanine, which are
derived from the breakdown of muscle tissue in the organism in fasting conditions, are also
capable of producing glucose but do not reach levels comparable to those of pyruvate/lactate
and glycerol. Despite the lower capacity of producing glucose, the highest exposed
concentrations of glutamine and alanine were also significantly higher compared to the media

controls (see Fig. 10C, D).
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Figure 10: 6h exposure of glucogenic precursors in primary mouse hepatocytes; (A) glucose production from
increasing concentration of pyruvate/lactate (n=3); (B) glucose production from increasing concentrations of
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glycerol (n=3); (C) glucose production from increasing concentrations of alanine (n=1/3); (D) glucose production
from increasing concentrations of glutamine (n=1/3). (All bar diagrams represent the mean % SD. *p < 0.05; **p
< 0.01; Student’s t test, unpaired, two sided).

The capability of hepatocytes to produce glucose from precursors was higher when the
exposure was prolonged for 24h. Here, like the previously described experiment, significant
differences were observed for all concentration of pyruvate/lactate as well as for glycerol
compared to full media control. The data analysis revealed that the highest concentration of
pyruvate/lactate produced almost triple the amount of glucose when compared to the media
control (see Fig. 11A). This holds true also for glycerol, where an increase of glucose
production was already observed after the lowest concentration of 1 mM glycerol. This
becomes significant when cells were exposed to 2mM or 5mM glycerol. For 5 mM glycerol,
the increase in glucose production was very pronounced (see Fig. 11B). Regarding the
production of glucose from the amino acids glutamine and alanine, the results showed that
there is a concentration-dependent increase in glucose production from both precursors like
the 6h time point. Here, the highest concentration of alanine resulted in a significant increase
in glucose production compared to media control (see Fig. 11C). For glutamine, the highest
concentration led to a significant increase in glucose production compared to the media

control (see Fig. 11D).
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Figure 11: 24h exposure of glucogenic precursors in primary mouse hepatocytes; (A) glucose production from
increasing concentration of pyruvate/lactate (n=3); (B) glucose production from increasing concentrations of
glycerol (n=3); (C) glucose production from increasing concentrations of alanine (n=3); (D) glucose production
from increasing concentrations of glutamine (n=3). (All bar diagrams represent the mean + SD. *p < 0.05; **p <
0.01; ***p<0.001;****p<0.0001; Student’s t test, unpaired, two sided)

3.1.2 Expression of glucogenic genes in response to different substrates

In addition to the capability to produce glucose from glucogenic precursors, also gene
expression changes in response to the metabolites was analyzed. This had the purpose to
investigate how transcription of key glucogenic enzymes changed and, if it translated into
protein changes. The focus was on the glucogenic enzymes Pck1 and G6pc when glucose was
produced after 6h incubation. Kalemba et al. proposed that after the exposure to
pyruvate/lactate the expression of Pck1 and Gépc is not induced. However, in our experiment
Pckl and G6pc were significantly induced in a concentration-dependent manner after
exposure to pyruvate/lactate (see Fig. 12A). In contrast, when hepatocytes were exposed to
glycerol, Pckl was not induced by glycerol (see Fig. 12B), whereas the stimulation of
hepatocytes with glycerol led to a significant increase of Gépc after the treatment with 2 mM
and 5 mM glycerol. This was expected to occur since the production of glucose from glycerol
is highly dependent of G6pc, and Pck1 is not required (see Fig. 12B). For the two-glucogenic
precursors alanine and glutamine, limited data is available since only two concentrations — a
low and high concentration — were tested. Concerning the exposure of glutamine to the
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hepatocytes, significant induction of Pck1 and G6pc was observed at the highest concentration
compared to untreated control (see Fig. 12C). A similar trend was observed when the cells

were exposed to alanine, showing significant upregulation of Pck1 and G6pc compared to

untreated control (see Fig. 12D).
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Figure 12: 6h mRNA expression analysis of (A) Pck1 and Gé6pc after incubation with pyruvate/lactate (n=3); (B)
Pck1 and G6pc after incubation with glycerol (n=3); (C) Pck1 and G6pc after incubation with glutamine (n=3); (D)
Pck1 and G6pc after incubation with alanine (n=3). (All bar diagrams represent the mean * SD. *p < 0.05; **p <
0.01; ***p<0.001; ****p<0.0001, Student’s t test, unpaired, two sided). Pckl= phosphoenolpyruvate

carboxykinase, G6pc= glucose-6-phosphatase

To confirm the results from the 6h exposure experiment, the same experiment was set up and
the hepatocytes were cultivated with the glucogenic precursors for 24h. As seen in a previous
figure (see Fig. 11), the cells were able to produce glucose from various glucogenic precursors.
When analyzing the transcriptional expression of glucogenic enzymes, one could see that Pck1
and Gé6pc were highly induced after the exposure to pyruvate/lactate (see Fig 13A). The two
lowest concentration of pyruvate/lactate exposure did show a trend, which was not significant
after the statistical analysis. The gene expression changes for Pckl were highly significant at
the highest concentration compared to untreated control (see Fig. 13A). The same pattern
was observed for the gene expression changes of G6pc when hepatocytes were exposed to

pyruvate/lactate. Here, the highest concentrations induced a significant increase in Gé6pc

expression (see Fig 13A).
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Figure 13: 24h mRNA expression analysis of (A) Pck1 and Gépc after incubation with pyruvate/lactate (n=3); (B)
Pck1 and G6pc after incubation with glycerol (n=3); (C) Pck1 and G6pc after incubation with glutamine (n=4); (D)
Pck1 and Gé6pc after incubation with alanine (n=4). (All bar diagrams represent the mean + SD. *p < 0.05; **p <
0.01, Student’s t test, unpaired, two sided). Pckl= phosphoenolpyruvate carboxykinase, Gépc= glucose-6-
phosphatase

The exposure to glycerol led to a significant upregulation of G6pc only at the highest
concentration (5 mM) compared to untreated control hepatocytes (see Fig 13B). In contrast
to this, the expression patterns of glucogenic enzymes when they were exposed to amino
acids glutamine and alanine were also significantly changed. Here, in line with the results from
the 6h experiment, the expression levels significantly increased for the two genes. For Pck1,
the exposure of the highest concentrations of glutamine and alanine led to a significant
induction of Pck1 (see Fig. 13C,D). The concentration-dependent exposure of alanine and
glutamine exhibited an increase in the expression of G6pc, but only the highest concentration

of glutamine significantly increased the expression of G6pc (see Fig. 13D).

3.1.3 Pckl protein induction after exposure to pyruvate/lactate and various amino acids —
not via glycerol

Based on the mRNA expression data from the 6h and 24h time point displaying induction of
glucogenic enzymes like Pckl and G6pc, the next step was to demonstrate whether this also
led to induction of the protein expression. Therefore, immunoblots were prepared from the
samples and densitometrically analyzed. The blots for pyruvate/lactate and glycerol are

displayed in the next figure (see Fig. 14). In accordance with the results from the Pckl mRNA
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after pyruvate/lactate exposure, the Pckl protein expression increased in a concentration-
dependent manner, which was also significantly higher after densitometric analysis compared
to control hepatocytes (see Fig. 14A). Conversely, glycerol enhanced the downregulation of
Pckl on protein level in a concentration-dependent manner, which was also significant (see
Fig. 14A). Comparing the protein expression data to the mRNA gene expression data for Pck1
after glycerol exposure, it was not expected because the mRNA data did not reveal such a

significant trend as it is shown here in figure 14.
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Figure 14: Western blot of (A) Pck1 after the exposure to pyruvate/lactate and glycerol (n=4); (B) G6pc after the
incubation with pyruvate/lactate and glycerol (n=3). (All bar diagrams represent the mean + SD. ***p < 0.001;
*¥*x*n < 0.0001, Student’s t test, unpaired, two sided). Pckl= phosphoenolpyruvate carboxykinase, Gépc=
glucose-6-phosphatase

The same protein expression analysis was also performed for the treatment with the amino
acids alanine and glutamine. Interestingly, a concentration-dependent increase in the
expression of Pckl protein was reported after the treatment with alanine as well as for
glutamine (see Fig. 15). The protein expression for Pckl after alanine exposure was more
pronounced compared to the treatment with glutamine. The exposure of 10mM alanine led
to a significant increase compared to the control. The exposure of 10 mM glutamine also
significantly increased the expression of Pckl (see Fig. 15A). Surprisingly, G6pc protein
upregulation was also observable after the treatment with alanine and glutamine. However,
due to large standard deviations no significant difference was achieved for alanine. For
glutamine, though the results were not significantly different compared to FM, a trend for the

induction was observed. To conclude, the results suggest that the exposure to
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pyruvate/lactate and amino acids led to an induction of Pckl protein. This was not entirely the

case for Gépc.
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Figure 15: Western blot of (A) Pckl after the exposure to alanine and glutamine (n=3); (B) G6pc after the
incubation with alanine and glutamine (n=3). (All bar diagrams represent the mean + SD. *p<0.05; ***p < 0.001,
Student’s t test, unpaired, two sided). Pck1= phosphoenolpyruvate carboxykinase, G6pc= glucose-6-phosphatase

To summarize the results so far, an in vitro hepatic glucose production assay was set up
successfully and showed that primary mouse hepatocytes are able to use all substrates to
produce glucose, which are known to contribute to gluconeogenesis in vivo. The assay
revealed substrate-induced gene and protein expression changes in vitro, which might also be
relevant for in vivo situations. Moreover, the results display discrepancies regarding the
production of glucose from pyruvate/lactate. Kalemba et al. reported that exposure to
pyruvate/lactate does not significantly lead to glucose production, compared to glycerol. This

will be discussed in a later chapter.

3.2  Therole of oxalate as inhibitor of gluconeogenesis

Since we could show that the in vitro hepatic glucose production (HGP) assay can be applied
to study gluconeogenesis from all in vivo-relevant glucogenic substrates the next step was to
apply this technique to study a possible influence of gluconeogenesis by oxalate. By now, only
very little data exist that investigated a possible inhibition by oxalate on the gluconeogenesis
via the two essential enzymes Pckl and pyruvate carboxylase (Pc). Therefore, with the newly
developed in vitro assay the question will be addressed to what extent oxalate influences the
production of glucose from non-carbohydrate substrates. Prior to the HGP assay, a Cell titer

Blue®-viability assay was performed to determine a concentration range of oxalate, in which
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the cells were not affected in their viability. The results of the viability assay revealed an ECy

value of 2289.6 uM which is the concentration at which 20% of the cells died (see Fig. 16).
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Figure 16: Concentration response curve of oxalate in primary mouse hepatocytes (grey dots represent the results of at least
three biological replicates, black dots denote the concentration-wise mean. The vertical blue line indicate the EC20 (n=3)).

The estimated viability of the primary mouse hepatocytes was not affected by concentrations
of up to 1 mM of oxalate. To gain more information about the accumulation of oxalate
intracellularly, we monitored the intracellular levels of oxalate after the exposure to increasing

concentrations of oxalate after a certain amount of time.

3.2.1 Oxalate accumulates intracellularly in primary mouse hepatocytes

To determine the levels of oxalate intracellularly, primary mouse hepatocytes were exposed
to increasing concentrations of oxalate. The goal of this experiment was to understand if
exposure to oxalate leads to intracellular oxalate accumulation (after entering the cells) in a
time- and concentration-dependent manner and if there is a threshold of intracellular levels
of oxalate that limits the uptake of oxalate. Untreated controls contained no oxalate in the
cells within the first three hours of incubation. Surprisingly, after 18h and 24h the untreated
control did accumulate intracellular oxalate. Regarding the lowest exposed concentration of
50 uM oxalate, a slight increase in the intracellular concentration was observed within the first
three hours of the experiment (see Fig. 17). This pattern was followed by increasing oxalate
concentrations. Oxalate concentration up to 300 uM resulted in very comparable intracellular
levels of approximately 10 uM of oxalate. A dramatic increase in intracellular concentrations
of oxalate was shown when cells were exposed to 1 mM and 3 mM. Here, the oxalate within
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the cells reached concentrations of 30 uM to 50 uM compared to 15 uM of intracellular

oxalate, when the cells were exposed to 300 uM of oxalate (see Fig. 17).
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Figure 17: Quantification of intracellular oxalate in a time- and concentration-dependent manner (n=2/3). (All
bar diagrams represent the mean + SD.*p<0.05; **p<0.01; ***p < 0.001 compared to 0 uM oxalate; Student’s t
test, unpaired, two sided). Ala = alanine, Ox = oxalate

3.2.2 Oxalate inhibits glucose production from pyruvate/lactate and alanine

To study the influence of oxalate on gluconeogenesis, various substrates were tested, and the
glucose was measured in the supernatant of the cells. Based on the results from the
establishment of the newly introduced glucose production assay, the selected substrates and
their concentrations were pyruvate/lactate (2/20 mM), glycerol (5 mM) and the amino acid
alanine (10 mM). The cells were incubated for 24h hours. Interestingly, oxalate prevented the
production of glucose from pyruvate/lactate in a concentration-dependent manner (see Fig.
18). The lowest concentration of 50 uM of oxalate did not lead to significant differences in the
glucose production, but already showed a decrease in glucose production. Adding a
concentration of 100 uM of oxalate to hepatocytes, the glucose production from
pyruvate/lactate was lowered significantly compared to control hepatocytes (not exposed to
oxalate (see Fig. 18A). The same is true for the exposure to 300 uM of oxalate, here the
difference was even more pronounced compared to the 100 uM oxalate exposure and highly

significant.
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Figure 18: Glucose production in primary mouse hepatocytes from (A) pyruvate/lactate (2/20 mM) co-exposed
with increasing concentrations of oxalate (n=4) (B) alanine (10 mM) co-exposed with increasing concentrations
of oxalate (n=4) (All bar diagrams represent the mean * SD.*p<0.05; **p<0.01; ***p < 0.001; Student’s t test,
unpaired, two sided). Ala = alanine, Ox = oxalate

A comparable result was obtained for the glucogenic precursor alanine. Basal production was
less compared to the production of glucose from pyruvate/lactate. For the two lowest
concentrations of oxalate, 50 uM and 100 uM, no significant decrease regarding the
production of glucose was measurable; however, a trend for less production of glucose was
obvious. Significance was reached with oxalate concentrations of 300 uM, which
approximately corresponds to an intracellular concentration of 15 uM (Fig. 18B). The results
indicate that oxalate impairs the pyruvate/lactate- and amino acid-driven gluconeogenesis in

hepatocytes in vitro.

3.2.3 Glycerol-driven gluconeogenesis is not influenced by oxalate exposure in primary
mouse hepatocytes

A very similar experiment was performed testing the influence of increasing concentrations of
oxalate on glycerol-driven gluconeogenesis in primary mouse hepatocytes. Glycerol is like
pyruvate/lactate and amino acids also an important glucogenic substrate for the de novo
production of glucose, but it enters the glucogenic pathway at a different site and does not
require Pc and Pckl. Interestingly, in contrast to the treatment with pyruvate/lactate and
alanine, glucose production from glycerol was not perturbed by the co-exposure with oxalate
(see Fig. 19). Even at the highest concentration of 1 mM oxalate, glucose production from

glycerol was not diminished.
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Figure 19: Glucose production in primary mouse hepatocytes from glycerol (5 mM) co-exposed with increasing
concentrations of oxalate (n=4).

The results obtained showed that glycerol-driven gluconeogenesis is not affected by oxalate
and are in line with the fact that glycerol bypasses the oxalate-inhibited step of Pc and Pck1.
In the next chapter, the translational relevance of the inhibitory function of oxalate will be

investigated in primary human hepatocytes.

3.2.4 Primary human hepatocytes are more sensitive to increased concentrations of
oxalate compared to mouse hepatocytes

In a subsequent study, the effect of oxalate on the production of glucose in vitro was
investigated with primary human hepatocytes. In the first place, a cell viability assay was

performed to rule out different susceptibility regarding high concentration of oxalate.
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Figure 20: Concentration response curve of oxalate in human hepatocytes (grey dots represent the results of at
least three biological replicates, black dots denote the concentration-wise mean. The vertical blue line indicate
the EC20. The vertical dotted grey line indicate the confidence intervals (n=3)).
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The results showed that human hepatocytes are more sensitive to higher oxalate
concentrations compared to mouse hepatocytes. Here, the ECy-value for oxalate was
modelled to be at 546.6 UM (see Fig. 20). The difference for the ECyo value between mouse
hepatocytes and human hepatocytes is almost 5-fold lower in primary human hepatocytes.
This reveals that they are more sensitive compared to primary mouse hepatocytes (2289.6
UM vs. 546.6 uM). The non-toxic concentration range in which human hepatocytes were not
affected by oxalate was between 0 and 300 uM. This concentration range was applied in the
following experiments. The reason for the large difference in oxalate susceptibility might be

explained by species differences.

3.2.5 Production of glucose from pyruvate/lactate and amino acids is influenced by oxalate
in primary human hepatocytes

After the determination of the concentration range of oxalate for a subsequent glucose
production assay, primary human hepatocytes were exposed to glucogenic precursor as seen
in the previous experiments with primary mouse hepatocytes. The aim of this experiment was
to investigate the translational relevance of the oxalate effect on gluconeogenesis - observed
in mouse hepatocytes to the human situation. The basal production of glucose showed that
human hepatocytes produce more glucose from pyruvate/lactate compared to alanine, which
is in line with findings from mouse hepatocytes. Further, the results showed that oxalate
inhibits the production of glucose from pyruvate/lactate in a concentration-dependent
manner. A significant difference between untreated controls and oxalate-treated hepatocytes
was observed at 100 uM oxalate, which was comparable to mouse primary hepatocytes (see
Fig. 21A). This inhibitory effect was even stronger when 300 uM of oxalate were exposed to
the hepatocytes. For alanine, the lowest concentration of oxalate did not result in a significant
change in the glucose production. However, a significant inhibitory effect of oxalate was
observable at a concentration of 100 uM (see Fig. 21B). This was also the case when the higher
concentration of 300 uM oxalate was applied. The results indicate a similar physiology of

oxalate inhibiting the glucose production from pyruvate/lactate and alanine.
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Figure 21: Glucose production in primary human hepatocytes from (A) pyruvate/lactate (2/20 mM) co-exposed
with increasing concentrations of oxalate (n=4); (B) alanine (10 mM) co-exposed with increasing concentrations
of oxalate (n=4). (All bar diagrams represent the mean + SD.*p<0.05; **p<0.01; ***p < 0.001; Student’s t test,
unpaired, two sided). Ala = alanine, Ox = oxalate

3.2.6 Primary human hepatocytes are not influenced by oxalate when glucose is produced
from glycerol

To investigate whether glycerol-driven gluconeogenesis is affected by the exposure of oxalate
in human hepatocytes, a similar experiment was conducted. Increasing concentrations of
oxalate were co-exposed together with glycerol. The results showed that the glycerol-driven
gluconeogenesis was not affected by oxalate (see Fig. 22). The results matched the

observation made in primary mouse hepatocytes.
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Figure 22: Glucose production in primary human hepatocytes from glycerol (5 mM) co-exposed with increasing
concentrations of oxalate (n=4). Ox = oxalate

3.3 Inhibition of gluconeogenesis from hydroxyproline-derived oxalate
3.3.1 Determination of a non-toxic effect concentration of hydroxyproline

Having seen that extracellular oxalate itself can accumulate within hepatocytes, the next
approach was to clarify whether this oxalate-associated inhibitory effect on gluconeogenesis
can be reproduced when an immediate precursor of oxalate is given to the cells. Since
hydroxyproline is one of the known precursors from which oxalate is produced in elevated
amounts, we hypothesized that the exposure of hydroxyproline along with glucogenic
substrates would also lead to a decrease in glucose production. A first step was to perform a
viability assay in order to determine a non-toxic concentration range of hydroxyproline, which

allows us to continue with the glucose production assay.
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Figure 23: Concentration response curve of hydroxyproline in primary mouse hepatocytes (grey dots represent
the results of at least three biological replicates, black dots denote the concentration-wise mean. The vertical
blue line indicate the EC20 (n=3)).

The viability assay was performed with primary mouse hepatocytes in three biological
replicates. The results from the viability assay and the modelling of the data revealed an ECyo
value of 7988.6 uM, which means that the viability was decreased by 20 % at this particular
concentration (see Fig. 23). With this information, we continued to evaluate and quantify the
different intermediates of the glyoxylate pathway generated by hydroxyproline catabolism
after addition of hydroxyproline in a time- and concentration-dependent manner up to 10

mM.

3.3.2 Intra- and extracellular quantification of hydroxyproline-derived intermediates

The three main metabolites generated from the catabolism of hydroxyproline that can be
detected with the established LC/MS method are glyoxylate, glycolate and oxalate. Therefore,
a time course experiment was set up and early and late time points were collected to quantify
the intracellular and extracellular levels of these intermediates. The kinetics after the
catabolism of hydroxyproline follow a very distinct pattern. Early after the exposure, the
intracellular levels of glyoxylate increased significantly in a concentration-dependent manner
indicating that hydroxyproline was immediately metabolized by hepatocytes (see Fig. 24).
Over the time course of the experiment, the intracellular levels of glyoxylate decrease. The
extracellular levels of glyoxylate did not follow a concentration-dependent manner (see Fig.
24). In the early time points, the glyoxylate levels are constant independent of the increasing
concentrations of hydroxyproline exposure. The late time points display that a very small
amount of glyoxylate is shuttled directly out of the cells, but this is also independent of the
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treatment. To stress how small the amounts of glyoxylate extracellularly are, one can compare
the values with the extracellular levels of glycolate, which are almost 100-fold higher than the

glyoxylate levels. (see Fig 25).
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Figure 24: Supernatant and intracellular levels of glyoxylate from wt hepatocytes after exposure to increasing
concentration of hydroxyproline (n=3). (All bar diagrams represent the mean + SD.*p<0.05; **p<0.01; ***p <
0.01 compared to 0 mM Hyp; Student’s t test, unpaired, two sided).

Overall, the glyoxylate data revealed that glyoxylate is not being exported out of the
hepatocytes during the catabolism of hydroxyproline. Rather it is further metabolized to other

intermediates of the glyoxylate pathway.
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Figure 25: Supernatant and intracellular levels of glycolate from wt hepatocytes after exposure to increasing
concentration of hydroxyproline (n=3). (All bar diagrams represent the mean + SD.*p<0.05; **p<0.01 compared
to 0 mM Hyp; Student’s t test, unpaired, two sided).

Interestingly, glycolate and oxalate do not accumulate within the hepatocytes. The quantified
levels for glycolate were in a narrow range of five to 10 uM independent of the concentration
of hydroxyproline that the hepatocytes were exposed to and the duration of the experiment

(see Fig. 25, 26). This was also the case for oxalate. Here, it was observed that the levels of
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oxalate were also in a narrow range of 2 to 5 uM. No concentration- and time-dependent

correlation was observed for intracellular oxalate..
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Figure 26: Supernatant and intracellular levels of oxalate from wt hepatocytes after exposure to increasing
concentration of hydroxyproline (n=3). (All bar diagrams represent the mean * SD.*p<0.05; **p<0.01; ****p <

0.001 compared to 0 mM Hyp; Student’s t test, unpaired, two sided).

The results for the extracellular levels of glycolate were significantly higher compared to

untreated controls after 24h (see Fig. 25).

The same pattern was observed for the extracellular quantification of oxalate. The highest
concentration of hydroxyproline led to a significantly higher production of oxalate in
comparison to untreated control after 24h of exposure (see Fig. 26). It was shown that the
cells immediately export the metabolites in the supernatant, which also seems trivial since it
is harmful for the cells to accumulate high levels of oxalate in the cells. The results fit in line
with the results seen for the intracellular quantification, where only low levels of the

intermediates were detected.

88



3.3.3 Agxt-deficient hepatocytes display elevated intracellular levels of oxalate

After the finding that oxalate does not accumulate within healthy primary mouse hepatocytes
which are exposed to hydroxyproline, the next step was to evaluate whether this would
happen in hepatocytes of a hyperoxaluric mouse model. Since Agxt-deficient mice - a primary
hyperoxaluria 1 mouse model - were provided to us for previous experiments, we considered
it as a suitable tool to investigate the oxalate-mediated inhibitory effect on gluconeogenesis.
Therefore, Agxt-KO deficient hepatocytes and control hepatocytes were cultured and exposed
to 10 mM hydroxyproline, after which the intracellular and extracellular concentration of
glyoxylate, glycolate and oxalate were quantified. The results of the experiment (n=1) is
illustrated in the figures below. The exposure of 10 mM hydroxyproline led to higher levels of
oxalate in the supernatant of AgxtKO hepatocytes compared to wt hepatocytes after 20 and
24h of incubation (see Fig. 27). The intracellular levels of oxalate in AgxtKO hepatocytes
showed also higher levels for oxalate at the early time points (Oh — 1h) and have risen even
higher at the later time points (20h — 24h) compared to wt hepatocytes. The intracellular
pattern of glyoxylate was comparable between the two genotypes with the exception that the
levels gradually increased in AgxtKO hepatocytes at late time points whereas the levels
decreased in wt hepatocytes (see Fig. 27). The extracellular levels for glyoxylate and glycolate
did not change between AgxtKO- and wt hepatocytes. The intracellular levels of glycolate were
also slightly elevated in AgxtKO hepatocytes from 3h to 24h compared to wt hepatocytes (see
Fig. 27).
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Figure 27: Intracellular and extracellular levels of (A) oxalate, (B) glyoxylate and (C) glycolate after the exposure
to 10 mM Hydroxyproline in wt and AgxtKO hepatocytes (n=1). wt= wt, Hyp= hydroxyproline

3.3.4 Gluconeogenesis from pyruvate/lactate and amino acids is significantly reduced in
Agxt-deficient hepatocytes exposed to hydroxyproline

To investigate the consequences of elevated endogenous production of oxalate on
gluconeogenesis, Agxt-deficient and wt hepatocytes were exposed to glucogenic precursors
along with hydroxyproline. The incubation period was 24h. Apart from the most common
substrates used for gluconeogenesis, also serine was incorporated in this experiment. In
addition to quantifying the glucose produced and released from the hepatocytes into the
supernatant, also the oxalate produced from the catabolism of hydroxyproline was
monitored. A schematic illustration of the experimental setup is shown in the figure below
(see Fig. 28). After 24h, incubation with glucogenic precursor pyruvate/lactate (2/20 mM),

alanine (10 mM) and glycerol (5 mM) together with hydroxyproline (10 mM) the hepatocytes
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were harvested and the supernatant was collected. The supernatant was analyzed for the

glucose produced from glucogenic precursor and the Hyp-derived oxalate levels.
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Figure 28: Experimental setup for the hepatic glucose production assay incubated with glucogenic precursor and
hydroxyproline

As expected, an overall higher production of oxalate in Agxt-deficient hepatocytes compared
to healthy controls was observed. The levels of oxalate in the supernatant of the cells were
between 10 to 20 nmol/mg protein in control hepatocytes and about 30 to 40 nmol/mg
protein in the Agxt-deficient hepatocytes, which is also known from previously performed
experiments. A first finding of this experiment was that Agxt-deficient hepatocytes produced
similar levels of glucose compared to wt controls in the absence of hydroxyproline (see Fig.
29A). This was independent of the treatment with either pyruvate/lactate or amino acids and
can be interpreted as that Agxt itself is not directly involved in catabolizing any of the reactions
required for gluconeogenesis of those substrates. For pyruvate/lactate, the hydroxyproline
exposure significantly decreased the glucose production in both, wt and AgxtKO hepatocytes,
but to a higher extent in AgxtKO hepatocytes (see Fig. 29A). A similar trend was observed for
the amino acid alanine; although not significant, the exposure to hydroxyproline led to a
reduction in the glucose production, which was more pronounced in Agxt hepatocytes

compared to wt hepatocytes.
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Figure 29: (A) Glucose production in primary mouse hepatocytes from pyruvate/lactate, alanine and glycerol
when co-exposed with 10mM hydroxyproline (n=3/4); (B) Oxalate quantification in the supernatant of the same
experiment from part (A) of this figure (n=1/2). (All bar diagrams represent the mean * SD.*p<0.05; **p<0.01;
**x*n < 0.0001; Student’s t test, unpaired, two sided). wt= wt

3.3.5 Glycerol-driven gluconeogenesis is not influenced by hydroxyproline catabolism nor
Agxt-deficiency

Beside the de novo production of glucose from pyruvate/lactate and amino acids, also the
influence of hydroxyproline-derived oxalate on glycerol-gluconeogenesis was investigated.
Despite elevated levels of hydroxyproline-derived oxalate in wt and Agxt-deficient
hepatocytes, glycerol-driven gluconeogenesis was not influenced (see Fig. 29A). There was
also no difference between the genotypes showing that glycerol-derived glucose was not
sensitive to the exposure of hydroxyproline in AgxtKO hepatocytes. The results obtained fit to

those observed when primary cells were exposed directly to oxalate (see Fig. 11 and 12).

In summary, it could be shown that both exogenous oxalate itself and oxalate generated in
the cell by the catabolism of its precursor hydroxyproline lowered gluconeogenesis from
lactate/pyruvate and alanine in vitro. However, in vitro experiments always have limitations
regarding their physiological relevance since cells cultivated in vitro do not represent a whole
organism and only represent an isolated system. To explore the in vivo relevance of the in vitro
findings, mouse models known to be associated with elevated oxalate levels should be

explored.
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34 Identifying mouse models high in systemic oxalate levels

3.4.1 Agxt Knockout (AgxtKO) mice represent a mouse model for Primary hyperoxaluria type
1 (PH1)

A well-established mouse model for PH1 that presents with hyperoxaluria and oxalemia are
the previously introduced AgxtKO mice. In this thesis it was confirmed that these mice
completely lack the Agxt protein (see Fig. 30A), resulting in an insufficient detoxification of the
oxalate precursor glyoxylate and subsequently significantly elevated levels of oxalate in the
plasma and in the urine (see Fig. 30B). Agxt is only expressed in the liver. Therefore
hyperoxaluria in Agxt knockout mice is presumed to be due to hepatic oxalate production.
Because the oxalate produced by the liver is secreted to the blood and eliminated via the
kidney, the oxalate burden in both tissues - the liver, as the main “producer” and the kidney,
as the main “disposer” - was quantified after tissue oxalate extraction. This was of particular
interest because both organs are glucogenic, and therefore oxalate could influence
gluconeogenesis, as already studied in vitro. Phenotypically, AgxtKO mice do not display any
special conspicuity compared to healthy mice, as demonstrated by histological stainings of
liver and kidney sections (see Fig. 30C). It was observed that AgxtKO mice show slightly
elevated levels of oxalate accumulation in liver and kidney, which was significant in the latter

one (see Fig. 30D).
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Figure 30: (A) Western Blot analysis of wt and AgxtKO mice; (B) Plasma and urine oxalate levels in wt and AgxtKO
mice (n=4); (C) HE and PAS stainings of liver and kidney of wt and AgxtKO mice ; (D) Oxalate accumulation in
kidney and liver tissue of wt and AgxtKO mice (n=4). (All bar diagrams represent the mean * SD.*p<0.05; ****p
< 0.0001; Student’s t test, unpaired, two sided).HE= Haematoxylin/Eosin, PAS= Periodic acid Schiff, wt= wildtype
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3.4.2 Rescuing Agxt using AAV-mediated transfer prevents hyperoxaluric phenotype in
AgxtKO mice

To demonstrate that lack of Agxt in AgxtKO mice is responsible for the excessive formation of
oxalate, a mechanistic study was performed rescuing the Agxt gene using an adeno-associated
virus (AAV) carrying the Agxt cDNA under the control of a liver-specific promoter. This sub-
chapter is part of the publication that was published in 2021 by Gianmoena et al. (Gianmoena
et al., 2021). The experimental setup of the four-week study is illustrated in the figure below
(see Fig. 31A). In this experiment, urine was collected before AAV-transfer was performed and
on days 11, 21 and 28 post AAV-transfer. Mice were sacrificed on day 28 and plasma and
organs were collected. The results show that the AAV-Agxt transfer has worked successfully.
The recovery of Agxt protein expression was not only illustrated in the immunohistochemical
staining by a brownish patchy distribution in the liver section (see Fig. 31B), but also in the
Western blot (see Fig. 31C). Most importantly, after the AAV-transfer the elevated urine and
plasma oxalate that are characteristic for AgxtKO mice were normalized to urinary levels
comparable to wt mice carrying the Agxt gene (see Fig. 31D). This experiment underlined the

relevant role of Agxt in the detoxification of glyoxylate.
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Figure 31: (A) Experimental outline of the AAV-experiment including urine collections on day 11 and 21 post AAV
administration; (B) Immunohistochemical staining of Agxt in AgxtKO + AAV-Agxt, AgxtKO and wt mice; (C)
Western Blot of AAV-transduced AgxtKO mice, AgxtKO mice and wt mice; (D) Plasma and urine oxalate levels of
AgxtKO + AAV-Agxt, AgxtKO and wt mice (n=4). (All bar diagrams represent the mean  SD.*p<0.05; ***p<0.001;
*¥***p < 0.0001; Student’s t test, unpaired, two sided).Figure (A) was created with BioRender.com. AAV= adeno-
associated virus
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3.4.3 Steatotic mice display downregulated Agxt gene and protein expression

It has been shown in a previous study, that Agxt protein expression is downregulated in
steatotic ob/ob hepatocytes in vitro and in vivo due to a hypermethylation in the promotor
region, which results in an insufficient detoxification of glyoxylate (Gianmoena et al., 2021).
Ob/ob mice are characterized by overweight, increased liver/body weight ratio and a
significant higher accumulation of triglycerides in the hepatocytes.
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Figure 32: (A) mRNA expression analysis of various genes participating in the catabolism of hydroxyproline in
ob/+ and ob/ob mice (n=5); (B) Quantification of Agxt protein expression and Western Blot of ob/+ and ob/ob
mice (n=6). (All bar diagrams represent the mean + SD.*p<0.05; **p<0.01; ***p<0.001; Student’s t test, unpaired,
two sided). Agxt= alanine-glyoxylate aminotransferase, Grhpr= glyoxylate and hydroxypyruvate reductase,
Haol= hydroxyacid oxidasel, Hogal= 4-hydroxy-2-oxoglutarate aldolasel, Prodh2= proline dehydrogenase 2

Moreover, genes, which take part in the mitochondrial catabolism of hydroxyproline and
detoxification of glyoxylate, did not show any significant changes in the liver of ob/ob mice.
Only Hao1, which generates glyoxylate in the peroxisome, was downregulated (see Fig. 32A).
To demonstrate a significant role of Agxt in the detoxification of glyoxylate to prevent a
hyperoxaluric phenotype in steatosis the rescue study was performed with ob/ob mice in vivo.
The experiment was similar to the experiment with AgxtKO mice (see Fig. 31) using an AAV-
mediated transfer to show that gene therapy could be a feasible method to prevent severe

accumulation of oxalate and urinary excretion.

3.4.4 Agxt downregulation in liver steatosis leads to increased oxalate production from
dietary hydroxyproline and is rescued by AAV-mediated Agxt transfer

A mechanistic study using AAV gene transfer was performed in ob/ob and ob/+ mice receiving
a dietary challenge of 1%Hyp or a NCD (Normal chow diet). Two weeks prior to the actual start
of the experiment and beginning of the dietary feeding, ob/ob mice were either transfected

with AAV carrying Agxt or with a control AAV carrying the reporter gene EGFP. After a resting
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phase to allow expression of the transduced Agxt, AAV-transduced ob/ob mice and ob/+ mice
were put on the allocated diet for two weeks (see Fig. 33A). On the last two days of the diet,
urine was collected. Thereafter mice were sacrificed and plasma and organs were collected
for various analysis (see Fig. 33A). The results showed that the gene transfer has worked
successfully. Comparing the IHC staining in the liver of EGFP-AAV and Agxt-AAV-treated ob/ob
mice, the intensity of the Agxt-AAV-transduced liver sections was stronger compared to the
EGFP-AAV-transduced liver sections and became comparable to that of control ob/+ mice (see
Fig. 33C). The same observation was made for the protein expression of Agxt using Western
blots. Regarding the plasma oxalate levels and urinary oxalate excretion after 1% Hyp diet,
ob/ob mice displayed higher levels of oxalate compared to ob/+ mice (see Fig. 31B). The viral
transfer of Agxt in ob/ob mice led to a reduction of hepatic oxalate production and urinary
excretion which was comparable to healthy ob/+ mice (see Fig. 31B). To sum this up, the
results show that the steatotic liver of ob/ob mice produced elevated levels of oxalate
representing a hyperoxaluric phenotype after dietary challenge that was prevented using an

AAV-mediated gene transfer of Agxt.
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Figure 33: (A) Experimental outline of the AAV-experiment in ob/ob and control ob/+ mice; (B) Plasma and urine
oxalate levels of AAV-Agxt-ob/ob mice, AAV-EGFP-obob mice and control ob/+ mice (n=5); (C)
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Immunohistochemical staining of AAV-Agxt-ob/ob mice, AAV-EGFP-ob/ob mice and control ob/+ mice); (D)
Western blot of AAV-Agxt-ob/ob mice, AAV-EGFP-ob/ob mice and control ob/+ mice . (All bar diagrams represent
the mean + SD.*p<0.05; **p<0.01; ***p<0.001; Student’s t test, unpaired, two sided). Figure (A) was created
with BioRender.com. AAV= adeno-associated virus, Agxt= alanine-glyoxylate aminotransferase, EGFP= enhanced
green fluorescent protein, Hyp= hydroxyproline, NCD= normal chow diet

3.5 Characterization of glucose homeostasis in the AgxtKO mice

3.5.1 Fasting glucose levels do not differ in Agxt-deficient mice

In how far oxalate affects glucose homeostasis and gluconeogenesis was next investigated in
the AgxtKO mouse model. As previously shown, lack of Agxt in these mice leads to elevated
oxalate production by the liver, resulting in hyperoxaluria and oxalemia and increased
deposition of oxalate in tissue, particularly in the kidney (see Fig. 30). A common approach to
investigate glucose homeostasis and gluconeogenesis is to fast the mice overnight and
measure the blood glucose levels. Fasting glucose levels of 80-100 mg/dl are normally shown
in the plasma of healthy mice. Values above (hyperglycemia) or below (hypoglycemia) indicate
perturbation in glucose homeostasis. AgxtKO and wt mice were fasted for about 16 hours
starting in the afternoon until the next morning. Since mice are nocturnal animals, the fasting
occurs during their active phase. As a control, mice of both genotypes were also collected in

the ad libitum state.
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Figure 34: Blood glucose levels of wt and AgxtKO mice in the ad libitum and fasting state (n=6). (All bar diagrams
represent the mean + SD; ***p<0.001; ****p < 0.0001; Student’s t test, unpaired, two sided)

The results showed that there was no difference in the blood glucose levels between wt and
Agxt-deficient mice after an overnight fast (see Fig. 34). The ad libitum blood glucose levels
were significantly higher compared to the fasted state, which was expected since they have
free access to food. According to this result, AgxtKO mice are able to maintain the blood

glucose levels after fasting despite their oxalate overproduction. This motivated the
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investigation of possible compensatory mechanisms in the glucogenic organs, liver and kidney

tissue.

One unexpected result was the difference in the body weight loss that resulted from an
overnight fasting. AgxtKO mice generally lost less body weight compared to wt control mice
although no difference in the fasting blood glucose levels was observed (see Fig. 35). Fasting-
induced loss of body weight in mice is thought to reflect loss of muscle mass (Jensen et al.,
2013). This suggests decreased muscle protein degradation in the muscle of AgxtKO, which

may result in less release of amino acids for gluconeogenesis.
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Figure 35: body weight loss of wt and AgxtKO mice after an overnight starvation (n=6). (All bar diagrams
represent the mean * SD; **p<0.01; Student’s t test, unpaired, two sided). bw= body weight

Macroscopically, the phenotype of the AgxtKO mice did not differ from the wt controls. By

now, the reasons for this robust observation remained unclear.

Subsequently, blood chemistry parameters were determined using the Piccolo Xpress
Chemistry Analyzer. Blood urea nitrogen (BUN) stands for the nitrogen bound to urea in the
plasma/serum and is an indirect measure for the protein catabolism. In the fasting state, the
levels of BUN increased significantly in both, wt and AgxtKO mice, indicating that the fasting
intervention results in an increased protein turnover. However, AgxtKO mice display
significantly lower levels of urea compared to wt when fasted (see Fig. 36). This suggests that
protein turnover is decreased in AgxtKO mice compared to wt mice. A second interesting
finding was observed, when alkaline phosphatase (ALP) was analyzed. In fasted AgxtKO mice
the levels of ALP were significantly lower compared to those of fasted wt mice, and also

compared to the ad libitum state (see Fig. 36). ALP is thought to play a role in bone turnover
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and one isoform of ALP is detected in patients suffering from CKD (Greenblatt et al., 2017;
Nizet et al., 2020). However, little is known about the role of circulating ALP. Regarding the
clinical parameters for albumin (ALB), total protein (TP) and aspartate-aminotransferase (AST)
no significant difference was observed. For alanine-aminotransferase (ALT), a significant
reduction in AgxtKO was detected after fasting of the mice compared to ad libitum state.

However, since both ALT and AST lie within normal range values, this has no clinical
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Figure 36: Clinical plasma parameters from wt and AgxtKO mice in the ad libitum and fasting state (n=6) (All bar
diagrams represent the mean * SD; *p<0.05; **p< 0.01; Student’s t test, unpaired, two sided). BUN= blood urea
nitrogen, ALP= alkaline phosphatase, ALB= albumin, TP= total protein, ALT= alanine aminotransferase, AST=
aspartate aminotransferase

Based on these results possibly indicating minor but significant alterations on protein
catabolism in AgxtKO mice after fasting, a next exploratory approach was to analyze the free
amino acid levels in the plasma, liver and kidney tissue of the mice. Since gluconeogenesis can
be driven by muscle-derived amino acids, the assessment of amino acids in the plasma and
tissue of control and AgxtKO mice might be indicative for their utilization as glucogenic
substrates, and might also correlate with the differences in the body weight loss after

overnight fasting and the changes in BUN levels in AgxtKO mice.
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3.5.2 Plasma amino acids levels show different pattern in wt and AgxtKO mice

To further characterize the adaptive response to the overnight fast, the next approach was to
guantify the levels of amino acids in the plasma. This is of importance because amino acids
derived from the breakdown of muscle tissue via proteolysis are released to the blood and
can be taken up by the glucogenic organs for gluconeogenesis as an essential source to
maintain blood glucose levels under fasting conditions. Here, we compared wt and AgxtKO
mice in the ad libitum state and fasted overnight. In general, the most significant difference

was noted in the response to fasting.

In general, when we compared amino acid levels in the ad libitum and fasting state of the
mice, we observed for the amino acids glutamine and alanine decreased levels in both
genotypes after fasting (compare Fig. 37A and B). These observations fit in line with
observations made in rats (Holecek and Sispera, 2016). The only amino acid that was
significantly elevated in AgxtKO compared to wt mice ad libitum was hydroxyproline (see

Fig.37A).
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Figure 37: Plasma amino acid levels in wt and AgxtKO mice in the (A) ad libitum and (B) fasting state (n=6). (All
bar diagrams represent the mean + SD; *p<0.05; **p<0.01; #p>0.1; Student’s t test, unpaired, two sided)

Although not significant, alanine, proline valine and leucine tended to be increased in the
AgxtKO mice in the ad libitum state. The slightly elevated levels of alanine could be attributed
to the lack of Agxt in hepatocytes, which use alanine to facilitate its intended reaction to
detoxify gylxoxylate via transamination. Consequently, less alanine is used and this might
result in increased levels of alanine in the plasma of AgxtKO mice. In the fasting conditions,
amino acids methionine, glutamine, threonine, histidine, lysine and glycine were significantly

decreased in the plasma of AgxtKO mice (see Fig. 37B).

Valine and phenylalanine showed a trend towards decreased levels in AgxtKO mice, but this
was not significant. Decreased levels of glycine could be attributed to the missing Agxt protein
which does not facilitate the conversion of alanine and glyoxylate to glycine and pyruvate.
Hence, lower levels of glycine are present in the plasma. The lower levels of glutamine, one of

the main glucogenic precursors derived from muscle protein breakdown after fasting may be
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related to reduced protein degradation in muscle. Further, decreased levels of lysine, which is
reported to be a marker of protein degradation, could represent a further evidence of this

phenomenon (Houten et al., 2013).

Next, the free amino acid content of the liver tissue of the mice was quantified since the liver
is the main organ responsible to produce glucose. In general, the data revealed no significant

differences between wt and AgxtKO mice for most of the amino acids.
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Figure 38: Liver tissue amino acid levels of wt and AgxtKO mice in the (A) ad libitum and (B) fasting state (n=6)
(All bar diagrams represent the mean * SD)

Since the kidney also contributes to gluconeogenesis under prolonged starvation, amino acids
were guantified in kidney tissue as well. The results showed no significant difference in the
amino acid levels between wt and AgxtKO mice when comparing the genotypes ad libitum or

fasted; except for aspartate, which was significantly reduced in the AgxtKO mice (see Fig. 39B).
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A reason for the reduction of aspartate could be that its conversion to oxaloacetate, which

can enter the TCA cycle or fuel gluconeogenesis to produce glucose, is enhanced. Asparagine

and phenylalanine only showed a trend towards reduction in AgxtKO mice.
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Figure 39: Kidney tissue amino acid levels in wt and AgxtKO mice in the (A) ad libitum and (B) fasting state (n=6)
(All bar diagrams represent the mean + SD; *p<0.05; Student’s t test, unpaired, two sided)

3.5.3 Gene expression of glyoxylate pathway-genes in liver and kidney show no differences

between wt and AgxtKO mice

The possibility that pathways generating oxalate are downregulated in AgxtKO mice was

explored next. This could be a potential adaptive mechanism to limit oxalate production.

Expression of genes involved in glyoxylate metabolism was studied by qPCR after isolation of

mMRNA from both the liver and the kidney of wt and AgxtKO in both ad libitum and fasted
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states. In the liver, the gene expression of Prodh2, which facilitates the oxidation of L-proline
to Al-pyrroline-5-carboxylate, did not differ between AgxtKO and wt mice independent of the
treatment. This was also true for Hogal, which catalyzes the final reaction of hydroxyproline
catabolism releasing glyoxylate and pyruvate in the mitochondria. Grhpr mRNA was not
changed between AgxtKO and wt mice independent of the treatment, which suggest that both
are able to facilitate the reduction of glyoxylate to glycolate in the same way (see Fig. 40). For
the gene Haol, a significant fasting-induced downregulation was observed in both genotypes.
Haol is essential for the oxidation of glycolate to glyoxylate in the peroxisome and can also
catalyse the oxidation of glyoxylate to oxalate (Belostotsky and Frishberg, 2022). Thus, upon
fasting, peroxisomal production of oxalate could indeed be reduced as an adaptive mechanism
to prevent excessive oxalate generation. The opposite trend was observed for Ldha, mRNA
levels of Ldha were significantly upregulated after an overnight starvation in both genotypes
(see Fig. 40). This could mean either that Ldh facilitates the oxidation of glyoxylate to oxalate
at higher rates in fasting state or it is related to its function in gluconeogenesis converting

lactate to pyruvate to form glucose (Chourpiliadis and Mohiuddin, 2024).
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Figure 40: (A) mRNA expression of essential hydroxyproline catabolism gene of wt and AgxtKO mice in the liver
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In the kidney of ad libitum mice, the results showed no significant changes in the gene
expression between the two genotypes (see Fig. 41). Interestingly in the fasting state, Hogal
MRNA levels in AgxtKO mice were significantly higher compared to wt mice, indicating higher
glyoxylate production in the kidney of AgxtKO mice. In addition, the expression of Ldha was

significantly downregulated in wt but not in AgxtKO mice upon fasting.
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Figure 41: mRNA expression of essential hydroxyproline catabolism gene of wt and AgxtKO mice in the kidney
after either ad libitum or starvation (n=6; for Grhpr: n=3).(All bar diagrams represent the mean + SD;**p<0.01;
Student’s t test, unpaired, two sided). Grhpr= glyoxylate and hydroxypyruvate reductase, Haol= Hydroxyacid
oxidasel, Hogal= Hydroxy-oxoglutarate aldolase, Ldha= Lactate dehydrogenase, Prodh2= Proline
dehydrogenase

To summarize the results that are shown in this chapter, the results of the gene expression do
not reveal major differences in the glyoxylate pathways at the mRNA level between wt and
AgxtKO mice apart from the missing Agxt expression in AgxtKO mice. It can be concluded that
the resulting elevated levels of oxalate observed in AgxtKO mice are solely attributed to the
lack of Agxt gene/protein and that this does not lead to a negative regulation of oxalate

producing pathways.

3.5.4 Expression of genes involved in gluconeogenesis in liver and kidney
In a next step, it was investigated whether gene expression changes in the liver or in the kidney

for glucogenic genes occur, which could give insight into their contribution to maintain
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glycemia, particularly in the overnight fasted AgxtKO mice. This is the topic in the next two

sub-chapters.

3.5.4.1 Hepatic gene and protein expression of gluconeogenesis-related genes do not
significantly differ between wt and AgxtKO mice

The genes encoding enzymes that catalyze the three key reactions of the gluconeogenesis
pathway are G6pc, the terminal enzyme converting glucose-6-phosphate to glucose, Pck1,
mediating the conversion oxaloacetate to phosphoenolpyruvate, and fructose-1-
bisphosphatase (Fbp1), which dephosphorylates fructose-1, 6-bisphosphate to fructose-1-
phosphate. The pathway associated with the glycerol-derived gluconeogenesis includes two
additional key genes Gyk and Gpd1, which phosphorylate glycerol and facilitate the conversion
of glycerol-3-phosphate to dihydroxyacetone phosphate (DHAP), respectively. Both genes are
essential driving the glycerol-derived glucose production with Gyk mediating the onset of
glycerol utilization in gluconeogenesis (Engelking, 2015). To characterize the amino acid-
driven gluconeogenesis in these mice, the expression of the glutamine oxaloacetic
transaminase 1 (Gotl) and glutamate pyruvate transaminase (Gptl) was also analyzed to
investigate possible changes between the genotypes and the treatments. Gotl is thought to
play a role especially in the amino acid metabolism catalyzing the transamination of L-
aspartate to produce oxaloacetate (Song et al.,, 2022). Gptl catalzyes the reversible
transamination of alanine and oxo-glutarate to form pyruvate and glutamate (Guo et al.,

2020).
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Figure 42: Liver mRNA expression of various glucose-associated genes of wt and AgxtKO mice in ad libitum and
fasting state (n=6). (All bar diagrams represent the mean * SD; *p<0.05; **p< 0.01; ***p<0.001; Student’s t test,
unpaired, two sided). G6pc= glucose-6-phosphatase, Pckl= phosphoenolpyruvate carboxykinase, Fbpl=
fructose-1, 6-bisphosphatase, Gyk= glycerol kinase, Gpdl= glycerol-3-phosphate dehydrogenase, Gptl=
Glutamic pyruvic transaminase 1, Got1l= glutamic-oxaloacetic transaminase 1

The results from G6pc mRNA in the liver of wt and AgxtKO mice did not display a difference
between the two genotypes when kept ad libitum. Fasting of the mice showed a slight trend
of induction for G6pc for both genotypes, which did not show significance compared to the ad
libitum state. The second key enzyme for gluconeogenesis, Pck1, showed a fasting-triggered
induction in wt mice. In the AgxtKO liver, Pck1 was already upregulated in the ad libitum state
in comparison to the wt mice (see Fig. 42). However, the starvation did not lead to a significant
upregulation of Pck1 as it was seen for the wt mice. The results for Fbp1 in wt mice were
comparable to Pck1 showing that the fasting of the mice led to a significant upregulation of
Fbpl. This was not the case for AgxtKO mice independent of the treatment. Here, the
expression was the same. Regarding the expression of genes associated with the glycerol-

driven gluconeogenesis, Gyk gene expression was comparable in the ad libitum state between
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wt and AgxtKO mice (see Fig. 42). Fasting led to a significant upregulation in the gene
expression for both genotypes compared to their ad libitum-littermates. No difference was
seen between wt and AgxtKO mice after fasting. Gpd1 gene expression was also significantly
induced after starvation in wt mice when compared to the fed state (see Fig. 40). The trend
was similar in AgxtKO mice; however, the results were not significant. Regarding the gene
expression changes that are associated with amino acid metabolism, Got1 mRNA expression
was significantly upregulated after fasting in wt and AgxtKO mice, but no difference was
observed between the genotypes (see Fig. 42).The second gene associated with amino acid
metabolism Gptl did not show any difference between wt and AgxtKO independent of the
feeding status. Since mRNA expression changes sometimes do not match protein expression,
the goal was to assess if the result is translatable to the protein. Here, the focus was on the
protein expression of Pck1 and Gyk. Like the results from the mRNA expression, the protein
expression for Pckl was elevated in comparison to the ad libitum mice for both genotypes.
Regarding the protein expression of Gyk, no difference was observed between the fasting and

the ad libitum state regardless of the genotype of the mice (see Fig. 43).
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Figure 43: Liver protein expression of common glucogenic genes Pckl and Gyk in wt and AgxtKO mice in ad
libitum and fasting state (n=6). (All bar diagrams represent the mean * SD; *p<0.05; Student’s t test, unpaired,
two sided). Pck1= phosphoenolpyruvate carboxykinase, Gyk= glycerol kinase

3.5.4.2 Renal gluconeogenesis is affected by oxalate

The analysis of the gene expression in the liver for glucogenic markers revealed no significant
differences in gene expression of glucogenic genes between the two genotypes implicating
that the hepatic gluconeogenesis is not impaired in AgxtKO livers. As described in the

literature, the kidney can also contribute to the de novo production of glucose after prolonged
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fasting (Legouis et al., 2022). Therefore, the aim was to investigate for possible effects in the

gene expression patterns of glucogenic genes in the kidney.

Interestingly, the gene expression for G6pc displayed a significant higher expression for

AgxtKO compared to wt mice after fasting (see Fig. 44).
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Figure 44: Kidney mRNA expression of various glucose-associated genes of wt and AgxtKO mice in ad libitum and
fasting state (n=6). (All bar diagrams represent the mean  SD; *p<0.05; ***p<0.001; Student’s t test, unpaired,
two sided). G6pc= glucose-6-phosphatase, Pckl= phosphoenolpyruvate carboxykinase, Fbp= fructose-1,6-
bisphosphatase, Gyk= glycerol kinase, Gpdl= glycerol-3-phosphate dehydrogenase, Gptl= Glutamic pyruvic
aminotransfase 1, Got1l= glutamic-oxaloacetic transaminase 1

Moreover, Pck1 gene expression was significantly induced in both genotypes when mice were
fasted. In the ad libitum state, Pck1 expression was also significantly elevated in AgxtKO mice
compared to wt mice (see Fig. 44). Fbp1 did not show any difference independent of the
treatment and genotype. For Gyk, the gene expression was significantly elevated for AgxtKO

mice compared to control when fasted. Interestingly, fasting led to a downregulation of Gyk
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in the kidneys of wt but not in the AgxtKO mice (see Fig. 44). The second gene Gpd1, that is
associated with glycerol-driven gluconeogenesis, did not show significantly elevated gene
expression in AgxtKO mice compared to wt mice in the fasting state (see Fig. 44). Genes that
are associated with amino acid metabolism like Gotl showed that there was a significantly
large decrease after fasting of the wt mice, which was not the case for the AgxtKO mice.
Additionally, after fasting Got1 mRNA expression in AgxtKO mice was significantly higher
compared to wt mice (see Fig. 44). Similar to the results of Gotl, Gptl was also reduced after
starvation in both mice. Focusing on the gene expression after fasting of the mice, Gpt1 was
significantly higher in the AgxtKO mice compared to wt mice. This finding was in line with the
other aminotransferase Gotl. To summarize, the data showed that it is the kidney which is
showing more gene expression changes in the AgxtKO mice upregulating glycerol and amino-

acid associated genes.

Additionally, the protein expression of selected genes was also investigated in this setup. Pckl
protein was induced in the kidney of wt and AgxtKO mice after starvation. Gyk protein was
elevated in kidney of AgxtKO mice independent of the treatment. This was also significant

when kept at libitum.
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Figure 45: Kidney protein expression of selected glucogenic genes Pckl and Gyk in wt and AgxtKO mice in ad
libitum and fasting state (n=6). (All bar diagrams represent the mean + SD; *p<0.05; Student’s t test, unpaired,
two sided). Pck1= phosphoenolpyruvate carboxykinase, Gyk= glycerol kinase
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The data obtained reveals that the liver mRNA and protein expression of essential glucogenic
enzymes is the same between AgxtKO and wt mice — hence — hepatic gluconeogenesis does
not seem to be affected in hyperoxaluric mice. However, in the kidney, AgxtKO mice present
gene expression changes not only influenced by fasting, but also influenced by the genotype
of the mice. Especially the expression changes of G6pc, Gyk and Got1 underline that it is the
renal gluconeogenesis, which is more affected. Given that previous results show an increased
accumulation of oxalate in the kidney rather than in the liver it could be speculated that the
observed expression changes are an adaptive response to an inhibitory effect of oxalate on
Pc/Pckl-driven gluconeogenesis, leading to upregulation of glycerol-driven gluconeogenesis
(via Gyk and G6pc). In addition, upregulation of Got1 could possibly enable more conversion

of aspartate to oxaloacetate in the cytosol, which could enter the gluconeogenesis pathway.

3.5.5 Starvation induces NAD*-signaling pathways

Caloric restriction leads to elevated metabolic/oxidative stress and has a huge impact on
common metabolic pathways which are associated with glucose metabolism (glycogenolysis,
gluconeogenesis). Redox metabolism - in the form of NAD* synthesis and utilization - is also
affected in a fasting situation. The most prominent and essential gene that mediates the rate-
limiting step of the NAD*- salvage pathway is the nicotinamide phosphoribosyltransferase
(NAMPT). NAMPT catalyzes the reaction from nicotinamide mononucleotide (NMN) to form
NAD*. NAD* serves as an electron acceptor in many different pathways including the TCA
cycle,which is fundamental in fasting conditions (Yang and Sauve, 2016). To study to which
extent Nampt is differently expressed in wt and AgxtKO mice, we analyzed the gene

expression of Nampt in the liver and kidney of those mice.

The results showed that the mRNA expression of Nampt in the liver were comparable between
the two genotypes. Fasting led to a induction of Nampt in both mice, however this was not
significant. An interesting result was observed for the Nampt expression in the kidney. As
already mentionied, in AgxtKO mice the kidney displays the organ mostly affected by the
accumulation of oxalate. In the ad libitum state Nampt mRNA expression was similar. Fasting
of AgxtKO mice led to a significant increase of Nampt which suggests that NAD* and the NAD*
synthesis and is more required for metabolic pathways. The upregulation of Nampt in wt mice
after fasting was not observed and the levels of Nampt was comparable to the ad libitum state

(see Fig. 46).
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Figure 46: mRNA expression of Nampt in the liver and the kidney of wt and AgxtKO mice (n=6). (All bar diagrams
represent the mean + SD; **p<0.01; Student’s t test, unpaired, two sided) Nampt= nicotinamide
phosphoribosyltransferase

3.6  Expression of Agxt in correlation with its role in gluconeogenesis

The so far obtained results suggest a role for Agxt in supporting gluconeogenesis from
pyruvate and amino acids by preventing an accumulation of oxalate that would inhibit the key
step of conversion of pyruvate to oxaloacetate. Thus it is conceivable that Agxt becomes
upregulated under conditions that enhance the gluconeogenesis flux. A previously reported
induction of Agxt by glucagon, the hormone that promotes gluconeogenesis, is in line with a
glucogenic supporting function of Agxt (Oda et al., 1993). In addition, the Agxt promotor
contains a cAMP response element (CRE), which responds to glucagon signaling (Uchida et al.,
1994). Further, it has been shown that in mice deficient in proglucagon peptides, Agxt and
other aminotransferases are downregulated under starvation (Watanabe et al., 2012). In a
previous study, Gianmoena et al. reported a hypermethylation in the promotor region of Agxt
in the fatty liver of ob/ob hepatocytes. Interestingly, this hypermethylation affects the CRE
binding domain, leading to a reduced transcriptional upregulation of Agxt to the hormone
glucagon in the fatty liver (Gianmoena et al., 2021). Glucagon is highly secreted during fasting
periods and Agxt has been shown to be inducible via glucagon. In the course of this chapter,
the aim of these experiments was to elucidate the pattern of Agxt after glucagon stimulation
with a special focus on glucose-associated parameters and the role of a substrate-dependent

stimulation of Agxt.

3.6.1 Response of Agxt to glucagon in control mice in vivo
To analyze the expression pattern of Agxt under glucogenic conditions, mice at the age of 10

weeks, fed ad libitum, were injected intraperitoneally with 1 pg/g body weight glucagon or
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solvent (PBS). At the time points of the experiment, the mice were sacrificed and plasma for
the analysis of hormones and glucose, as well as liver tissue forimmunohistochemical analysis,
gene and protein expression analysis were collected. An experimental outline is depicted in

the figure below (see Fig. 46).

i.p. injecton of Glucagon/
PBS (1mg/kg BW)

Time-dependent collection of plasma and L
liver tissue (for protein and mRNA
analysis)

Figure 47: Experimental outline of the glucagon experiment in mice. This figure was created with BioRender.com

3.6.1.1 Glucagon leads to an increase of blood glucose levels

A first read-out of this experiment was the blood glucose levels of the mice. It is expected that
the administration of glucagon should result in a rise of blood glucose levels peaking around
15 to 30 minutes after the administration. In this experiment, a similar result was observed.
The blood glucose levels peaked 10 minutes after the administration of glucagon and were

significantly higher compared to the PBS-treated mice (see Fig. 48).

Glucose kinetics

* -@- PBS
& Glucagon

w

o

o
1

Glucose (mg/dl)
5 S
T T

T T T T
0 10min 1.5h 3h 6h  24h

Time after Glucose ip injection

Figure 48: Glucose kinetics after the administration of 1ug/g glucagon in vivo (n=3). (All dots represent the mean
+ SD; *p<0.05; Student’s t-test, unpaired, two sided). PBS= phosphate-buffered saline

Already 1.5h after the injection of glucagon, the blood glucose levels were already at basal

levels indicating a counteractive effect of other hormones like insulin.
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3.6.1.2 Glucagon injection results in persistent elevated glucagon and acute rise of insulin
levels in plasma

In addition to plasma glucose levels, the plasma concentration of glucagon and insulin, the
hormones regulating glucose homeostasis, was quantified by using ELISA. As expected, the
plasma glucagon levels increased immediately after glucagon injection and reached levels
above the limit of quantification, implying levels higher than >190 pmol/L. The high levels of
glucagon were kept constant for up to 24h post-injection. At 24h hours, glucagon levels slowly
decreased but were still higher than PBS-treated controls (see Fig. 49). With respect to the
plasma insulin levels of the mice, a counteractive effect of insulin in response to the
administration of glucagon would be expected. Since glucagon led to a release of glucose from
glycogen storages and a rise in blood glucose levels, this should induce secretion of insulin

from the B-cells of the pancreas to prevent a further increase of blood glucose.
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Figure 49: Hormone levels of insuline and glucagon of wt mice after the treatment with glucagon (1ug/g BW) or
PBS in vivo (n=3). (All bar diagrams represent the mean * SD; *p<0.05; **p<0.01; ****p<.0001; Student’s t test,
unpaired, two sided). PBS= phosphate-buffered saline, BW= body weight

The levels of insulin were significantly higher 10 min post glucagon injection compared to PBS-
treated controls (see Fig. 49). At the later experimental time points, the insulin levels did not
differ between glucagon-treated mice and PBS-treated mice, which goes along with the
decrease of glucose 1.5 h post administration of glucagon. The rapid but transient insulin
secretion is expected to be provoked by the hyperglycemic peak and consequently induces
glucose clearance. These observations confirm that the injection of glucagon exerted the

expected biological effects.

3.6.1.3 Agxt mRNA is induced by glucagon injection in mice

With having more interest in the role of Agxt in gluconeogenesis, the expression of Agxt on
transcriptional and protein levels in the liver was investigated next by qPCR and Western blot
respectively. It is known that the Agxt mRNA in the liver is strongly induced 3h after i.p.
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administration of glucagon (Satoh et al., 1995). However, the time-resolved expression
pattern at both level, mRNA and protein, was not entirely determined. Here, the time course
of Agxt mRNA expression after the administration of glucagon is shown for the first time.
Surprisingly, the transcriptional regulation of Agxt is not an acute effect after the
administration of glucagon as it is the case with the rise in blood glucose levels. Agxt mRNA
upregulation is rather a late event shown 3h post the injection of glucagon compared to PBS-

treated mice.
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Figure 50: Agxt mRNA expression after the treatment with glucagon (1ug/g BW) or PBS in vivo (n=3). (All bar
diagrams represent the mean * SD; *p<0.05; **p<0.01; Student’s t test, unpaired, two sided). Agxt= Alanine-
glyoxylate aminotransferase, PBS= phosphate-buffered saline

The administration of glucagon resulted in a significant increase in Agxt mRNA levels
compared to the controls after 3h. This higher mRNA expression of Agxt was prolonged even
after 6h post administration and still significant compared to PBS-treated mice (see Fig. 50).
24h post injection, the mRNA levels of Agxt almost declined back to the level of control PBS-

injected mice.

3.6.1.4 Protein induction of Agxt via glucagon stimulation is an glucose-independent effect

Related to the findings that Agxt mRNA is inducible by glucagon administration, the open
guestion remains whether this is also translated to protein. The Agxt protein expression early
after the administration of glucagon did not result in any significant upregulation of the
protein, which is in line with findings from the Agxt mRNA increasing 3h post administration

(see Fig. 50).
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Figure 51: Agxt protein expression after treatment with glucagon (1ug/g BW) or PBS in wt mice in vivo (n=3).
Western blot displays (A) 10min and 3h time point and (B) 6h and 24h time point post glucagon administration.
(All bar diagrams represent the mean * SD; **p<0.01; Student’s t test, unpaired, two sided). Agxt= alanine-
glyoxylate aminotransferase, PBS= phosphate-buffered saline

In contrast to the findings of the strong transcriptional upregulation of Agxt at 3h (see Fig. 48),
the protein expression of Agxt shifted and increased at the late time points 6h and 24h. This
difference was significant compared to PBS-treated controls (see Fig. 51). This is the first

evidence, that Agxt protein expression was increased upon prolonged glucagon stimulation.

In addition to studying the influence of glucagon on Agxt expression in the liver, both on
transcriptional and translational level, the in vitro hepatic glucose production assay was also
employed to investigate a possible substrate-dependent stimulation of Agxt expression by

using glucogenic substrates. This issue will be addressed next.

3.6.2 Agxt expression is driven by substrate exposure in gluconeogenesis at an early and
late time point

For the investigation, whether Agxt is influenced by the exposure to glucogenic substrates,
the previously established glucose production assay was used. In the procedure, hepatocytes
were cultured for 6h and 24h. Common glucogenic substrates were used (Pyruvate/lactate,
glycerol, alanine and glutamine). The cells were harvested and mRNA and protein expression

of Agxt was analyzed. The results are shown in the next figures.
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Figure 52: Agxt mRNA expression after 6h incubation with glucogenic precursor (A) Pyr/Lac, (B) Glycerol, (C)
Glutamine, (D) Alanine in vitro (n=3). (All bar diagrams represent the mean * SD; *p<0.05; ***p<0.001;

Student’s t test, unpaired, two sided).

The mRNA expression of Agxt after the 6h incubation with different glucogenic revealed that
Agxt is significantly induced after the exposure to increasing concentrations of
pyruvate/lactate in a concentration-dependent manner (see Fig. 52A). For glutamine, a trend
with the highest glutamine concentration was shown; alanine exposure to hepatocytes
revealed a concentration-dependent significant induction of Agxt at the highest concentration
(see Fig. 52B, C). In contrast to this, glycerol did not show any specific pattern of the induction
of Agxt (see Fig. 52D). The data showed that Agxt follows a similar pattern compared to the
two other glucogenic enzymes Pckl and G6pc (see Fig. 12), which were also induced after the

incubation with pyruvate/lactate and the amino acids alanine and glutamine.

Regarding the 24h incubation with glucogenic substrates Agxt mRNA followed the same

pattern observed at 6h incubation.
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Figure 53: Agxt mRNA expression after 24h incubation with glucogenic precursor (A) Pyr/Lac, (B) Glycerol, (C)
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Agxt mRNA was upregulated in a concentration-dependent manner when exposed to
pyruvate/lactate. A significant induction of Agxt mRNA was shown at the highest
concentration compared to the control (see Fig. 53A). Similarly, the exposure to glutamine
also led to a significant induction of Agxt at the highest concentration (see Fig. 53B). Alanine
exposure showed a comparable trend for Agxt mRNA induction, but this was not significant.
Glycerol exposure to hepatocytes did not significantly induce expression of Agxt. In a final
step, the protein expression of Agxt was analyzed (see Fig. 53D). The analysis revealed that in
accordance to the Agxt mRNA results, the Agxt protein was significantly elevated after
treatment with the highest pyruvate/lactate concentration but remained unaltered by

glycerol treatment (see Fig. 54).

Agxt

i =) s

Agxt/B-Actin ratio
-
o
1
|

T T T T
FM 1/10 2/20 5/50 FM 1 2 5

Pyr/Lac (mM) Glycerol (mM)
[ —————— —— | cxt

[ W -] p_aktin

Figure 54: Agxt protein expression after the incubation with increasing concentration of pyruvate/lactate and
glycerol (n=4). (All bar diagrams represent the mean + SD; *p<0.05; Student’s t test, unpaired, two sided)

To summarize, the data revealed that Agxt, like other glucogenic genes like Pck1 and Gépc
(see Fig. 12-13), was also inducible in a very similar pattern, although the extent to which Agxt
was induced is less compared to the two other genes. The fact that Agxt becomes upregulated
by glucogenic substrates, other than glycerol, that depend on pyruvate carboxylase and Pck1
for glucose production strongly suggest that Agxt plays a supportive role in the production of
glucose in this specific pathway. Prevention of excessive oxalate formation, which would exert
an inhibitory action on pyruvate carboxylase is one hypothesis that will be discussed in the

next chapter.
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4 Discussion

An overall goal of this thesis was to investigate a direct or indirect participation of Agxt in
different metabolic pathways apart from its role in the detoxification of glyoxylate in the
course of hydroxyproline catabolism. Recent studies suggested a possible role of Agxt in the
amino-acid driven gluconeogenesis. Further, oxalate, which is the toxic waste product that is
produced when Agxt is missing in PH1, is also thought to play a role in gluconeogenesis via its
inhibition of Pc and Pckl. To date, no one has studied (1) the role of oxalate in a well-
established hyperoxaluric mouse model characterized by elevated systemic oxalate levels
focusing on glucose glucose metabolism and (2) the association of Agxt and gluconeogenesis

in detail.

In mechanistic studies illustrated in this thesis, it was demonstrated that rescuing Agxt via
adeno-associated viral transfection in a hyperoxaluric mouse model using AgxtKO mice and in
an NAFLD model using ob/ob mice reinstated the physiological catabolism of hydroxyproline.
This was accompanied by a sufficient detoxification of glyoxylate resulting in a urinary

excretion of oxalate, which was comparable to healthy control mice.

A first goal of this thesis was to establish a hepatic glucose production assay and to study the
inhibitory effect of oxalate in vitro. For this purpose, primary mouse hepatocytes were
exposed to various common glucogenic substrates and gene and protein expression was
analzyed. The results showed that mouse hepatocytes were able to produce glucose from all
substrates (pyruvate/lactate, glycerol and amino acids). In line with this, key glucogenic
enzymes were also induced after the stimulation by the substrates indicating a successful
setup of the assay. Within this working package, the hepatic glucose production assay was
used to investigate the inhibitory effect of oxalate. The main finding showed that oxalate
inhibits the glucose production from pyruvate/lactate and amino acids, but not from glycerol

in primary mouse hepatocytes and primary human hepatocytes.

The second main goal of this thesis was to investigate, whether the previously described
findings of the inhibitory effect of oxalate on glucose production is also observed in an in vivo
situation. Therefore a hyperoxaluric mouse model was used which was the AgxtKO mice. The
results showed that glucose levels did not show a difference between wt and AgxtKO mice
independent of the feeding state. Analysis of glucogenic genes in liver was comparable

between both genotypes; in the kidney, significant differences were observed for glucogenic
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key enzymes G6pc and Gyk which suggest that renal gluconeogenesis seem to be more
affected. In vivo analysis of AgxtKO mice revealed reduced body weight loss after starvation

overnight compared to wt mice.

The very last goal of this thesis was to study the association of Agxt in the context of
gluconeogenesis in vitro and in vivo. To demonstrate a contribution of Agxt to
gluconeogenesis, we used the established hepatic glucose production assay. Here, we could
demonstrate that Agxt behaved in a similar manner compared to key glucogenic enzymes
G6pc and Pckl after the exposure to pyruvate/lactate and amino acids. No significant
stimulation was observed after treatment with glycerol. To decipher the association of Agxt
to gluconeogenesis in vivo, mice were treated with glucagon in a time-dependent manner and
glucose and hormone levels were monitored. Additionally, gene and protein expression was
analyzed. The glucagon stimulation led to a significant rise in blood glucose levels, which
declined back to normophysiological levels after 1.5h post administration. Gene expression
analysis revealed a significant induction of Agxt, which peaked 3h after glucagon stimulation.

Agxt protein was induced from 6h to 24h post initial treatment.
The most important results are discussed in detail in the following chapters.

4.1. Pyruvate/lactate is a physiological substrate for gluconeogenesis

In the first part of this thesis, an in vitro hepatic glucose production assay was established to
study the capability of primary mouse hepatocytes to synthetize glucose de novo from various
glucogenic substrates. The aim of this approach was to later investigate the influence of
oxalate in the glucose production process. In this in vitro system glucose was quantified in the
supernatant, and gene as well as protein expression analysis was performed. The results
showed that primary mouse hepatocytes were able to produce significant amounts of glucose
from all the substrate that the cells were exposed to. For the assay, in vivo-relevant substrates
(pyruvate/lactate, glycerol, glutamine and alanine) were employed at supraphysiological
concentrations. No studies exist where physiological in vivo fasting concentrations were
applied to an in vitro system (Ji et al., 2019; Kalemba et al., 2019; Perry et al., 2020). Moreover,
the gene expression analysis showed that the key glucogenic enzyme G6pc, which catalyzes
the last step of the gluconeogenesis pathway was upregulated by all substrates. In contrast,
Pck1 was upregulated by pyruvate/lactate and the amino acids glutamine and alanine but not

by glycerol. This is in agreement with the fact that gluconeogenesis from glycerol does not
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require Pckl. While the glucogenic potential of these substrates was expected based on the
well documented in vivo substrate fueling to the liver during prolonged fasting (e.g. the Cori
cycle and the glucose-alanine cycle) these results are in disagreement with a previous study
(Kalemba et al., 2019) and need to be discussed. Kalemba et al. showed that the glucose
production from pyruvate/lactate is not concentration-dependent and that only non-
significant, negligible amounts of glucose are produced from it. The comparison to the results
of this thesis is shown in the next figure (see Fig. 54). A discrepancy between the results of this
thesis and the study of Kalemba et al. was also observed when comparing the gene expression
analysis. Kalemba et al. showed no upregulation of Pck1l and G6pc after the exposure to
pyruvate/lactate (Kalemba et al., 2019). This is clearly in contrast to the results presented in
this thesis showing a concentration-dependent induction of the two essential glucogenic
genes Pckl and Gé6pc by pyruvate/lactate, which is consistent with the concomitantly
increased production of glucose (see Fig. 55). Different experimental conditions may be a
reason for these discrepancies: (1) The duration of the hepatic glucose production assay: In
the Kalemba et al. paper, the authors incubated the cells with the gluconeogenic substrates
for 8h, after which glucose release in the supernatant was quantified, which is different to our
setup incubating for 6h. It is however not plausible that this difference can explain the
discrepancy. In our study, the hepatocytes continue producing glucose for longer times, as
demonstrated by the glucose quantification in the supernatants after 24h.

From Kalemba et al., 2019 Pyr/Lac on gluconeogenesis
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Figure 55: Comparison of the glucose production from pyruvate/lactate from Kalemba et al. and the glucose
production shown in this thesis.

(2) The pre-treatment of the hepatocytes before starting the glucose production assay:

Kalemba et al. starved the cells in glucose-containing medium without serum. In contrast to
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this, we cultivated the cells in glucose-free and serum-free medium, which guarantees a
complete depletion of glycogen stores of the hepatocytes. In this way, our protocol forces
substrate-fueled gluconeogenesis, while in the study of Kalema et al., glucose release from
glycogenolysis is likely to occur and may even prevent substrate-driven gluconeogenesis.
However, according to this scenario, also glycerol-driven gluconeogenesis would not be
efficient, and this was not the case. (3) The cultivation time after hepatocyte isolation:
Kalemba et al. let the hepatocytes rest for 24h after the isolation procedure and performed
the hepatic glucose production experiment the next day. Here, the experiment was performed
on the same day of isolation of the hepatocytes. This difference bears a potential explanation
for the discrepancies in the results between the two studies since it is known that prolonged
cultivation of primary mouse hepatocytes —even 24h —leads to significant changes in the gene
network activity influencing protein expression. Further, in monolayer cultivation of
hepatocytes this loss of gene expression is more pronounced compared to a collagen-
sandwich cultivation modality (Godoy et al., 2016). (4) The source of the lactic acid used in the
glucose production assay: According to their material and methods article section, Kalemba
et al. used D-lactic acid, which is not the enantiomer that is naturally occurring in the human
body. The human body endogenously produces L-lactic acid from glycolysis via the reduction
of pyruvate by lactate dehydrogenase (Kraut and Madias, 2014). Instead, D-lactic acid is
produced by some strains of microorganisms and is involved only in rare metabolic pathways
(Pohanka, 2020). Since hepatocytes may not be able to utilize non-physiological D-lactic acid
to produce glucose, this would explain the discrepancies in the results. If this is the case, it
would also explain why the glucogenic genes Pckl and G6pc are not induced after the

exposure to this non-physiological substrate.
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Figure 56: Comparison of the gene expression of G6pc and Pck1 from Kalemba et al. and data from this thesis
after pyruvate/lactate exposure

Kalemba et al. concluded from their results that glycerol and not lactate/pyruvate is the
preferred substrate for gluconeogenesis (Kalemba et al., 2019). Published in vivo and in vitro
studies, which investigated substrate utilization under fasting conditions mimicking
gluconeogenesis, demonstrate that lactate and glycerol are both main substrates for glucose
production (Nishi et al., 2023; Sahoo et al., 2023; Zou et al., 2018). Hence, the observed
glucose production from lactate/pyruvate in this thesis is in agreement with such in vivo

studies.

In conclusion, the hepatic glucose production assay established in this thesis is suitable for
assessing different pathways of gluconeogenesis and offers the possibility to study factors that
may selectively influence these pathways, for instance small molecule inhibitors, or

metabolites such as oxalate, which was explored in this thesis.

4.2 The effect of oxalate on gluconeogenesis in primary mouse hepatocytes
Previous studies have reported that oxalate has an inhibitory effect on gluconeogenesis
(Yount and Harris, 1980). This is facilitated by the inhibition of the two key enzymes Pckl and

Pc (Buc et al., 1981). Our goal was to confirm whether oxalate exerts this inhibitory effect on
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gluconeogenesis, first in primary mouse hepatocytes in vitro, and later investigate whether

this results in perturbation of glucose homeostasis at the systemic level.

Applying the newly established in vitro hepatic glucose production assay we could confirm
that in PMHs and in PHHs, the exposure to oxalate significantly reduced the glucose
production from pyruvate/lactate and amino acids compared to oxalate-free exposure. This
was the case at concentration of 100 uM of oxalate or higher. In contrast to this, glycerol-
derived glucose production was not affected by the exposure of oxalate. This is consistent
with the fact that the production of glucose from glycerol does not require the enzyme Pc
because glycerol enters the gluconeogenesis pathway at a different step, and thus bypasses
the oxalate-blockade. Interestingly, oxalate influences glycolysis by the inhibition of pyruvate
kinase in fed rats. Pyruvate kinase facilitates the ultimate step of glycolysis transferring a
phosphate group of phospoenolpyruvate to ADP, which leads to the formation of a molecule

of ATP and pyruvate.

However, one has to look critically at these result since the concentration of oxalate at which
an effect on gluconeogenesis was shown is quite high. The concentration of systemic oxalate
in plasma in healthy patients ranges from 1 to 3 uM (Wilson and Liedtke, 1991). Oxalate levels
in patients suffering from PH1 and CKD show a much higher variation (ranges from 2 to 133
umol/L) with supersaturation of oxalate starting from =30 uM oxalate (Hillebrand and Hoppe,
2020; Pfau et al., 2021). By now, no one has looked into ofhow much of the oxalate
accumulates within the hepatocytes, whether it enters the mitochondria, where pyruvate

carboxylase is localized, or how efficiently it is transported out of the cell.

In addition to the the above discussed experiment studying the effect of soluble oxalate on
gluconeogenesis, also a more physiological approach was performed by using hydroxyproline
as a precursor of oxalate. Hydroxyproline is known to enter the mitochondria of hepatocytes
where it is catabolized to glyoxylate. Glyoxylate will be converted to oxalate if the rate of its
formation exceeds that of its detoxification. In contrast to exogenous oxalate, the addition of
hydroxyproline ensures that oxalate is generated within the hepatocytes, possibly even within

the mitochondria where it could target pyruvate carboxylase.

We evaluated the kinetics of hydroxyproline catabolism in a time- and concentration-
dependent manner in control hepatocytes by quantifying the appearance of glyoxylate,

glycolate and oxalate in the intracellular and extracellular fraction after addition of
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hydroxyproline. Glyoxylate accumulates within the cells transiently in the early phase. After
its conversion to glycolate and oxalate these two products do not accumulate to high extent;
rather they are transported out of the cells very rapidly. However, in AgxtKO hepatocytes the
exposure of hydroxyproline resulted in elevated intracellular levels of oxalate and glyoxylate,
showing that not only glyoxylate detoxification but also transport of oxalate out of the

hepatocytes may be overwhelmed in the absence of Agxt.

When the hepatic production assay was performed in the presence of hydroxyproline, the
results showed that the glucose production from the glucogenic substrates lactate/pyruvate
and alanine was decreased in control and AgxtKO hepatocytes. However, the effect was
significantly higher in the AgxtKO hepatocytes, indicating that the hyperoxaluric model is more
affected than control hepatocytes. In contrast, glycerol-driven gluconeogenesis was not
affected. These results are consistent with an inhibition of glucose production via Pc and Pckl

caused by hydroxyproline-derived oxalate.

Again, one has to look critically at these result since the concentration of hydroxyproline used
was quite high (10 mM). The concentration of hydroxyproline in plasma in healthy patients
ranges from 20 to 30 uM (Murguia et al., 1988). In patients with hydroxyprolinemia it can rise
10-fold higher compared to healthy patients. It is reported that in some individuals of
hydroxyprolinemia the levels of hydroxyproline in plasma reached up to 500 uM (Staufner et
al., 2016) . Thus, further experiments with lower concentrations of hydroxyproline should be
conducted. Moreover, experimental evidence for an inhibition of pyruvate carboxylase/ Pckl

by oxalate is missing in our studies, since a Pc activity assay have not been performed.

All'in all, the in vitro studies have demonstrated that both oxalate and hydroxyproline-derived
oxalate compromise gluconeogenesis via Pc and Pckl, even though it remains to be clarified
if this happens in vivo at physiological concentrations. One consequence derived from such
inhibition could be that under conditions of high oxalate burden in glucogenic organs (liver
and kidney), gluconeogenesis cannot be fueled from lactate/pyruvate or from amino acids
that are converted to pyruvate to enter the gluconeogenic pathway. One possible scenario
would be that this results in hypoglycemia; however, since other substrates (glycerol) are also
available, compensatory glycerol-fueled gluconeogenesis would be likely to accur. Whether
glycerol is the preferred substrate can be validated by C13 metabolic flux analysis, as

discussed later.
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4.3 Consumption of NAD* by glyoxylate detoxification may influence gluconeogenesis

Besides a potential inhibitory effect of oxalate on the two enzymes, another possible
explanation for the decrease in glucose production from lactate/pyruvate when AgxtKO
hepatocytes are exposed to hydroxyproline (and thus generating glyoxylate, glycolate and
oxalate) might be the depletion of redox equivalents that are used for both pathways, the
glucogenic pathway as well as the glyoxylate detoxification pathway. It is known that the NAD*
pool is limited in cells, which makes the usage of NAD™ a critical measure for the functioning
of mitochondria, where key steps of the gluconeogenesis and glyoxylate detoxification take
place (Otto et al., 2015; Titov et al., 2016). Glyoxylate oxidation to oxalate by Ldh utilizes NAD*

as an electron acceptor (Salido et al., 2012).
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Figure 57: Possible explanation for the reduced glucose production in AgxtKO mice, which describes that the two
reactions, catabolism of hydroxyproline and glucose production, require redox equivalents at the expense of
NAD* resulting in a shortage of NAD*. Ldh= lactate dehydrogenase, NAD/NADH= Nicotinamide adenine
dinucleotide

This mechanism may lead to an accumulation of the reduced redox equivalent NADH. When
the levels of NADH reach too high levels, the Ldh-catalyzed reaction associated with
gluconeogenesis, which converts lactate to pyruvate, fueling the production of glucose, is
unfavorable. Ultimately, this would lead to decreased lactate-derived production of glucose.
An increase in NADH does not impair the glyoxylate detoxification since cytosolic Ldh or Grhpr
can also reduce glyoxylate to glycolate using NADH. Conclusively, this would mean that both
pathways compete for the available NAD* pool and this might be critical in the AgxtKO
hepatocytes. Of note, Agxt detoxifies glyoxylate to glycine by a transamination reaction that

is redox-independent. Thus, AgxtKO hepatocytes lack an important glyoxylate detoxification
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pathway that spares NAD+, and accumulate higher levels of glyoxylate, which is ultimately

metabolized via Ldh to oxalate, consuming NAD".

The enzyme nicotinamide phosphoribosyl transferase (NAMPT) is involved in NAD synthesis
and becomes upregulated when required in response to increased cellular demands for NAD*,
e.g. under starvation (Xie et al., 2020; Yang et al., 2007). Hence, NAMPT might be differently
regulated in AgxtKO mice compared to wt mice to meet the higher demand of NAD* to
facilitate both the detoxification of glyoxylate and promotion of gluconeogenesis. From our in
vivo experiments it was confirmed, that Nampt expression was significantly upregulated in
AgxtKO mice after fasting in the kidney. This suggests that NAD* biosynthesis might be affected
by the exposure of oxalate in the kidney and it is required to induce Nampt to facilitate the de

novo generation of NAD".

In conclusion, the possibility must be considered that not only the oxalate itself but the
detoxification process of the generated glyoxylate, which consumes NAD*, represents a

challenge that influences the performance of gluconeogenesis.

4.4 No influence of oxalate on glucose levels in hyperoxaluric mice in vivo

With the results from the in vitro experiments, showing that oxalate and the oxalate-precursor
hydroxyproline led to an impairment in the lactate/pyruvate-driven glucose production in
hepatocytes, we evaluated if this would lead to alterations in glucose homeostasis in an in vivo
model. Therefore, we used a well-established hyperoxaluric AgxtKO mice model and
performed a comprehensive characterization, ranging from plasma analysis to gene and

protein expression analysis in fasting conditions.

However, plasma glucose levels were not different between wt and AgxtKO mice independent
of ad libitum or fasting state. This situation is surprisingly also encountered in mouse models
with a liver-specific knockout of Pckl or Pc. Despite the importance of these enzymes for
hepatic gluconeogenesis, Pckl or Pc -deficient mice do not show significant changes in the
fasting blood glucose. In the liver-specific Pck1-KO mice, the organism is able to compensate
for the maintenance of glucose homeostasis via a global upregulation of TCA cycle
functionality and a maintained glycerol-driven gluconeogenesis (Cappel et al., 2019; She et al.,
2003). In the liver-specific Pc-KO, mice maintain normoglycemia in part, by increasing renal
gluconeogenesis and elevated ketogenesis to overcome supressed gluconeogenesis and

hepatic anaplerosis (Cappel et al., 2019). These two phenomenon might also be applicable for
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the AgxtKO mice, in which excess of oxalate presumably inhibits Pc and/or Pckl. The
maintenance of euglycemia is so fundamental that several metabolic pathway may
compensate for the lack of one to prevent hypoglycemia. This may include glucose production
from many different substrates or enhancing gluconeogenesis in other organs than the

afftcted one.

Another explanation could be, that oxalate levels generated from endogenous hydroxyproline
catabolism are not sufficient to provoke a strong glycemic effect. It should be considered that
the normal chow that mice receive does not contain hydroxyproline. Adding 1%
hydroxyproline to the diet causes an elevated urinary excretion of oxalate and higher levels of
oxalate in the plasma of these mice. This would help to investigate whether oxalate itself
promotes changes in gluconeogenesis from an organ’ and substrate’ perspective, for instance.
Specifically, with a higher oxalate burden from the hydroxyproline diet, we would expect a
stronger effect of the oxalate inhibition on pyruvate/lactate or amino acids driven
gluconeogenesis in the kidney of the mice. As a response, the compensatory upregulation of
other pathways like glycerol-driven gluconeogenesis might be induced. This could be either
validated using tracer analysis or by gene expression patterns. Though, one should be vigilant
about the concentration and duration of hydroxyproline-feeding since this might provoke
kidney damage, which makes the study of renal gluconeogenesis difficult. This needs to be
addressed in the future. Further, another approach would be to perform metabolic tolerance
tests by intraperitoneal injection of glucogenic precursors together with hydroxyproline after
fasting leading to high levels oxalate in blood, which hypothetically leads to diminished plasma
glucose levels. One would expect no change in blood glucose levels after the administration
with glycerol/hydroxyproline and reduced blood glucose levels after treatment with

pyruvate/lactate/hydroxyproline.

Plasma amino acids were analyzed in AgxtKO and wt mice and showed significant difference
for relevant amino acids that are associated with gluconeogenesis. This can be interpreted in
two different ways: either the AgxtKO mice adapts its utilization of amino acids reducing
amino-acid driven gluconeogenesis resulting in lower levels of amino acids or it means that
the body is excessively using amino acids to produce glucose explaining lower levels of amino
acids in the plasma of these mice. Plasma urea levels of AgxtKO mice showed that proteolysis
from amino acids is reduced since urea levels were lower suggesting that amino acid-driven

gluconeogenesis was affected in hyperoxaluric mice.
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Gene expression changes in glyoxylate metabolism genes: It should also be considered that
the liver - in addition to Agxt — has a set of other pathways to metabolize glyoxylate and to
prevent the formation of oxalate. One possibility is the upregulation of Grhpr, which reduces
glyoxylate to glycolate yielding NAD* (or NADP*) from NADH (or NADPH). Another possibility
is the downregulation of Haol to prevent the formation of glyoxylate from glycolate in
peroxisomes or the downregulation of Prodh2/Hogal in the mitochondria to prevent
glyoxylate formation from hydroxyproline catabolism. Possible changes in the expression
levels of these genes in liver and kidney tissue of AgxtKO mice have been explored and showed

no distinction between AgxtKO and wt mice.

Interestingly, in the kidney of AgxtKO mice, essential glucogenic genes displayed a higher
MRNA expression compared to wt mice. This was also translated to the protein expression in
those mice. This information provides strong evidence that in AgxtKO mice the renal
gluconeogenesis is more affected in comparison to the hepatic gluconeogenesis. Based on the
upregulation of Gyk and G6pc it can be concluded that the glycerol-driven gluconeogenesis

pathway is more active in the kidneys of AgxtKO mice.
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Figure 58: A possible compensatory mechanism in the kidney in the hyperoxaluric mice. Due to inhibition of
pyruvate carbobxylase by oxalate, renal tubular cells upregulate Gotl and glycerol-associated genes to maintain
renal gluconeogenesis. This figure was created with BioRender.com
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This would be in line with the observation that oxalate accumulation was significantly elevated
in AgxtKO mice in the kidney tissue. Due to the local accumulation of oxalate in the kidney of
AgxtKO mice, it is very likely that the enzyme Pc is functionally impaired. One possible
compensatory mechanism besides the enhanced glycerol-driven gluconeogenesis via Gyk and
G6pc could also be the upregulation of specific aminotransferases like Gotl, which
circumvents the Pc-mediated reaction and was also upregulated in the kidneys of AgxtKO mice
independent of the feeding state. Got1 catalyzes the transamination of L-aspartate and a-
ketoglutarate to form oxaloacetate and L-glutamate that can be immediately used for the
synthesis of glucose (Song et al., 2022). The two compensatory mechanism that are described

here are shown in figure 58.

4.5 Glucagon-induced Agxt protein expression is independent of glucose kinetics

Many studies have indicated that Agxt expression is upregulated after the treatment with
glucagon, which is in line with the observation that the promotor region of Agxt contains a
CRE sequence (Oda et al., 1993). Up to date, the pattern of glucagon-induced upregulation of
Agxt has only been studied in the context of oxalate formation. Takayama et al. found that
oxalate formation from hydroxyproline was markedly reduced when Agxt had been previously
induced by glucagon (Takayama et al.,, 2003). However the pattern of glucagon-induced
upregulation of Agxt on gluconeogenesis has never been studied. We investigated the
expression of Agxt in correlation with time-dependent effect of glucagon on blood parameters
as well as other gene expression changes in the liver in vivo. The results obtained showed that
glucagon administration induced an immediate rise in blood glucose levels, which was back to
normal already 1.5h after injection, as a counter-effect mediated by insulin. The Agxt mRNA
peaked 3h after the administration of glucagon, and slowly decreased back to normal after
24h. Thus, Agxt’s mRNA peak occurs posteriorly to the peak of blood glucose levels, and
accordingly it cannot be involved in the early glucagon-mediated increase in blood glucose.
This was even further underlined by the fact that the protein expression of Agxt increased
even later the mRNA, showing a significant increase 24h post administration when the blood
glucose levels were back to normal again. An explanation for the discrepancy between the
glucose peak after stimulation and the induced protein expression of Agxt after 6h and 24h
could be that this event represents a prolonged state of starvation since we observe
supraphysiological glucagon levels 24h post stimulation. Regarding the physiological role of

the upregulation of Agxt via the stimulation by glucagon it is very likely that it prevents
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excessive oxalate formation from amino acid catabolism or from the breakdown of collagen
via hydroxyproline to provide the system with carbon sources that can be used for glucose
synthesis. Another explanation for this late protein upregulation of Agxt it is possible that Agxt

itself provides amino acids to fuel the TCA cycle and maintain the functionality of the cycle.

This would be in line with another finding of this experiment, because not only the
aminotransferase Agxt is induced after the stimulation with glucagon. Our glucagon
experiment revealed that also Got1, which is an aminotransferase associated with amino acid-
driven gluconeogenesis by suppling glucogenic precursors (Goldstein et al., 2013). Under an
umbrella of reactions that Got1 faciliates, one particular reactions catalyzes the conversion of
a-ketoglutarate and aspartate to form oxaloacetate, which then can be used for the de novo
production of glucose via Pckl (Jiang et al., 2015). In this case, the pattern of Got1 mRNA

expression followed a similar trend to Agxt mRNA.
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Figure 59: Comparison of the expression pattern of Agxt mRNA and aminotransferase Got1 after stimulation with
glucagon (n=3) All bar diagrams represent the mean + SD; **p<0.01; Student’s t test, unpaired, two sided)

A study by Xu et al., which describes the importance of amino acid-driven gluconeogenesis
showed that glucagon itself and amino acids — in particular glutamine - are fueling the TCA
cycle in a more pronounced way compared to pyruvate/lactate and glycerol in vitro. This was
underlined by a metabolic flux analysis which showed that glutamine-derived carbon atoms
were incorportated in the glucose backbone to a higher percentage compared to common

gluconeogenic precursors (Xu et al., 2022).

Because it was observed that glucogenic substrates could induce transcription of
gluconeogenesis enzymes in the hepatic glucose production assay, we also investigated the
expression of Agxt in this setting. Here, we could see that the Agxt mRNA was upregulated
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after the exposure to pyruvate/lactate and amino acids but not to glycerol in a concentration-
dependent manner after 6h and 24h of incubation. Thus, Agxt follows the same expression
pattern as Pckl and G6pc, which are key glucogenic enzymes, although the magnitude of
induction of Agxt is lower compared to the others. Altogether, the induction of Agxt by
glucagon and by substrate exposure gives a clear hint towards a association to glucose
production. Together with the displayed data in this thesis, it is the first evidence that Agxt is

associated with gluconeogenesis, but not directly driving amino-acid driven gluconeogenesis.

4.6 A link between Agxt and muscle proteolysis

One interesting finding, which was discovered in this thesis, was the decreased body weight
loss of AgxtKO mice compared to healthy wildtype mice after an overnight starvation. Further
analysis of the plasma urea of these mice revealed that AgxtKO mice displayed decreased
levels compared to healthy mice. Urea is a marker that characterizes the bound nitrogen from
protein turnover/ amino acid-driven gluconeogenesis since unbound nitrogen in the form of
ammonia is toxic to the organism. Interestingly, a recent paper by Just et al. from 2020
displayed Lkb1 being a suppressor of amino-acid driven gluconeogenesis. Liver-specific
deletion of Lkb1 led to changes in whole-body metabolism and ultimately to sarcopenia and
cachexia due to diversion of amino acids at the expense of muscle tissue (Just et al., 2020).
Specifically, these mice lost way more body weight after an overnight starvation compared to
healthy control mice. They found out that among various aminotransferases Agxt was one of
the key effectors of the suppression of Lkbl driving the rigorous body weight loss. They
propose Agxt contributes to excessive amino acid-driven gluconeogenesis since it can produce
glucose from the catabolism of serine via hydroxypruvate (Just et al., 2020; Rowsell et al.,
1969). In this thesis, we observed the exact opposite of body weight loss. A missing Agxt
protein protected the mice from loosing more weight compared to healthy mice after an
overnight starvation. This suggests that Agxt or indirectly oxalate is eventually associated with
muscle-derived proteolysis under fasting conditions. One possible explanation could be that
oxalate determines the source of the glucose either from muscle-derived amino acids or from
fat-derived glycerol. Hence, In the hyperoxaluric mice the preferred substrate could be
glycerol since amino acid-driven glucose production is impaired by the inhibition of Pc.
Another explanation could be that oxalate acts a sensor for a feedback-mechanism in the
muscle which prevents the proteolysis of the muscle tissue. This needs further investigation

to clarify a possible link between Agxt/oxalate and the muscle.
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5 Outlook

The presented study and our paper published in 2021 has demonstrated that Agxt plays an
important role in the detoxification of glyoxylate preventing the excessive generation of
oxalate which leads to a higher susceptibility for the formation of oxalate crystals in the
kidney. Apart from this, we could show that oxalate does not only affect glucose homeostasis

in the liver, but also the kidney in the context of glucose homeostasis and gluconeogenesis.

A future methological approach would be to perform a metabolic flux analysis (MFA) in vitro
and in vivo to elucidate the fate of glucogenic precursors and how they are incorporated in
the generation of glucose when exposed to oxalate. Moreover, this would also highlight the
role of TCA intermediates and how oxalate inhibits the functionality of the key enzyme Pc in
liver and kidney. It could also be an interesting target to validate the consequences of oxalate
accumulation using proximal tubular cells of the kidney, which resemble all genes that are
associated with renal gluconeogenesis. In a subsequent approach for the future, the oxalate

inhibiting effect on gluconeogenesis could be validated in steatotic mouse models.

As mentioned in the discussion section, the role of redox equivalents should be considered in
this context. Since NAD*/NADH pools are limited in the cells and might be at expense in
hydroxyproline detoxification, this could result in a shortage of available NAD* which
aggravates the conversion of lactate to pyruvate resulting in less glucose production. To
address this, the overall turnover and expenses of NAD* could be measured in vitro. Moreover,
the glycolytic activity and functionality of the respiration rate of mitochondria could be
investigated, which would help to elucidate differences between AgxtKO hepatocytes and wt

hepatocytes in an experimental setting using Seahorse assay.

Another finding in this study was the association of Agxt in the context of gluconeogenesis.
Here, we showed that Agxt is both hormonally and substrate-dependently regulated in vivo
and in vitro. In the future, it would be reasonable to figure out if both treatments, glucagon
and substrate specificity, enhance Agxt expression levels and if this leads to an increased
glucose production compared to the single treatments. From a molecular point, a direct
comparison between healthy and Agxt-downregulated or Agxt-deficient mice in vivo should
help to understand the contribution of Agxt to the production of glucose. Though the overall
production might not change, MFA could help to evaluate compensatory mechanism by which

the hepatocytes overcome the missing or downregulation of Agxt.
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Another interesting research field for the the future could be to investigate the link between
Agxt/oxalate and the muscle proteolysis and how they influence each other via e.g. feedback
mechanism or by local amino acid availability. This is a topic that has not been in the scope of
the research field by now and could be of interest since the body weight loss phenotype in
AgxtKO mice was observed. This is especially important considering that disturbed amino-acid

metabolism and muscle proteolysis is highly associated with T2DM.

Further, a hepatic glucose production assay was introduced. For the future, we aspire to
explore the applicability of this assay by validating drugs that already have pharmaceutical
market access targeting gluconeogenesis in the liver and to see whether our assay is a suitable
in vitro model supporting research and development of new pharmaceutical drugs. If this is
successful, a next step would be to validate disease models like ob/ob or diabetic/diabetic
(db/db) hepatocytes in this in vitro setting and how it matches to published in vivo data, e.g.

metabolic tolerance tests.
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