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Summary

Glucose-6-phosphatase (G6Pase), a multicomponent enzyme, plays a crucial role
in glucose metabolism by hydrolyzing glucose-6-phosphate (G6P) into glucose and
inorganic phosphate (P;). G6Pase is located in the endoplasmic reticulum membrane
and highly expressed in liver and kidneys. Two components of G6Pase have been
cloned, the catalytic subunit (p36) and the putative G6P translocase (p46). Despite the
great progress in G6Pase field, the hydrolytic mechanism of G6Pase is still in debate.
Meanwhile, evidence also indicates that P; deficiency is related to impaired glucose
metabolism with an unclear mechanism. In this thesis, the effects of P; deficiency on
Go6Pase and other glucoregulatory factors were investigated. Meanwhile, the

hydrolytic mechanism of G6Pase was also studied in terms of its transport properties.

Results showed that compared to the rats fed with a control diet (+P;), in the rats
fed with a phosphate deficient diet (-P;) for 48h, plasma phosphate concentration was
decreased. Liver G6Pase was upregulated, gluconeogenesis key steps were
stimulated, liver glycogen content was decreased and plasma glucose concentration
was increased in the fed (-P;) group. These changes could be accounted for by
increased liver cAMP content and decreased plasma insulin concentration in the fed
(-P;) group. During an intravenous glucose tolerance test, although similar glucose
fall rates and insulin responses were observed in overnight fasted (+P;) and (-P;)
group, a tendency to hyperglycemia and less suppressed endogenous glucose
production were obtained in the (-P;) group. All of these results demonstrated that
under the phosphate deficient condition, G6Pase was upregulated and glucose
production was enhanced. The enhanced glucose production, potentially caused by
the altered insulin/glucagon ratio, may contribute to the impaired glucose
metabolism.

To further elucidate the relationship between glucose homeostasis and phosphate
homeostasis, liver and kidney G6Pase system were investigated in X-linked

hypophosphatemic mice, Hyp mice. Results showed G6Pase activity was increased in



v

Hyp mouse liver and kidney. Consistently, the protein amount and mRNA abundance
of the catalytic subunit, p36, were increased in Hyp mouse liver and kidney. In
contrast, the mRNA abundance and protein amount of p46 were decreased in Hyp
mouse liver and kidney. These results further demonstrated that G6Pase activity was
stimulated by P; deficiency. The increased G6pase activity may enhance glucose

production, probably contributing to impaired glucose metabolism.

The hydrolytic mechanism of G6Pase was investigated via transport studies.
Inorganic phosphate (KH,PO,) transport across microsomes showed identical Ty
values around 23 s at different KH,PO4 concentrations, which were unaffected by
potential inhibitors of G6Pase. Neither accelerated exchanging transport nor saturable
effect was observed in this process. These results supported no specific inorganic
phosphate transporter in the ER membrane. Similar phenomena were observed for the
glucose transport process, which was characterized with T, values of 40 s. Tracer
equilibration during [U-"*C]- and [**P]G6P hydrolysis proceeded with Ty, values of
47 and 21 s, respectively. Steady state levels of tracer accumulation from [U-”C]-
and [*’P]G6P were also different from each other and had a similar ratio to that of
their Ty values. This result demonstrated that the accumulated radiotracer was the
product, P; or glucose, rather than the substrate G6P. Effects of unlabelled G6P and
inhibitors on [*’P]G6P uptake demonstrated that G6P uptake and hydrolysis were
tightly coupled processes. Moreover, no exchanging transport between G6P and
inorganic phosphate/glucose was observed. These results are not compatible with the
substrate-transport model of G6Pase. Based on these data, a new combined-
conformational model is proposed to explain the G6Pase system. In this model, G6P
transport/hydrolysis are tightly coupled processes whereas glucose and phosphate
share with water and a variety of other organic and inorganic solutes a common pore-
like structure accounting for their transport through the ER membrane. The p46
protein may be more like a G6P sensor than a G6P transporter. The binding of G6P to
p46 may affect the conformation of p46 and p36 via their coupling interaction. The

conformational change may account for the specificity and latency of G6Pase.



Résumé

La production hépatique de glucose dérive du glucose-6-phosphate (G6P) produit
par la glycogénolyse et la néoglucogénése et son hydrolyse subséquente par la
glucose-6-phosphatase (G6Pase). C’est pourquoi la G6Pase joue un réle crucial dans
le maintien de la glycémie. La G6Pase est un systéme enzymatique a f)lusieurs
composantes, situé dans le réticulum endoplasmique (RE) et est exprimé dans les
deux organes néoglucogéniques, foie et rein, ainsi que dans lintestin. Jusqu’a
maintenant, deux composantes du systéme ont été clonées, ’unité catalytique qui est
une protéine de 36 kDa (p36) et un transporteur putatif de G6P de masse moléculaire
de 46 kDa (p46). Depuis le clonage du géne et de I’ADNc de p36, la régulation de
I’expression de p36 a été étudiée en détail. Des effecteurs positifs qui augmentent
I’ARNm de p36 comprennent le glucose, I’AMP cyclique, les glucocorticoides et les
acides gras, tandis que l’insuline diminue I’abondance de ’ARNm de p36. Le
glucose, ’AMP cyclique et les glucocorticoides ont également un effet positif sur
I’ARNm de p46, tandis que I’insuline contrecarre ces effets. Deux modéles ont éte
proposés pour expliquer le mécanisme fonctionnel du systéme G6Pase : le modéle de
transport du substrat et le modéle conformationnel. Le premier propose que la G6Pase
est un systéme a plusieurs composantes, comprenant une unité catalytique dont le site
actif est orienté vers la lumiére du RE, un transporteur de G6P appelé T1, un
transporteur de phosphate inorganique (P;) appelé T2 et un transporteur de glucose
appelé T3. T1 serait I’étape limitante de la conversion de G6P en glucose et P;. Il a
été proposé que des mutations dans les génes de ces quatres composantes causent des
glycogénoses de type Ia, Ib, Ic, and Id, respectivement. Le modéle conformationnel
propose que la G6Pase est une protéine formant un canal dans la membrane du RE,
ou le site actif est enfoui dans une poche hydrophile. Le substrat a accés au site actif
via le canal. Le processus hydrolytique a lieu dans la poche hydrophile et les produits

sont délivrés dans la lumiére et exportés dans le cytoplasme par I'intermédiaire du



canal. Les cinétiques rapides d’hydrolyse du G6P indiquent une transition
hystérétique dans le processus catalytique qui réduit la vitesse de la réaction au profit
d’une spécifité accrue pour le G6P.

Le phosphate inorganique (P;) est une composante fondamentale de I’organisme
par son implication dans de nombreuses fonctions physiologiques. L homéostasie du
Pi est réglée au niveau du rein par sa réabsorption par un co-transporteur de sodium et
de phosphate (NaP;), essentiellement 1’isoforme NaP;-2. Le contenu en P; dans la
diéte, qui est important pour le maintien de la phosphatémie normale, affecte
I’expression de la NaP;-2, de ’hormone parathyroidienne, du P; et du calcium sérique.
L’hypophosphatémie liée au chromosome X est causée par une mutation dans le géne
PHEX (pour : Phosphate-regulating gene with Homologies to Endopeptidase located
on the X chromosome).

Des travaux établissant que des perturbations dans ’homéostasie du phosphate
pouvaient causer une intolérance au glucose et une résistance a 1’insuline suggerent
une association entre ’homéostasie du glucose et du phosphate. La nature méme de
cette association est néanmoins encore inconnue. Nous avons donc investigué le
métabolisme du glucose hépatique lors d’une diéte déficiente en phosphate ainsi que
chez un modéle animal d’hypophosphatémie liée au chromosome X, la souris Hyp.
Les résultats montrent que le phosphate plasmatique était diminué chez des rats
nourris pendant 48h avec une diéte déficiente en P; (-P;) comparés & une dicte
contrdle (+P;). Dans le groupe (-P;), ’activité de la G6Pase hépatique était augmentée
lorsque mesurée dans des microsomes intacts ou perméabilisés au moyen de
détergent, a des concentrations de substrat physiologiques ou saturantes. Cette
activité accrue était due & une stimulation de ’expression de 1’unité catalytique,
comme en témoigne ['augmentation de [’abondance de I'’ARNm et de
I’immunoréactivité de p36. L’ARNm de p46 était également augmentée dans le
groupe (-P;), mais sans changement dans la quantité de protéine. Nos études
subséquentes montrérent que dans le foie des animaux du groupe (-P;), la pyruvate
kinase était inactivée et le phosphoenolpyruvate augmenté, et que le fructose-2,6-

bisphosphate, un inhibiteur de la néoglucogénése, était réduit de moitié. L’activité de



la glucokinase n’était pas modifiée et celle de la phosphoenolpyruvate kinase était
marginalement augmentée par la diéte (-P;). L’ensemble de ces résultats peuvent
s’expliquer par I’augmentation de la concentration de I’AMP cyclique observée dans
le foie des rats nourris avec la diéte (-P;). Ces résultats suggeérent que la
néoglucogénése hépatique pourrait étre stimulée dans des conditions
d’hypophosphatémie et qu’une production accrue de glucose pourrait contribuer a
une altération du métabolisme du glucose. Cette possibilité est renforcée par
’observation que la glycémie des rats nourris avec la diéte (-P;) était nettement
augmentée, tandis que la concentration de ’insuline plasmatique était diminuée. Un
test de tolérance intravéneuse au glucose n’a pas permis d’observer de différence au
niveau de la normalisation de la glycémie, mais a cependant indiqué une légere
intolérance au glucose dans la mesure ou le pic de glucose atteint apres le test était
plus élevé dans le groupe (-P;). Par ailleurs, la production endogene de glucose était
nettement moins inhibée aprés un bolus de glucose au cours du test de tolérance
intravéneuse au glucose.

Afin d’élucider d’avantage la relation entre homéostasie du glucose et du P;, le
systéme G6Pase de foie et de rein furent examinés chez la souris Hyp. Les résultats
montrent que activité de la G6Pase était augmentée dans ces organes des souris
Hyp, semblablement & 1’augmentation observée chez les rats nourris avec la diéte (-
P;). Cette activité accrue de la G6Pase chez la souris Hyp s’explique par une plus
grande quantité d’ ARNm et de protéine p36, aussi bien dans le foie que dans le rein.
Contrairement au modéle diététique d’hypophosphatémie, chez la souris Hyp
I’abondance de PARNm et 'immunoréactivité du p46 hépatique et rénal sont
nettement diminués.

Globalement, I’hypophosphatémie résultant soit d’une carence alimentaire ou due
a un défaut génétique a pour effet d’augmenter de fagon consistante I’activité de la
G6Pase, clle-méme causée par une stimulation de I’expression de son unité
catalytique, p36. L’expression de p46 est différemment réglée par la dicte déficiente

en P; ou dans le modéle génétique, indicant que d’autres facteurs que



I’hypophosphatémie affectent ce géne dans ces conditions. Il apparait que la
régulation de I’expression de p36 et de p46 est distincte.

Bien que le systéme G6Pase a été étudié depuis voici cinquante ans, son
organisation et son mécanisme fonctionnel restent a étre définis. Les propriétés
cinétiques de transport du substrat, le G6P, et des produits, le glucose et le P;, ne sont
pas encore élucidés. Ces propriétés ont été investiguées au moyen d’un appareil a
collection et filtration rapide (FSRFA). Le transport microsomal du Pi montre des
valeurs identiques de T, a différentes concentrations de KH,PO4. Le HgCl; et des
inhibiteurs potentiels de la G6Pase n’affectent pas les propriétés cinétiques du
transport de P;. On n’a également pas trouvé d’échange accéléré de P; ou de saturation
du transport de celui-ci. Ces résultats ne sont pas compatibles avec I’existence d’un
transporteur spécifique pour le P; dans la membrane du RE. Des conclusions
similaires ont été tirées d’études du transport microsomal du glucose.

L’accumulation intramicrosomale de radioactivité a partir de [U-'*C]G6P ou de
[**P]G6P correspond 4 des paramétres cinétiques différents, indicant que les
substances accumulées dans les microsomes a partir de G6P sont les produits de la
réaction de la G6Pase plutdt que le substrat. Cette observation suggere que 1’étape de
transport du G6P, si tant est qu’elle existe, n’est pas I’étape limitante au cours de la
conversion du G6P en glucose et P;. Les paramétres cinétiques d’accumulation de
radioactivité a partir de [*?P]G6P et les effets des inhibiteurs de la G6Pase démontrent
que cette accumulation est étroitement couplée a I’activité hydrolytique de la G6Pase.
De plus, nous n’avons pas observé d’échange de transport entre le G6P et le P; ou le
glucose, en accord avec I’absence présumée de transporteur spécifique pour le P; ou
le glucose. Globalement, ces données sont compatibles avec le modéle
conformationnel de la G6Pase. Une nouvelle version de ce modéle, intégrant les
résultats concernant le transport de P; et de glucose, propose qu’un pore dans la
membrane du RE puisse remplir la fonction d’influx/efflux des produits de la
G6Pase.
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Chapter I Liver Glucose-6-phosphatase System

I.1 Introduction

Glucose-6-phosphatase (EC 3.1.3.9, G6Pase) is a key enzyme in gluconeogenesis
and glycogenolysis by hydrolyzing glucose-6-phosphate (G6P) into glucose and
inorganic phosphate (P;). It is also capable of catalyzing the hydrolysis of inorganic
pyrophosphate (PP;) as well as the synthesis of G6P from carbamyl-P or PP; and

glucose. These reactions are shown below:

Go6P + H,0 ———— & Glucose + P; (1)
PP; + H,O — e 2P (2)
PP; + Glucose — » GO6P+ P 3)

Carbamyl-P + Glucose —————= G6P + NH; + CO, 4

Reaction (1) is the main physiological function of G6Pase. Although, evidence
indicates the in vivo phosphotransferase activity of G6Pase, as reactions (2), (3) and
(4), the physiological significance of this activity has not yet been determined [Foster
et al., 1997].

Go6Pase is a multicomponent system, located in the endoplasmic reticulum (ER)
membrane. Until now, two components of G6Pase have been cloned. The cDNA

coding the catalytic subunit, a 36 kDa protein (p36), was first isolated in mouse



[Shelly et al., 1993], and later on, in human [Lei et al., 1993] and rat [Argaud et al.,
1996]. From its primary sequence, p36 was characterized as a hydrophobic protein of
357 amino acids. Recently, cDNA of another component of G6Pase, a 46 kDa protein
(p46) which was proposed to have G6P transport function, was cloned [Gerin et al.,
1997]. G6Pase system is highly expressed in the two gluconeogenic organs, liver and
kidneys. Even though they have almost the same characteristics, the liver and the
kidney G6Pase have specificities in their regulations as detailed below. G6Pase also
exists in pancreas and small intestine [Foster et al., 1997]. The function of G6Pase in
pancreas and intestine is still unclear. In pancreas, which contains a G6Pase related
protein, the function of G6Pase might be linked to the insulin secretion signalling by
controlling the G6P level [Arden et al., 1999].

Catalyzing the last step in gluconeogenesis and glycogenolysis, G6Pase is
important for the regulation of blood glucose concentration and glycogen
metabolism. Together with glucokinase, G6Pase controls the G6P/glucose cycle,
where G6P and glucose themselves can regulate a number of metabolic processes,
such as glycogen synthesis. The crucial role of G6Pase in the whole body metabolism
is demonstrated via its dysfunction which causes glycogen storage disease type I
(GSD I). GSD 1is characterized by abnormal glycogen storage, severe hypoglycemia,
growth retardation, hepatic steatosis, renal failure, lactic acidosis, and
hyperlipidaemia [Burchell 1998a; Chou & Mansfield, 1999]. On the other hand,
increased G6Pase activity is thought to play an important role in hyperglycemia in

diabetes. Although major advances have been made in the G6Pase research field



through the last couple of years and the understanding of the G6Pase system has been
improved greatly at the biochemical and molecular levels [van de Werve et al., 2000],
the hydrolytic mechanism, the components and their functions, as well as the

regulation of G6Pase system still have to be elucidated.

L2 The G6Pase system

The G6Pase system is located in the ER membrane so that microsomes, i.e.
membrane vesicles enriched in ER membrane, are generally used as an in vitro
material to study structure and function properties of G6Pase. Currently there are two
models describing the structure-function relation of G6Pase: the substrate-transport
model and the combined-conformational flexibility model. Their principles and

experimental basis will be detailed in the following sections.

L2.1 The substrate-transport model

The substrate-transport model was proposed by Arion based on the kinetic
parameters of G6Pase hydrolysis [Arion et al., 1975, 1976, 1980]. As shown in Fig.1,
this model proposes that G6Pase is a multicomponent system, including (i) a non-
specific catalytic subunit with the active site oriented towards the intramicrosomal
space (the luminal side of the ER membrane); (ii) a G6P transporter designated as T1,
which specifically recognizes and transports G6P across the ER membrane; (iii) a
phosphate transporter (T2) which can transport the product inorganic phosphate, PP;
and carbamyl-P across the ER membrane; and (iv) a glucose transporter (T3) which

transports glucose across the ER membrane. The mutations of these components are



Figure 1 Substrate transport model of G6Pase

In this model, the catalytic subunit of G6Pase is located in the ER membrane with the
active site oriented toward the luminal side. T1 is responsible for the G6P transport
from the cytosol to the lumen, T2 and T3 are responsible for the export of the
products, inorganic phosphate and glucose, respectively. The indices o and i refer the

cytosol side and luminal side, respectively.



proposed to cause GSD Ia, Ib, Ic and Id, respectively. According to this model, G6P
has to be transported into the lumen of the ER membrane to be hydrolyzed by the
catalytic subunit, and the G6P transport step is the rate-limiting step in the G6Pase
system. The first basis of this model is the latency of G6Pase, namely, the activity
almost doubles after detergent treatment of microsomes [Nordlie & Jorgenson, 1981].
It was interpreted that the disruption of microsomal membrane by detergent abolishes
the constraint of substrate availability so that the substrate is fully accessible to the
active site. The second basis of this model is a loss of the specificity of the enzyme
for G6P in permeabilized vesicles. Intact microsomes only catalyze G6P hydrolysis,
but after detergent treatment of microsomes, the enzyme can hydrolyze not only G6P,
but also mannose-6-phosphate (M6P) and other substrates [Arion et al., 1976]. This
was also explained by the free access of the active site to these substrates after the
membrane was disrupted by detergents. Effects of some inhibitors of G6Pase also
meet the concept of this model because they inhibit G6Pase activity in intact
microsomes, but have no effects after microsomes are treated with detergents. One
representative of these inhibitors is chlorogenic acid (CHL). CHL is a competitive
inhibitor of G6P in intact microsomes, but has no effect on the enzyme of fully
disrupted microsomes or the inorganic pyrophosphatase activity of G6Pase [Arion et
al., 1997]. It is supposedly because CHL interacts with the G6P translocase (T1) and
prevents the access of the substrate to the catalytic subunit. After detergent treatment,
the substrate can bind to the active site directly so that CHL has no effect. Using a

synthetic analogue of CHL, it was further demonstrated that two G6P binding sites



were involved in the hydrolytic process of G6P in intact microsomes [Arion et al.,
1998], indicating the existence of a G6P binding protein other than the catalytic
subunit. Data from these biochemical studies are compatible with the concept of a
specific G6P translocase. Meanwhile, the topology study of the catalytic subunit also
backs up this model. A new transmembrane model of p36, which is different from the
former six transmembrane domain model of p36 [Lei et al., 1995a], was proposed by
comparing the active site of vanadate-containing chloroperoxidase with that of
G6Pase [Hemrika & Wever, 1997]. This new model was confirmed by
immunodetection of flagged protein and partial proteolysis [Pan et al., 1998]. Using
N- and C-terminal tagged p36 transient expression, Pan et al [1998] found that in
intact microsomes from the transfected cells, the N-terminus of p36 was resistant
while the C-terminus was sensitive to protease digestion. This result implied that p36
possessed an odd number of transmembrane helices with its N- and C- terminus
facing the ER lumen and the cytoplasm, respectively. It has been demonstrated that
during catalysis, a phosphoryl-enzyme intermediate (E-P) is formed between the
imidazolium group of a histidine residue on the enzyme and the phosphate moiety of
GO6P [Nordlie & Lygre, 1966; Feldman & Butler, 1972]. On the basis of sequence
alignment of p36, lipid phosphatases, acid phosphatase, and a vanadium-containing
chloroperoxidase, Pan et al [1998] also characterized this E-P complex in that Arg-
83, His-119, and His-176 in p36 contributed to the active site and that His-176

covalently bound the phosphoryl moiety of G6P during catalysis. Based on these



data, they predicted a nine transmembrane helical structure of G6Pase with the active
site oriented towards the luminal side.

Besides these biochemical studies, gene cloning provides more and more
information about the G6Pase system at molecular level. The cDNA encoding the
Go6Pase catalytic subunit was cloned first from mouse by taking advantage of an
albino mouse which had markedly reduced G6Pase activity [Shelly et al,, 1993].
Right after that, human p36 cDNA was cloned and mutations were found in GSD Ia
patients [Lei et al., 1993], further demonstrating the function of p36 in the G6Pase
system. From then on, more than 40 mutations have been discovered in GSD Ia
patients [Foster et al., 1997; Keller et al., 1998; Lam et al., 1998; Bruni et al., 1999;
Rake et al., 1999; Stroppiano et al.,, 1999; Trioche et al., 1999;]. These mutations
include homozygous, heterozygous site mutations, insertions or deletions, resulting in
unfunctional protein or no protein expression. Among all of these mutations, the
R83C/H is more prevalent [Lei et al., 1995b; Chevalier et al., 1996; Lee et al., 1996].
These studies not only elucidated the molecular properties of G6Pase, but also
established the molecular basis and precise diagnosing methods for GSD Ia. It also
set up molecular data for gene therapy for this most prevalent form of GSD I. In a
recent study, the adenoviral vector containing the murine p36 gene was infused into
G6Pase-deficient (G6Pase™) mice that manifested symptoms of human GSD Ia
[Zingone et al., 2000]. It was found that liver G6Pase activity was restored to 70% of
normal level in infused G6Pase” mice, and 100% infused mice survived as compared

to a 15% survival rate of G6Pase”™ mice, furthermore, all the symptoms were reduced



to near normal level. This result demonstrated that dysfunction of p36 was the
primary cause for GSD Ia.

Taking advantage of the weak homology to the gene of bacterial upper hexose
phosphate ester transporter (UhpT), the putative G6P transporter (p46) cDNA was
cloned from the human liver and mutations were found in two GSD Ib patients [Gerin
et al,, 1997]. Based on the homology to UhpT and the mutations in GSD Ib patients,
p46 was proposed to represent the GOP translocase, T1. The p46 cDNA was
subsequently cloned in the liver of rat and mouse [Lin et al., 1998a], and the human
p46 gene was characterized [Thara et al., 1998; Marcolongo et al., 1998]. Besides in
liver and kidney, p46 is expressed in heart, brain and leucocytes [Middleditch et al.,
1998; Lin et al., 1998a]. From its cDNA sequence, p46 was characterized as a
membrane protein with 429 amino acids containing an ER transmembrane protein
retention signal at its C-terminus [Gerin et al., 1997). Using transient expression of
N- and C-terminal tagged p46 and alignment analysis, it has been reported that p46
has ten transmembrane domain with both N-and C-terminus towards the cytoplasm
[Pan et al., 1999; Méchin & van de Werve, 2000a].

The function of p46 was investigated through its expression in cells. When p46
cDNA alone was transfected into COS-1 cells, a significant but very small amount of
radioactivity uptake from ['*C]G6P was observed, whereas no uptake occurred with
the transfection of p36 cDNA alone, while, a much higher amount of radioactivity
uptake from [*C]G6P occurred when p46 and p36 were expressed together in COS-1

cells [Hiraiwa et al., 1999]. These results were consistent to those observed in p36



knockout mice. The p36 gene was experimentally disrupted in mice, and these
animals manifested essentially the same pathophysiology as human GSD Ia patients
[Lei et al,, 1996]. Interestingly, liver microsomes from p36 knockout mice had no
G6P uptake at all, suggesting that either G6Pase activity was required for G6P
transport into the microsomes or that G6Pase was its own substrate transporter [Lei et
al., 1996]. The low G6P transport function of p46 in the absence of p36 suggests that
there might be a coupling interaction between p46 and p36, which could affect the
conformation and function of each other. With regard to the function of p46, another
point worthy to remember is that p46 is expressed in tissues such as brain, heart,
netrophils and monocytes, where p36 is not expressed [Middleditch et al., 1998; Lin
et al., 1998a]. In addition, GSD Ib patients have neutropenia and impaired neutrophil
function which are distinct from GSD Ia patients [Bashan et al., 1993]. From these
facts, one may consider that p46 could have other function(s) than G6P transport.
Studies on the ontology of p46 and p36 are also consistent with this suggestion.
Unlike the adult G6Pase system, liver microsomes from a mouse (before one day of
age) had G6Pase activity, but no intravesicular radioactivity accumulation from
labelled G6P was observed [Annabi & van de Werve, 1997]. It was demonstrated
later using immunodetection that liver p36 immunoreactivity was low in rats of 20th
and 21st days of gestation, as well as 6 hours after birth, but sharply increased at 1
day postpartum [Méchin et al., 2000b]. Unlike p36, p46 protein was already present
in fetal rat liver microsomes at levels similar to those found in 7-day-old rat liver

microsomes. Corresponding to p36 immunoreactivity, liver G6Pase activity was low
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in fetal rat and 6 hours after birth rat, but increased to maximal activity at 1 day
postpartum. In contrast, G6P uptake was undetectable before birth and up to 6 hours
after birth, but appeared at 1 day postpartum [Méchin et al., 2000b]. These data
clearly showed tilat there was G6Pase activity in the absence of G6P uptake. Another
group also showed that p36 was present in 18-day fetal rat liver and G6Pase activity
was also present [Puskas et al., 1999]. But fetal rat liver microsomal G6Pase activity
was not latent, namely, disruption of microsomes did not increase the activity, even
though radioactivity accumulation was observed in the presence of labelled G6P, P; or
glucose [Puskas et al.,, 1999]. From these observations, one would consider that p46
may not necessarily be responsible for G6P transport for operative G6pase.

The other two transporters, T2 and T3, have neither been identified nor

characterised. Studies on them will be detailed below.

L.2.2 The combined- conformational flexibility model

The conformational model was first introduced by Schulze [Schulze et al., 1986],
and later on developed based on the rapid kinetic studies [Berteloot et al., 1991a,
1995]. As shown in Fig.2, in the modified conformational model, G6Pase is
interpreted as an intrinsic membrane protein spanning the entire microsomal
membrane and forming a channel like structure for the flux of the substrate and
products. The catalytic site is embedded to some extent within the membrane and
forms a hydrophilic pocket, which is accessible for the substrate and where the

hydrolysis takes place. Glucose released at that site could be either exported to the
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ER membrane

o

Figure 2 Combined-conformational flexibility model of G6Pase

In this model, G6Pase is depicted as a membrane protein with the active site lying in
a hydrophilic pocket deep inside of the protein where G6P hydrolysis occurs. Outer
and inner channels, which are responsible for the transport of G6P and glucose, have
different intrinsic permeabilities to GO6P and glucose. Through the outer channel,
most of the product, glucose, goes to the external medium directly. Indices o, m, and 1

refer to the cytosol side, the hydrophilic pocket and the luminal side, respectively.
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external medium through the outer channel or accumulated in the lumen via the inner
channel. The outer channel allows the substrate and glucose transport but has some
specificities so that intact microsomal Go6Pase shows substrate and inhibitor
specificities. A hysteretic transition from presteady-state to steady-state occurs during
the binding and hydrolysis process. According to this model, the latency of G6Pase is
due to the G6Pase transformation from a form with high affinity and low specificity
to a form with low affinity but high specificity, while the detergent treatment affects
membrane status and keeps the enzyme in the form with high affinity but low
specificity. This model was supported by the following results: 1. A presteady-state
burst in the rate of G6P hydrolysis was observed [Berteloot et al., 1991a]; 2. No
radioactivity compound (G6P and/or glucose) from [U-"*C]G6P was taken up by liver
microsomes from a GSD Ia patient [St-Denis et al., 1994]; 3. Glucose influx from
hydrolysis of G6P into microsomes was tightly linked to Go6Pase activity, and
occurred via a diffusion process [St-Denis et al., 1995a], 4. Histone II-A stimulated
G6Pase without permeabilization of microsomes [St-Denis et al,, 1995b]. The
presteady-state burst in the rate of G6P hydrolysis in intact microsomes was found
identical to the hydrolysis rate in the presence of detergent, which is not compatible
to the substrate-transport model. This burst was observed in another study of our
laboratory [Vidal et al., 1992] showing that pre-incubation of G6P or M6P with intact
microsomes suppressed the burst in G6Pase activity, but the burst was recovered after
the substrate was completely hydrolysed. This observation further indicated the
hysteretic transition during the hydrolysis process. The burst was also confirmed by

another laboratory [Ajzannay et al., 1996], which found that G6Pase was able to
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hydrolyze both G6P and M6P at similar high rates during the presteady-
state/hysteretic transition period. This result suggested that G6P and M6P are
similarly accessible to the active site in intact microsomes and the active site is
oriented towards the cytoplasmic side. Meanwhile, this group also showed that
Go6Pase of detergent-treated microsomes was able to hydrolyze preferentially G6P
rather than M6P when both were present together [Ajzannay et al., 1994]. This result
demonstrated that G6Pase of disrupted microsomes still exhibited a specific, albeit
limited kinetic behaviour to G6P even both G6P and M6P were hydrolyzed with the
same affinities and rates when present alone. Hence it was suggested that the role of
the membrane toward G6Pase in intact microsomes appeared to be to potentiate the
preexisting specificity of the enzyme [Ajzannay et al., 1994]. Further studies showed
that glucose accumulation was tightly linked to G6Pase hydrolytic activity and the
first rapid radioactivity uptake from [U-'*C]G6P is an exchangeable glucose pool
rather than G6P [Berteloot et al., 1995]. Furthermore, the steady-state rate of G6P
hydrolysis in intact microsomes is 10-fold higher than the glucose uptake, indicating
more than 90% glucose product is directly output to the cytoplasm. Besides these
kinetic studies, another important support for the conformational model was the effect
of histone II-A on G6Pase. As mentioned previously, the substrate-transport model
proposes that the detergent treatment of microsomes permeabilizes the vesicles so
that it stimulates G6Pase activity by allowing free access of G6P to the active site. In
contrast, the effect of histone II-A on G6Pase activity does not support that

microsomes have to be permeabilized in order to increase the activity. Histone II-A
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stimulates G6Pase to the same extent as detergents, but the radioactivity
accumulation from [U-"*C]G6P was increased in histone TI-A treated microsomes,
demonstrating that histone II-A did not permeabilize the vesicles [St-Denis et al.,
1995b]. The effect of histone II-A was further confirmed by other studies [Pederson
et al., 1998a/b]. All of these data suggest that histone II-A stimulate G6Pase activity
by a different mechanism from permeabilizing the vesicles to allow free access of
G6P to the active site. It is likely that histone II-A and other detergents affect the
membrane structure so that the conformation of G6Pase is also affected, resulting in

stimulated hydrolytic activity.

L.3 Glucose transport

There are two classes of glucose transporters, the Na'-dependent glucose
transporter family (SGLT) and the facilitative glucose transporter family (GLUT).
SGLT is an active, Na'-dependent glucose transport protein, mainly located in
intestinal brush border membranes and renal proximal convoluted tubules. They are
responsible for the absorption and reabsorption of glucose. SGLT is generally
constitutively expressed and not subjected to hormonal regulation. GLUT is energy
independent, driven by glucose concentration gradient across the plasma membrane.
Six GLUT genes in mammalian cells have been identified and characterized. GLUT1
i1s highly expressed in erythrocytes and the blood brain barrier, GLUT2 is in
hepatocytes and pancreatic P-cells, GLUT3 is responsible for glucose supply to

neurones, GLUT4 is in adipose tissue and muscle, GLUTS is a fructose transporter
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and GLUT6 is a pseudo gene [Olsen & Pessin, 1996]. Recently, a previously
unidentified member of GLUT was reported as GLUT8, which was expressed in
blastocysts, subjected to insulin regulation, and might be responsible for blastocyst
development [Carayannopoulos et al.,, 2000]. In the hepatocyte plasma membrane,
GLUT?2 is the major form (more than 90%) responsible for glucose transport, with
about 10% of GLUT1. These two glucose transporter are constitutively expressed and
in contrast to GLUT4, not subjected to insulin regulation [Olson & Pessin, 1996].

It is proposed in the substrate-transport model that the product glucose of G6Pase
is transported out of the ER membrane via a transport protein T3. The theoretical
dysfunction of T3 is proposed to cause GSD Id. Only one GSD Id case has been
reported so far [Veiga-da-Cunha et al., 1999]. A 52 kDa protein was isolated from rat
liver ER membrane, which was claimed to represent T3 [Waddell et al., 1991], and a
rat liver cDNA (GLUT?7) was cloned via screening using an antibody raised against
GLUT2 [Waddell et al,, 1992]. But GLUT7 turned out to be a cloning artefact
[Burchell, 1998b]. Therefore, the molecular basis for glucose transporter in ER is still
uncertain and glucose transport studies rely mainly on kinetic studies using liver
microsomal preparations. Using a fast-sampling, rapid-filtration apparatus (FSRFA)
[Berteloot et al, 1991b], it was observed that [U-"*Clglucose accumulated into
microsomes with a Ty, around 35 sec in the presence of zero-trans concentration of
[U-"*C]G6P [St-Denis et al, 1995a]. [U-"*C]glucose efflux from pre-loaded
microsomes with [U-"*C]G6P also initiated by the addition of cold G6P to the

microsomal incubation medium. Consistently, the efflux Ty, value was in the range
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of 30-50 sec and was insensitive to intramicrosomal glucose concentration up to 20
mM. It was concluded that glucose equilibration through microsomes occurred by
diffusion over a physiological range of glucose concentration. In contrast, using a
light-scattering technique, Marcolongo et al [1996] reported a facilitative glucose
transport process based on their observation of a rapid glucose influx into rat liver
microsomes, which was saturable at [glucose] 2 100 mM. But a similar permeation
of ascorbic acid, L-glucose and other monosaccharides was also observed in that
study, hence, lessening the argument of a facilitative transporter which should be
stereospecific. Another study showed, using ['*C] labelled glucose and rapid filtration
technique, that glucose was accumulated into microsomal vesicles with an almost
linear correlation of its rate with glucose concentration up to 100 mM [Banhegyi et
al., 1998]. Neither cytochalasin B nor phloretin inhibited the glucose accumulation,
and a glucose efflux was also observed from G6P preloaded microsomes. All of these
data from these two reports are not unequivocally compatible with a facilitative
transporter, although the authors concluded that it was a facilitative glucose transport
process with a saturable glucose concentration above 100 mM. From all described
above, the nature of glucose transport in the ER membrane is still controversial and

deserves more studies.

1.4 Phosphate transport
In the intestine and the kidneys, both anion exchange phosphate transport and

sodium phosphate (NaP;) cotransport are responsible for phosphate absorption and
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reabsorption. However, the renal NaP; cotransport appears to be more significant to
the regulation of phosphate homeostasis, therefore, it has been more profoundly
studied and better characterized. The renal NaP; cotransporters identified so far are
classified into type I and type II NaP; cotransporter [Biber et al., 1996]. Type I NaP;
cotransporter is also expressed in liver plasma membrane [Ghishan et al., 1993]. It
was shown in this study that the liver plasma membrane P; transporter was sodium
dependent, with a Vpax of 0.58 and 0.22 nmol/mg protein, a K;;, of 0.39 mM and 0.25
mM, at pH 6.1 and 7.4, respectively. Type II NaP; cotransporter mRNA is exclusively
found in kidney cortex, and it has several subtypes according to their species’
specificity. Its activity and mRNA are regulated by both nonhormonal and hormonal
factors, such as by changes in the dietary phosphate content [Boyer et al.,, 1996] and
parathyroid hormone [Dousa et al., 1996]. The classification, protein characteristics
and regulation of NaP; cotransporter will be detailed in Chapter IL.

Almost in all tissues, there is a phosphate carrier in the inner membrane of
mitochondria. The mitochondrial phosphate carrier is sensitive to SH-reagent and
driven by a pH-gradient [Kramer et al, 1996]. In the ER membrane, GtPase
hydrolyzes G6P into glucose and inorganic phosphate. According to the substrate-
transport model, P; is transported out of the lumen of ER by a P; transport protein T2,
and the theoretical deficiency of T2 causes GSD Ic. T2 was further classified into two
forms with different substrate specificity, termed T2« and T2f [Nordlie et al., 1983,
1992]. T2a was suggested to transport P; solely, while T2f3 could transport P;, PP; and

carbamyl-P. Compared to the dominant GSD Ia cases, only a few cases of GSD Ic
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have been reported [Nordlie et al.,, 1983; Lin et al, 1999]. In GSD Ic patients,
inorganic pyrophosphatase, PPi/glucose phosphotransferase, and carbamyl-P/glucose
phosphotransferase activities of liver G6Pase were totally latent, but these activities
were fully manifested with detergent-disrupted microsomes [Nordlie et al.,, 1983;
Burchell & Gibb, 1991]. It has been claimed that the hepatic microsomal
phosphate/pyrophosphate translocase was identified and purified using antibodies
raised against the rat mitochondrial phosphate/hydroxyl ion antiport protein [Waddell
et al., 1988]. Based on this, a 2.5-fold increase in quantity of the P; translocase T2
was observed in the Ehrlich-ascites-tumour-bearing mice [Lucius et al., 1993]. From
the kinetic properties of the G6Pase, the tumour-stressed mice appeared to have an
altered T2P with an increased K., for P; [Lucius et al.,, 1995]. However, except these,
no other results are available for the characteristics and molecular properties of T2.
The understanding at phosphate transport in microsomal preparations is limited
due to the experimental difficulties because of the small volume of microsomes and
the rapid rate of this process. Using a fasting-sampling, rapid-filtration apparatus,
inorganic P; transport into liver microsomes was observed, and this transport was still
observable in microsomes from a GSD Ia patient [St-Denis et al., 1994]. However,
the kinetic properties of this process have not been well defined so far. In addition,
with the advantage of cloning of p46 ¢cDNA and gene, similar mutations of the p46
gene were found in GSD Ib and Ic patients [Veiga-da-Cunha et al., 1999], initiating
the hypothesis that GSD Ic has the same molecular basis as GSD Ib. Howeyver, in a

recent study [Lin et al., 1999], it was reported that the p46 gene was normal in a GSD
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Ic patient, hence suggesting a distinct GSD Ic locus. Therefore, the phosphate

transporter (T2) concept may have to be reconsidered.

LS Regulation of the G6Pase system and its genetic engineering

L5.1 Short-term regulation

Generally, in vivo, G6Pase activity is correlated to its substrate concentration
because its Ky, for G6P (2-5 mM) is greater than the intracellular G6P concentration
(70-500 nmol/g liver). However, other acute regulatory mechanisms may exist, too. It
has been demonstrated that fatty acids affected microsomal G6Pase activity in vitro.
Although the short-chain fatty acyl-CoA (less than 9 carbons) had no effect on liver
microsomal G6Pase activity, the medium- and long-chain fatty acyl-CoA esters
inhibited G6Pase activity in intact microsomes [Mithieux & Zitoun, 1996]. It was
further shown that unsaturated fatty acids associated with glycogen could inhibit rat
liver G6Pase in vitro [Daniele et al., 1997]. The mechanism for the inhibition of
GoPase by fatty acids appears to be more complex than only a competitive inhibition.
They may insert into the lipid layers and affect the physic status of membrane,
resulting in a conformational change of G6Pase. Arachidonic acid also inhibited
G6Pase activity in a dose-dependent manner, likely either by binding directly to the
enzyme or by affecting membrane environment and changing the enzyme

conformation [Mithieux et al., 1993]. Insulin has been reported to inhibit G6Pase in

vitro and in cultured hepatocytes [Gardner et al., 1993; Spagnoli et al., 1983] through
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a mechanism that might involve phosphatidylinositol 3-kinase (PI3K) activity. It was
indeed recently reported that the translocation of PI3K was associated to the
inhibition of G6Pase during refeeding [Daniele et al., 1999], and G6Pase was
competitively inhibited in the presence of phosphoinositides in a dose-dependent
manner within a range of concentration 0.15-10 uM [Mithieux et al., 1998]. These
properties have been suggested to be of special importance with regard to insulin’s
inhibition of hepatic glucose production. Amino acids affect the cell volume and
change the cytosolic ionic strength which could affect G6Pase activity. It has been
reported that physiological anions, such as chloride, phosphate and sulfate, inhibited

G6Pase activity [Nordlie & Jorgenson, 1981; Pederson et al., 1998c¢].

LE.2 Long-term regulation

It has been reported that G6Pase activity changes in different nutritional and
endocrine states. The isolation and characterization of cDNA and gene of p36 have
made it possible to study the regulation at the transcriptional level. In FAO hepatoma
cells, cAMP increased p36 mRNA fourfold but decreased p36 mRNA to 50% of
control values after 3h and 24h exposure, respectively; dexamethasone (an analogue
of glucocorticoids) resulted in a slow response with a 3.3-fold increase after 48h
treatment. Insulin greatly suppressed the mRNA level and has a dominant negative

effect on glucocorticoid stimulation of p36 mRNA levels [Lange et al., 1994; Argaud

et al., 1996]. Both p36 mRNA level and activity of G6Pase were elevated in fasting

and diabetic rats, refeeding and insulin administration reduced both p36 mRNA level
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and activity of G6Pase [Argaud et al., 1996]. Increased p36 mRNA were also
observed in FAO cells in the presence of 25mM glucose [Lange et al.,, 1994]. This
effect was confirmed by studies in primary hepatocytes [Argaud et al., 1997] and in
vivo [Massillon et al., 1996], showing that p36 mRNA was regulated by glucose
independently from insulin. The effect of glucose on G6Pase is dependent on glucose
metabolism, as reflected by the correlation of stimulating degree with glucokinase
activity, namely, the stimulatory effect of glucose was greater at high levels of
glucokinase [Argaud et al., 1997]. This suggests that a metabolite derived from
glucose, rather than glucose itself, may affect G6Pase expression. One metabolite in
glucose metabolism pathway, fructose-2,6-bisphosphate (Fru-2,6-P;), has a marked
effect on p36 mRNA in FAO cells. When Fru-2,6-P; was increased 15-fold by an
overexpression of 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (6-PF-2-
K/Fru-2,6-P;ase) whose bisphosphatase activity was abolished through a mutation,
G6Pase mRNA level was increased six-fold in FAO cells, consistently,
overexpression of wild-type 6-PF-2-K/Fru-2,6-P,ase with intact bisphosphatase
activity decreased Fru-2,6-P, content, resulting in a decrease of G6Pase mRNA
[Argaud et al., 1997]. The stimulatory effects of glucose and Fru-2,6-P, on G6Pase
seems paradoxical since a high G6Pase activity will produce more glucose. However,
it could be related to other metabolic processes, such as the G6P/glucose cycle and
the glucose-stimulated insulin secretion. The auto-regulatory function of glucose,
which is independent of insulin, may be another explanation because glucose will

impose effects on many enzymes other than G6Pase. The effects on these enzymes
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may compensate for the G6Pase effect. Besides the regulation of hormones and
glucose metabolites, free fatty acids also increase mRNA level and protein amount of
p36 independently from hormones [Massillon et al., 1997], suggesting that the
prolonged hyperlipidemia may contribute to enhanced hepatic glucose production via
increased G6Pase activity.

The mechanism of these hormonal effects on G6Pase expression is not defined. A
luciferase report gene containing the 5° region of the human p36 gene was
constructed and transfected into H4IIE cells, a rat hepatoma cell line that is very
sensitive to insulin [Vargas et al., 1994]. In the presence of dexamethasone (an
analogue of glucocorticoids), luciferase activity was increased 10-fold in transfected
cells, in contrast, dibutyryl cAMP alone did not affect the luciferase activity but
reduced the stimulatory action of dexamethasone. These results elucidated hormonal
response elements in the 5° region of p36. A multicomponent insulin response
sequence has been identified in the proximal 5’ flanking region of the murine p36
gene [Streeper et al., 1997]. Deletion of the murine p36 gene sequence between —198
and —159 completely abolished the insulin response. The cis-elements were more
detailed through the G6Pase transient expression studies [Lin et al.,, 1997]. DNA
elements essential for optimal and liver-specific expression of G6Pase were contained
within nucleotides 234 to +3, including binding sites for hepatocyte nuclear factors
1, 3, 4, and a cAMP-response element. The cAMP response element was further
identified in the range from —161 to —152 through gel-electrophoretic-mobility shift

assay [Schmoll et al., 1999]. Effects of frans-factors were also studied through the
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transient expression of p36 in HepG2 cells [Lin et al., 1997] and H4IIE cells [Lin et
al., 1998b]. HNFla and HNF3y are liver-enriched factors that bind to the G6Pase
promoter and transactivate G6Pase expression. Further study showed that HNFlo is
an accessory factor for the effects of glucocorticoids on G6Pase gene expression [Lin
et al, 1998b].

Kidney G6Pase has a distinct regulation from liver G6Pase as shown in the work
of Minassian et al [1996]. In the liver, G6Pase mRNA abundance was increased in
the 24h and 48h fasted rats, and returned to the level of fed state after 72h and 96h
fasting. While in the kidney, G6Pase was increased 2.7-fold after 24h fasting, 5-fold
after 48h and sustained at this level at 72h and 96h fasting. The differential regulation
of liver and renal G6Pase gene expression can be also reflected during development.
The activation of rat liver G6Pase at 3-5 days after birth does not happen with the rat
renal G6Pase, and in adult rats, the specific activity of G6Pase is higher in kidney
than that in liver [Voice et al.,, 1996]. The differential regulation of G6Pase in these
two organs may be linked to their different functions. Liver is responsible for acute
glucose homeostasis, while kidney may be responsible for the prolonged glucose
requirement.

The putative G6P transporter, p46, appears to have a distinct regulation from p36.
As shown in our laboratory [Li et al.,, 1999], a two-fold increase of p46 mRNA was
observed in liver, kidney, and intestine from streptozotocin-diabetic rats. A dose-
dependent increase of p46 mRNA, but a lesser increase in p46 protein, by glucose

was also observed in HepG2 cells with a maximal effect at 15 mM glucose, while
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optimal p36 mRNA was observed at 25 mM glucose. Cyclic AMP increased p46
mRNA 1.5 fold, but not protein level, whereas, insulin reduced p46 mRNA by half
and p46 protein by 33%. In a more recent report [Li & van de Werve, 2000], it was
demonstrated that, in HepG2 cells, physiological concentration of insulin (0.1-1 nM)
totally suppressed p36 mRNA but barely reduced p46 mRNA. Cyclic AMP (0.01-100
uM) caused a 2.7-fold increase in p36 mRNA but only slightly affected p46 mRNA.
Thapsigargin (1-100 nM), an inhibitor of the endoplasmic reticulum Ca*'-ATPase,
increased p36 mRNA by two fold but not p46 mRNA. In contrast, dexamethasone
(0.1-100 nM) increased both p36 and p46 mRNA by more than threefold, which was
counteracted by 1 pM insulin. Taken together, it was documented that hormonal
changes compatible with increased hepatic glucose production essentially modify the
expression of the catalytic subunit of G6Pase, p36, without any significant effect on

that of p46.

L5.3 Genetic engineering of the G6Pase system

The metabolic impact of overexpression of p36 has been studied using gene
delivery via a recombinant adenovirus containing p36 cDNA to primary hepatocytes
and liver of normal animals [Trinh et al., 1998; Seoane et al., 1997], as well as
insulinoma cell line INS-1 cells [Trinh et al., 1997].

Overexpression of p36 in primary hepatocytes resulted in a ninefold increase in
G6Pase activity, 25% reduction in intracellular G6P levels, a substantial decrease in

glycolytic flux and glycogen deposition and an increase in gluconeogenesis [Seoane
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et al., 1997]. In rats infused with the recombinant adenovirus containing p36 cDNA,
liver G6Pase activity and immunodetectable p36 protein were increased [Trinh et al.,
1998]. Meanwhile, these animals exhibited the abnormalities associated in early stage
NIDDM, including glucose intolerance, hyperinsulinemia, decreased glycogen
content, increased muscle triglyceride stores. The rats also had hypolipidemia, which
is normally not associated with NIDDM [Trinh et al., 1998].

Overexpression of p36 in INS-1 cells caused a fourfold increase in G6P
hydrolysis, 32% decrease in glycolysis, and a proportional decrease in glucose-

stimulated insulin secretion [Trinh et al., 1997].
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Chapter 11 Phosphate homeostasis in relation with

glucose metabolism

IL1. Distribution and general function of phosphate

Phosphorus (P) approximately constitutes 1% of the whole body weight and is the
sixth most abundant element in the human body. Around 85% of phosphorus is in
bone as hydroxyapatite crystals, 14% in cells in soft tissues as phosphate, and 1% in
extracellular fluids [Berner & Shike, 1988]. About 70% of blood phosphate is in the
organic form, such as phospholipids, the remainder, 30%, is inorganic phosphate (Py),
which circulates either binding to proteins or as free phosphate. The normal plasma
levels of phosphate range between 0.85-1.45 mM, which also depends on the assay
methods. The intracellular inorganic phosphate concentration is higher than in the
plasma. Most NMR estimates of cellular (cytosolic) phosphate concentration seem to
lie in the range of 0.5-5 mM [Bevington et al., 1992]. The distribution of intracellular
inorganic phosphate are compartmentalized and influenced by separate phosphate
transporters in mitochondria, lysosomes, ER, and nucleus membranes. Mitochondria
store a large amount of phosphate, which is the major part of the measured phosphate
concentration. In the whole human liver biopsy, the inorganic P; concentration is
about 3.5 umol/g wet liver in fasted condition. For rat liver, it is around 3.5 and 6-7
umol/g liver in fed and fasted conditions, respectively, while reported total phosphate

concentration was around 4-5 mM in hepatocytes and around 1.8 mM in kidney cells
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[Sestoft et al, 1981; Bevington et al, 1992]. Relatively, the intracellular P;
concentration is more stable, while the plasma P; concentration is subjected to dietary
and hormonal regulation, and provides an exchangeable P; pool to intracellular P;
requirements. The relative stability of intracellular P; concentration is reflected in the
case of hypophosphatemia. In this case, the intracellular P; seems to be buffered or
regulated in the face of changes in extracellular P; concentration. Even in mammals
subjected to sever phosphorus depletion, total phosphate measured chemically in
skeletal muscle may decrease no more than 50% of control [Brautbar et al., 1983;
Horl et al.,, 1983], and negligible changes in tissue P; have been reported from renal
cortex of rats after 4 days of dietary phosphorus deprivation [Gray et al., 1983].
Phosphate has multiple physiological functions. First of all, it is an essential
component for bone mineralization. Besides this, it is a vital component of many
intracellular compounds including phospholipids, nucleic acids, nucleoproteins and
enzymatic cofactors such as nicotinamide diphosphate. Moreover, it is the source of
the high-energy phosphate bonds of adenosine triphosphate (ATP), and a component
of 2,3-diphosphoglycerate in the supply of oxygen to the tissues. Other important
roles of phosphate are to participate in the metabolism of second intracellular
messengers (CAMP, ¢cGMP), and to maintain the plasma and urinary acid-base
balance [Bugg & Jones, 1998]. Now it has been demonstrated that a number of
enzymes in glycogen metabolism, glycolysis and gluconeogenesis are also sensitive

to changes of P; concentration, as shown in Table 1.



Table 1 Effects of P; on enzymes
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Biological Enzyme Tissue Effect Reference
process
a. Glycolysis  Hexokinase (2.7.1.1) Ratbrain  Activation White & Wilson,
1990
6-Phospho Human Activation Tsuboi et al., 1965
fructokinase erythrocyte
(2.7.1.11)
6-Phosphofructo-2-  Rat liver Activation Kountz et al., 1986
kinase (2.7.1.105)
Fru-2,6-P2ase Rat liver Activation Kountz et al., 1986
(3.1.3.46)
Pyruvate kinase Ox heart Activation Baranowska et al.,
(2.7.1.40) 1984
b. Glycogen  Glycogen Rabbit liver Inhibition Khandelwal &
metabolism phosphorylase a Kasmani 1980
phosphatase
(3.1.3.16)
Glycogen synthetase  Rabbit Inhibition  Kato & Bishop,
b phosphatase muscle 1972
(3.1.3.16)
Glycogen Human Activation Chasiotis, 1983
phosphorylase a muscle
(2.4.1.1) Dog liver van den Berghe et
al., 1973
Glycogen synthetase a Ratliver  Activation Mersmann &
(2.4.1.11) Segal, 1967
¢. Gluconeo-  Fru-1,6-P,ase Rabbit liver Inhibition  Dudman et al.,
genesis (3.1.3.11) 1978
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In summary, the ATP-producing pathways are stimulated by increasing phosphate
concentration, while ATP-utilizing enzymes are generally inhibited by physiological
P; concentration. Glycolysis appears to be increased by P; according to its effect on
the isolated enzymes in this pathway. It is also considered that glycogenolysis is
directly proportional to P; concentration because it is one substrate of phosphorylase.

It is now widely recognized that disturbances in phosphate homeostasis, usually
hypophosphatemia, are serious disorders of metabolism. The clinical consequences of
severe hypophosphataemia include haemolysis, skeletal muscle myopathy,
cardiomyopathy, neuropathy, and osteomalacia. Hypophosphatemia is generally
subdivided into two categories. Providing normal inorganic serum phosphate is 0.8-
1.3 mM, moderate hypophosphatemia is arbitrarily defined as 0.32-0.65 mM, and
severe hypophosphatemia is less than 0.32 mM. Their incidences in human are

around 2.5-3.1% and 0.24-0.42%, respectively [Bugg et al, 1998].

I1.2 Phosphate homeostasis

I1.2.1 Regulation of phosphate homeostasis

Phosphate is absorbed in intestine and reabsorbed in kidney. Uptake of phosphate
from diet occurs along the length of the intestinal tract with the jejunum being the
main site of absorption. It is generally thought that, in intestine, there are two
mechanisms for P; transport. The first involves the passive diffusion of phosphate
across the plasma membrane. This process is related to the concentration gradient of

phosphate so that the dietary content of phosphate affects phosphate uptake. The
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other one is a sodium-dependent P; transport mechanism, which is regulated by
dietary P; and 1,25-dihydroxyvitamin Ds (1,25 (OH);-Ds). For the normal P; content
diet, the first mechanism predominates; when P; content is low in diet, the active
transport is upregulated and accounts for the major P; uptake. Dietary P; deprivation
occurs rarely so that the P; intake process in the intestine is not the crucial point in P;
homeostasis regulation. On the contrary, the P; reabsorption in kidney is the
modulating point. In a normal, healthy human, renal P; excretion matches net
intestinal absorption, thereby achieving a zero balance. The renal P; reabsorption also
occurs via a sodium-dependent P; transport (NaP; cotransport) process which exists in
the proximal tubular brush border membrane. According to amino acid homology,
tissue distribution and regulation, NaP; cotransporters identified thus far have been
classified into three groups: type I (NaP;-1 related), type II (NaP;-2 related), and type
II. Type I and type II NaP; cotransporters share 20% overall amino acid identity.
Type 1 NaP; cotransporters have approximately 465 amino acids with 60-64 kDa
molecular weight [Werner et al., 1991]. The predicted secondary structure has seven
transmembrane domains [Biber et al., 1996]. Type II NaP; cotransporters have around
635 amino acids with a 80-90 kDa molecular weight. They have 8 predicted
transmembrane domains [Biber et al., 1996, Murer et al., 1999]. Type I NaP;
cotransporters are predominantly expressed at the brush border membrane of
proximal tubule cells, but also expressed in hepatocyte plasma membrane [Gishan et
al,, 1993]. Until now, no evidence has been reported about the exact physiological
role of type I NaP; cotransporter, nor its regulation. However, the amount of type I

NaP; cotransporter mRNA in liver and kidney was reported to be affected by fasting
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and streptozotocin-induced diabetes [Li et al, 1996], suggesting a possible role in
glucose metabolism. Type II NaP; cotransporter was originally found exclusively in
kidney cortex, while recently an isoform of type II NaP; cotransporter (type IIb)
cDNA was cloned from mouse small intestine and its mRNA was found in a variety
of tissues [Hilfiker et al., 1998]. The subclassification of type Ila and type IIb is based
on differences of their C-terminal amino acid sequence [Murer et al., 1999]. In
addition to type I and type II NaP; cotransporters, another type of NaP; cotransporter,
type III, are widely expressed in mouse, rat and human tissues [Kavanaugh et al,
1996]. Type III NaP; cotransporters were isolated as receptors for gibbon ape
leukaemia virus in mice and humans and amphotropic murine retrovirus in rats.
Among these three types of NaP; cotransporters, the roles of type I and III are
currently unclear, while it is widely accepted that type IT NaP; cotransporter is largely
involved in proximal tubular P; reabsorption and represents, as detailed below, a
target for physiological regulation of proximal tubular P; reabsorption.

Two main modulating factors of type II NaP; cotransport are dietary P; content
and parathyroid hormone (PTH). It has been well studied that restriction of dietary
phosphate is associated with an increase of the overall proximal tubular capacity to
reabsorb P;. It has been demonstrated that both mRNA and protein levels of NaP;-2
cotransporter were increased due to the low P; diet [Collins et al., 1995a]. Moreover,
the increase in NaP;-2 protein far exceeds the increase in NaP;i-2 mRNA, indicating
besides the transcriptional regulation, translational and/or post-translational
mechanism play a significant role in the adaptive response to P; restriction

[Tenenhouse et al., 1995]. This is consistent with the observation that, in rats fed Zh a
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low P; diet, the NaP; cotransport rate was increased 1.5-fold with a 1.8-fold increase
in NaP;-2 protein but no change in its mRNA [Levi et al., 1994; Katai et al., 1997].
PTH acts on both bone and kidney to affect phosphate homeostasis. In the
kidney, PTH downregulates the P; tubular reabsorption due to its inhibitory effect on
the NaP;-2 cotransporter. The potential mechanism is through its binding on receptors
outside on the cell membrane and via intracellular signalling system, such as cAMP-
protein kinase A and/or phosphatidyl inositol phospholipase C pathway. It has been
demonstrated that the activation of a regulatory cascade involving protein kinase A
and C mediates the inhibition of type II NaP; cotransporter [Murer et al., 1991].
Besides the phosphorylating effect, it was also reported that both the type II NaP;
cotransport rate and the immunoreactivity of NaP;-2 were increased in the
parathyroidectomized (PTX) rats and could be reduced to control levels by PTH
treatment [Kempson et al., 1995]. The mechanism may be related to the degradation
of NaP;-2 cotransport protein. When NaP;-2 cotransporter was expressed in opossum
kidney cells by the transfection of its cDNA, it was found that the NaP; cotransport
rate in transfected cells was inhibited by PTH, and the cotransport protein was
internalized and rapidly degraded in the presence of PTH. These results indicated that
PTH led to a removal of type IT NaP; cotransporters from the apical membrane and to
their subsequent degradation [Pfister et al,, 1997, 1998]. Further studies showed that
the response of NaP;-2 to PTH involved a rapid endocytic process, in which the
transporters were delivered to degradative organelles by a taxol-sensitive

rearrangement of microtubules [Lotscher et al., 1999].
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Vitamin D is another regulator for P; homeostasis. In contrast to the intestinal
NaP; cotransport, which is well known to be induced by 1,25 (OH),; Ds [Katai et al.,
1999], the effect of vitamin D; on renal NaP; cotransport is far less clear, even
controversial in some studies. It was shown that 1,25 (OH), D3 dose-dependently
inhibited NaP; transport in osteoblastic cells [Green et al., 1993 ], while it was shown
recently that the administration of 1,25 (OH); D; to vitamin D-deficient rats increased
the initial rate of P; uptake as well as the amounts of NaP;-2 mRNA and protein in the
juxtamedullary cortex [Taketani et al., 1998].

Another hormone, stanniocalcin (STC) may regulate phosphate homeostasis. STC
was first identified in fish with a primary function to prevent hypercalcemia [Lu et al,
1994]. Two mammalian homologues of STC have been identified, STC 1 [Olsen et
al., 1996] and STC 2 [Ishibashi et al., 1998]. STC 1, expressed in various tissues such
as kidney and bone [Olsen et al., 1996; Yoshiko et al,, 1999], could inhibit calcium
uptake by goldfish gills and stimulate phosphate reabsorption by rat kidneys [Olsen et
al, 1996; Wagner et al., 1997]. STC 2 was recently reported to be expressed in
pancreatic islets and may play a role in glucose homeostasis [Moore et al., 1999].

More or less and by a yet-unclear mechanism, other hormones such as insulin,
IGF-1 and thyroid hormone, stimulate NaP; cotransport, while glucocorticoids

potentially inhibit NaP; cotransport [Dousa et al., 1996; Essig & Friedlander, 1998].

I1.2.2 Consequence of dietary phosphate deficiency
As described above, it has been well known that dietary P; deprivation

upregulates NaP;-2 cotransport activity and the expression of NaP;-2 gene. Besides
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this well documented effect, dietary phosphate deficiency also affects the expression
of PTH, serum calcium concentration, and serum 1,25(0OH), D3 content. It has been
reported that PTH mRNA levels were decreased by a low P; diet, and its serum
immunoreactivity was also decreased compared to a control normal P; diet [Kilav et
al., 1995]. Later studies showed that the effect of a low P; diet on PTH mRNA was
post-transcriptional based on the decreased mRNA stability [Moallem et al., 1998]. In
addition to these effects, dietary P; restriction also increases serum 1,25 (OH)2 Ds
[Gray et al., 1983] by stimulating its production, and also by reducing its catabolic
metabolism through the suppression of vitamin D-24-hydroxylase, the first enzyme in
the catabolic pathway for vitamin D compounds [Wu et al., 1996].

It has been shown that phosphate depletion in the growing and adult rat produces
hypercalcemia and hypercalciuria [Jara et al, 1999]. This is probably due to the
increased bone reabsorption or the indirect effect of stimulated vitamin D content on

calcium absorption.

I1.2.3 X-linked hypophosphatemia

Among all the hereditary renal phosphate wasting disorders, including X-linked
hypophosphatemic rickets (XLH), autosomal dominant hypophosphatemic rickets
(ADHR), and hereditary hypophosphatemic rickets with hypercalcuria (HHRH),
XLH is the most common inherited disorder of renal phosphate wasting. XLH, also
known as familial hypophosphatemic or vitamin D-resistant ricket, has a prevalence
of around 1:20,000. It has clinical characteristics of lower extremity deformities,

rickets, short stature, bone pain, dental abscesses, enthesopathy, and osteomalacia, as
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well as biochemical characteristics of hypophosphatemia, elevated serum alkaline
phosphatase activity, and inappropriately normal 1,25(OH),-Ds levels [Hruska et al,
1995]. Human XLH has two murine homologues, the Hyp mice [Eicher et al., 1976]
and the Gy mice [Lyon et al., 1986]. Hyp mutations occur spontaneously, while Gy
mutations are experimentally induced by irradiation. Although both of them exhibit
similar phenotypic features of human XLH patients except the inner ear abnormalities
of Gy mice, more experiments have been performed with Hyp mice. Studies on Hyp
mice have demonstrated a remarkable renal phosphate wasting, a result of decreased
NaP; cotransport in the brush border membrane [Tenenhouse et al., 1978]. Studies on
the molecular mechanism for the reduced P; transport showed that Hyp mice have a
50% decrease in NaP;-2 mRNA and protein [Collins et al., 1995b; Tenenhouse et al,
1994]. With regard to the molecular basis of Hyp, the possibility that reduced
expression of NaP;-2 is the primary cause of Hyp is precluded by several evidences.
First of all, human NaP;-2 gene is mapped to chromosome 5 in the 5q35, indicating it
is not the candidate gene for the genetic defect of XLH [Kos et al., 1994]. Secondly,
experiments of parabiosis suggested that a humoral factor(s) might be responsible for
the Hyp abnormalities. The normal mice joined to Hyp mice showed a progressive
diminution of plasma phosphate over the next 3 weeks to approach the level of the
Hyp mice, and this reduced plasma phosphate recovered to normal level after the
separation from Hyp mice [Meyer et al., 1989]. This was supported by the renal
crosstransplantation between normal and Hyp mice. The kidney from Hyp mouse had
a normal NaP; cotransport function when transplanted to normal mouse, while the

normal kidney developed a reduced NaP; cotransport in Hyp mice [Nesbitt et al,
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1992]. These results indicated that the kidney of Hyp mouse had a normal function,
and other factors induced its in vivo abnormality. Of interest is that immortalized cell
cultures from the kidney of Hyp mouse showed a normal in vifro phosphate transport
[Nesbitt et al., 1995]. All of these observations demonstrated that the primary cause
for Hyp is the abnormality of a humoral factor rather than an intrinsic renal defect.
Since PTH is known to inhibit renal NaP; cotransport, one might expect it to be
involved in the pathogenesis. However, PTH level is normal in XLH patients [ Arnaud
et al., 1971], and parathyroidectomy does not alleviate phosphate wasting in Hyp
mice [Cowgill et al., 1979]. These two results exclude the responsibility of PTH for
hypophosphatemia in Hyp mice. According to all of these results, it is proposed that a
new humoral factor(s) regulate(s) the expression of NaP;j-2 and control(s) the
phosphate homeostasis. In addition, based on the fact that Hyp bone cells failed to
produce normal bone when transplanted into normal mice, it was proposed that Hyp
mice had a primary osteoblast defect and osteoblasts played an important role in the
pathogenesis of the Hyp defect [Ecarot-Charrier et al., 1988; Ecarot et al., 1992].
These suggestions are strongly supported by the studies of Lajeunesse et al. [1996], in
which it was found that the addition of Hyp mouse serum, not the normal mouse
serum, to the culture medium for at least 24h specifically impaired NaP; cotransport
in primary mouse proximal tubular cultures. Moreover, when primary mouse
proximal tubular cells were treated for 48h with Hyp mouse bone cell medium
conditioned for at least 48h of culture, P; uptake was specifically inhibited. The
existence of a humoral factor that can impair renal NaP; cotransport and the

proposition that osteoblasts play an important role in maintenance of Pi homeostasis
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are further supported by the studies on the tumour-induced osteomalacia. The
oncogenic osteomalacia has similar characteristics to XLH, such as
hypophosphatemia, low or inappropriately normal serum concentration of
1,25(0H),Ds. Strong evidence has been raised that a humoral factor produced by the
tumour is responsible for oncogenic osteomalacia. If the tumor can be located and
completely removed, all the symptoms are alleviated, moreover, tumor extracts or
conditioned medium from cultured osteomalacia caused abnormal P; transport
[Popovetzer et al., 1981; Nelson et al., 1996], indicating the tumor produces one or
more factors that impair both renal phosphate reabsorption and 1,25(OH);D;
synthesis. This new humoral factor(s), termed as phosphatonin [Econs et al., 1994],
may represent a peptide hormone or a family of hormones, with a broad molecular
weight of 8-40 kDa [Cai et al, 1994; Chalew et al., 1996]. Although no direct
evidence show that phosphatonin is parathyroid hormone or parathyroid hormone-
related protein, some observations suggest that parathyroid hormone/parathyroid
hormone-related protein receptors may modulate the activity of the factor [Drezner et
al., 2000].

With great efforts to elucidate the genetic basis of XLH, an International
Consortium identified the responsible gene for XLH by genetic linkage analysis,
using highly polymorphic microsatellite markers and DNA samples from 150
unrelated families with XLH [HYP Consortium, 1995; Econs, 1996]. This gene was
designated PHEX (PEX formerly) to depict a phosphate-regulating gene with
homologies to endopeptidase located on the X chromosome. Its predicted amino acid

sequence suggests that it is a membrane protein with a short N-terminal cytoplasmic
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domain, a single transmembrane domain and a large extracellular domain, of more
interest, it contains significant homology to a family of metalloprotease [Francis et
al., 1997]. Subsequent studies determined that human PHEX gene has 22 exons that
encode a 749 amino acid protein which is highly expressed in bone cells, but not in
kidney [Beck et al., 1997; Lipman et al., 1998]. A study demonstrated for the first
time that the Phex gene encoded for a 97 kDa protein which was present in the
membrane extracts of cultured osteoblasts derived from newborn mouse calvaria
[Ecarot & Desbarats, 1999]. This 97 kDa protein was undetectable in the kidney of
normal and Hyp mice, nor in bone of Hyp mice, but in bone of normal mice. Another
study showed that cell membrane from cultured COS cells transiently expressing
Phex gene efficiently degraded exogenously added parathyroid hormone-derived
peptides [Lipman et al, 1998]. After the human PHEX gene and cDNA clone, mouse
Phex was rapidly cloned [Du et al., 1996]. Subsequent to the cloning, mutations of
PHEX/Phex gene have been discovered in XLH patients, Hyp mice and Gy mice
[Holm et al., 1997; Strom et al,, 1997; Tyynismaa et al., 2000]. These mutations
further demonstrated the association of PHEX/Phex to XLH, while the function and
mechanism of PHEX/Phex protein is not clear. Given its homologue to
endopeptidase, one hypothesis emerged that PHEX/Phex is involved in the
inactivation of a phosphaturic hormone or the activation of a Pi-conserving hormone.
Because it codes a membrane-bound protein, it is clear that the PHEX/Phex protein is
not phosphatonin. However, phosphatonin is its potential substrate. In healthy
conditions, PHEX/Phex is expressed at a normal level in bone cells, it directly or

indirectly regulates the expression or function of phosphatonin and keeps the renal
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NaP; cotransport function to maintain a normal serum P; concentration. Mutations
produce dysfunctional PHEX/Phex protein or no protein expression, resulting in
excessive concentrations of phosphatonin which would inhibit the renal NaP;

cotransport [Rowe, 1998; Tenenhouse, 1999; Econs, 1999; Drenzner, 2000].

I1.3 Effects of hypophosphatemia on glucose metabolism

I1.3.1 Glucose metabolism

Glucose is the main energy source in most tissues, and the only energy substrate
in some tissues, such as in brain and erythrocyte. Glucose homeostasis is such of
importance that it is controlled within a strict range by hormones. Glucose is mainly
produced in liver through gluconeogenesis and glycogenolysis, utilized through
glycolysis, and deposited via glycogenesis.

Gluconeogenesis and glycolysis have all enzymes in common except those that
catalyze the irreversible steps that ensure a unidirectional flux from pyruvate to
glucose: pyruvate carboxylase, phosphoenolpyruvate carboxykinase (PEPCK),
fructose-1,6-bisphosphatase (Fru-1,6-P,ase), and glucose-6-phosphatase (G6Pase).
Gluconeogenesis is under hormonal regulation. Stimulating factors include glucagon
(acting via cAMP), epinephrine, glucocorticoids, thyroid hormones, and vasopressin,
while insulin is the physiological counterregulatory hormone [Kraus-Friedmann et

al., 1984]. Gluconeogenesis is controlled at several steps which are the PEP/pyruvate
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Figure 3 Substrate cycles in the gluconeogenesis and glycolytic pathway

The three cycles are PEP/pyruvate cycle, Fru-6-P/Fru—1,6-Pz cycle and G6P/glucose
cycle. The enzymes of these three cycles, which are subjected to hormonal
regulations, are PK, PEPCK, Fru-1,6-Psase, 6-PF-1-K, 6-PF-2-K/Fru-2,6-Pzase, GK
and G6Pase. Fru-2,6-P; is an activator of 6-PF-1-K and an inhibitor of Fru-1,6-P,ase.
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cycle, fructose-6-phosphate/fructose-1,6-bisphosphate (Fru-6-P/Fru-1,6-P2) cycle,
and G6P/glucose cycle (as shown in Figure 3).

In the PEP/pyruvate cycle, pyruvate is converted to oxaloacetate by pyruvate
carboxylase which is located in mitochondria. Oxaloacetate is converted to PEP by
PEPCK. In the glycolytic pathway, pyruvate kinase (PK) converts PEP to pyruvate.
Some studies showed that pyruvate carboxylation was the limiting and flux-
generating steps [Ochs & Lardy, 1983], while others suggested the futile cycling at
the pyruvate kinase level was a regulated point for the metabolite flux [Groen et al.,
1983]. Liver type PK is an allosteric enzyme. The phosphorylation of PK by cAMP
dependent protein kinase increases the apparent Ky, for PEP without effect on activity
in the presence of a saturating concentration of substrate. Cyclic AMP also inhibits
the transcription level of L-type PK, whereas insulin stimulates PK transcription
[Decaux et al., 1989; Noguchi et al., 1985]. In diabetic and fasting subjects, PK
activity and mRNA decreased, which could be restored by insulin administration or
refeeding [Vaulont et al., 1986]. PEPCK, mainly located in cytosol in rat and mouse
liver, is generally considered to be the first committed step in gluconeogenesis in
hepatic and renal cells. PEPCK activity is determined by its protein amount because
no allosteric modifiers have been described. Its gene expression is decreased by
insulin, increased by cAMP, glucocorticoids and thyroid hormones [Hanson &
Reshef, 1997].

The Fru-6-P/Fru-1,6-P; cycle is a pivotal crossroad for glycolytic/
gluconeogenesis flux in liver. Fru-1,6-P; level is controlled by the activities 6f the

gluconeogenic enzyme Fru-1,6-P;ase and by 6-phosphofructo-1-kinase (6-PF-1-K),
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the opposing glycolytic enzyme. The activities of these two enzymes are affected by a
metabolite Fru-2,6-P,, an allosteric activator of 6-PF-1-K and competitive inhibitor of
Fru-1,6-P;ase. Its level is controlled by a unique bifunctional enzyme, 6-
phosphofructo-2-kinase/fructose-2,6-bisphosphatase  (6-PF-2-K/Fru-2,6-P;ase), the
activity of which is subjected to phosphorylation and dephosphorylation. In liver,
cyclic AMP dependent protein kinase can phosphorylate 6-PF-2-K/Fru-2,6-P;ase and
result in the inhibition of its kinase and stimulation of its phosphatase activity, hence
a decrease in Fru-2,6-P, [Kurland & Pilkis, 1995]. Because of the activating effect of
Fru-1,6-P; on pyruvate kinase, these two cycles of PEP/pyruvate and Fru-6-P/Fru-
1,6-P; are linked together. All the regulatory factors which favour the increase of Fru-
1,6-P; could also stimulate pyruvate kinase and affect the flux towards the direction
of glycolysis.

The G6P/glucose cycle is at the final step of glucose production and controls the
fate of G6P. Both G6Pase and glucokinase (GK) are involved in this cycle. The
detailed information of G6Pase is discussed in the previous chapter. GK, one member
of the hexokinase (HK) family, is highly expressed in hepatocytes and B-cells. GK is
important for glycolysis and glucose-stimulated insulin secretion. Hepatic GK
activity is allosterically inhibited by its regulatory proteih [van Schaftingen et al,,
1992]. Fru-6-P potentiates the binding of GK to its regulatory protein while fructose
and Fru-1-P inhibit this reaction, hence increase GK activity. GK gene expression is
increased by hyperinsulinemia in rats [Matschinsky et al., 1996], while cAMP could

repress the transcription of GK [Nouspikel & Iynedjian, 1992]. In fasting or diabetic
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subjects, GK mRNA and activity was reduced, when refeeding or injecting insulin,
GK transcription was induced rapidly.

Glycogen phosphorylase (1,4-a-D-glucan:orthophosphate a-D-
glucosyltransferase) phosphorolytically removes single glucose residues from a-(1,4)-
linkages within the glycogen molecules. The product of this reaction is glucose-1-
phosphate. Liver phosphorylase activity is tightly controlled by phosphorylation.
Cyclic AMP activates phosphorylase kinase and phosphorylase, glucose itself

competitively inhibits the activity of phosphorylase.

IL.3.2 Relation between hypophosphatemia and glucose metabolism

As previous described, inorganic phosphate plays a crucial role in cellular
metabolism and disturbances of phosphate homeostasis cause a number of
abnormalities in body metabolism. Poorly controlled diabetes is one of the clinical
situations to which hypophosphatemia may be associated. One can see this situation
clearly from a case report. One woman was hospitalized because of hyperglycemia,
insulin resistance and hypophosphatemia. Her hyperglycemia could not be reduced by
insulin administration and other regular diabetic therapy methods, but quickly
returned to normal level after inorganic phosphate infusion [Ravenscroft et al., 1999].
Other studies have also been reported on the relation between hypophosphatemia and
glucose metabolism. It was reported that, as early as in 1980 [DeFronzo & Lang,
1980], hypophosphatemic patients had reduced glucose metabolizing rate, but similar

insulin response and insulin clearance rate, indicating tissue insensitivity to insulin in
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hypophosphatemic conditions. Similarly, when plasma phosphate concentration was
elevated by phosphate infusion in healthy subjects, the glucose disposal rate was
higher than that of control (sham infusion, inducing low plasma phosphate) while
insulin secretion was similar [Nowicki et al., 1996], indicating a tissue insulin
insensitivity in the sham infusion individuals. This was further éupported by the study
of Paula et al [1998] which showed that hypophosphatemic patients had the same
glucose tolerance, but significantly higher insulin secretion during the oral and
intravenous glucose tolerance test. In contrast, it was reported that the glucose
stimulated insulin secretion in pancreatic islets was lower in the Pi-depleted rats
[Zhou et al., 1991]. It was also reported that, when glutamine and a-ketoglutarate
were used as substrate, a higher glucose production was found in cultured proximal
tubule cells from Hyp mice [Capparelli et al., 1992]. It is of interest to notify that an
altered gluconeogenesis was also observed in the cultured osteoblast from Hyp mice
when fructose, glutamine, and malate were used as gluconeogenic precursor, but not
with a-ketoglutarate, and this was associated with a depressed intracellular pH [Rifas
et al., 1995]. From these evidences, it is clear that hypophosphatemia affects glucose
and insulin metabolism. On the other hand, glucose and insulin also affect phosphate
homeostasis. In the presence of hyperglycemia, especially.when accompanied with
polyuria and acidosis, phosphate is lost through the urine in excess [Berner et al.,
1988]. As reported [Li et al., 1996], fasting downregulated, while streptozotocin-
induced diabetes increased the NaP;-1 mRNA in both rat kidney and liver, insulin

upregulated the NaP;-1 mRNA in primary cultures of rat hepatocytes.
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Chapter III Objectives and experimental hypothesises

The objectives of this thesis are to investigate the hydrolytic mechanism of
Go6Pase, the function of the two components of the G6Pase system, as well as the
relation between glucose metabolism and phosphate deficiency, caused either by a P;-
deficient diet or genetic mutations.

The hypothesis about the relation of glucose and P; deficiency is that
hypophosphatemia affects G6Pase and impair glucose metabolism. In order to testify
this hypothesis, G6Pase was studied in rats fed with a P;-deficient diet or a control
diet. Other glucoregulatory factors were also investigated under these conditions.
Go6Pase was also studied in a genetic hypophosphatemic animal model — Hyp mice.

In order to study the hydrolytic mechanism of G6Pase and to investigate the
function of p46 in the G6Pase system, kinetic characteristics of inorganic phosphate
and glucose transport were investigated in rat liver microsomes. Moreover, kinetic

characteristics of G6P transport/hydrolysis were also studied in rat liver microsomes.
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Chapter IV Methods
IV.1 Animal handling

IV.1.1 Feeding condition

Spragle-Dawley male rats (around 300g) from the Charles Rivers Company were
housed in plastic cages under 12h:12h day and night conditions with free access to
water all the time. They were fed ad /ibitum with regular rodent diet (LabDiet,
Oakville, ONT) for one week and switched to a P;-deficient diet (No. 86128, Teklad,
Madison, WI) (-P;) or a control (No.86129) (+P;) diet for 48h with or without
overnight fasting. They were sacrificed on the morming of the third day for liver or
blood sampling. According to these conditions, 4 groups of rats were obtained: 1. Fed
(-Py); 2. Fed (+P;); 3. Fasted (-P;); 4. Fasted (+P;). These rats were used as the liver

and kidneys donors (n = 5-6) or for the intravenous glucose tolerance test (n = 4-5).

IV.1.2 Animal surgery for intravenous glucose tolerance test

Spragle-Dawley rats (around 300g) were fed with the régular rodent diet for one
week to get used to the environment before the surgery. The rat was anaesthetized
with pentobarbital sodium (50mg/kg body weight) and given atropine to minimize
respiratory secretions during anaesthesia. They also received one dose of antibiotic

(Baytril, Smg/kg body weight) and analgesic postoperatively (0.1mg/kg body
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weight). Sterile catheters (Intramedic PE-50 with around 3cm beveled Silastic tips)
were placed in the left carotid artery (for blood sampling) and the right jugular vein
(for tracer infusion and bolus injection). The distal ends of all catheters were tunneled
subcutaneously, exteriorized, and anchored at the nape of the neck. The catheters
were backfilled with heparinized (20 units/ml) saline and sealed, and flushed every
other day with normal saline and refilled with heparinized saline to maintain patency.
After the surgery, rats were recovered for one week, then fed with the (-P;) diet or

the (+P;) diet for 48h and fasted overnight for the glucose tolerance experiments.

IV.1.3 Hyp mice

Male mice (4-6 weeks old) of the C57BL/6J strain, both normal (C57BL/6J +/Y)
and Hyp (C57BL/6J Hyp/Y) were obtained from the laboratory of Dr. Lajeunesse at
University of Montreal. Hyp mice were identified by the shorter body length and tail
length, lower weight and reduced serum phosphorus levels [Lajeunesse et al., 1996].
The mice were fed with regular rodent diet RMH 2500 from PROLAB (Mexico, MX)
and anaesthesized with Nembutal (75mg/kg body weight) before the livers and
kidneys were taken for homogenization or frozen in liquid nitrogen pending further

analysis. Five Hyp mice and four age matched control mice were used.

IV. 2 Preparation of microsomes
The livers from the rats described above were homogenized at 4°C with a Yamato

homogenizer in 50 mM Hepes-Tris buffer, pH 7.3, including 250 mM sucrose. The
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homogenate was centrifuged at 1,000g for 10 min at 4°C. The supernatant was
centrifuged at 12,000g for 10 min at 4°C. The second supernatant was centrifuged at
100,000g for 60 min at 4°C. The pellet was resuspended in the same buffer (around
20 mg protein/ml) and kept at -80°C. This microsomal prepa;ation was for G6Pase
hydrolytic activity and transport measurements. The last supernatant was aliquated
and kept at —80°C for the assay of glucokinase, pyruvate kinase and PEPCK activity.

Microsomal preparations from mouse organs and primary cultured hepatocytes

were performed similarly except a glass homogenizer was used.

IV.3 Enzyme activity measurement

IV.3.1 G6Pase hydrolytic activity

G6Pase hydrolytic activity was measured at 30°C or room temperature in 50 mM
Hepes-Tris, pH 7.3, including 250 mM sucrose at different concentration of G6P with
a constant [U-"*C]G6P around 8 nCi. The reaction volume was 100 pl, including 10
ul microsomes, the indicated concentration of G6P and buffer. After 2 min
incubation, 500 ul 0.3 N ZnSO4 was added to stop the reaction. 500 pl saturated
Ba(OH); was added to precipitate the unhydrolyzed GOP. The mixture was
centrifuged at 1000g for 2 min and 500 pl of the supernatant containing the released
glucose was counted. The activity was defined as units/mg protein. One unit styands
for the enzyme amount to release one pmol glucose in one minute. Detergent treated

microsomes were treated with 0.8% chapso at 4°C for 5 min before the activity assay.
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Iv.3.2 Glucokinase activity

Glucokinase activity was measured according to Bontemps et al. [1978].
Glucokinase has a higher K, and Vm. than other hexokinases. Glucokinase
phosphorylates glucose to G6P which is, by other enzymes, converted to ribulose-5-
phosphate with the conversion of two NADP to NADPH. The difference of activity
between 100 and 0.5 mM glucose represents the activity of glucokinase. The reaction
was performed at 30°C in 50 mM triethanolamine buffer, pH 7.5, including 5 mM
ATP, 5 mM MgCl;, 1 mM NADP, 1 pg/ul G6PDH, 0.5 or 100 mM glucose. The
blank was scanned with 800 ul of prewarmed buffer. 100 pl sample was added and
the increase in the absorbance at 340nm was recorded. The glucokinase activity was
calculated according to the molar absorptivity of NADH which is 6300 L/mol/cm,

and expressed as umol/min/mg protein.

1V.3.3 Pyruvate kinase activity

It was performed according to Feliu et al. [1976]. In the presence of ADP-Mg,
pyruvate kinase converts PEP into pyruvate which is converted into lactate by lactate
dehydrogenase with the oxidation of NADH to NAD. The activity is reflected by the
decrease of NADH. The assay buffer was 50 mM imidazél, pH 7.5, including 100
mM KCl, 5 mM MgCl,. The blank was scanned with 835 ul of the assay buffer, 20 pl
of lactate dehydrogenase (25 mg/5 ml), 20 ul of 7.3 mM NADH, 25 pl of 50 mM
ADP-Mg, 50 ul of sample. 50 ul of 3 or 100 mM (0.15 or 5 mM at_final,

respectively) PEP was added to initiate the reaction. The absorbance at 340nm was
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recorded. The activity at 0.5 or SmM PEP represented the activity of the active form

or the total activity, respectively. The activity was calculated similarly to that of

glucokinase.

IV.3.4 Phosphoenolpyruvate carboxykinase activity assay

PEPCK activity was assayed according to its carboxylation activity [Change &

Lane, 1966]. The assay buffer was 100 mM imidazole, pH 7.0, including 50 mM
KHCO;, 1 mM MnCl; and 2 mM GSH. The blank was scanned with 880 pl of the
assay buffer, 20 ul of 7.3 mM NADH, 25 pl of 50 mM IDP, 5 units of malate
dehydrogenase and 50 pl of sample. 25 pl of 50 mM PEP was added and the

absorbance at 340nm was recorded. The activity was calculated as in IT1.3.3.

IV.4 Metabolite assays

IV.4.1 cAMP

Around 100 mg frozen liver was homogenized in 1 ml cold 6% TCA at 4°C.
100,000 cpm of [’H]cAMP was added to the homogenate as an internal control. The
homogenate was centrifuged at 2,000g for 15 min at 4°C. The supernatant was
recovered and washed 4 times with 5 volumes of water-saturated ether. This
preparation was kept at —20°C for the assay of cAMP, pyruvate and PEP.

The cAMP was measured according to the instructions of a cAMP assay kit from

Amersham Pharmacia Biotech (Baie d’Urfé, QC).
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IV.4.2 Pyruvate and PEP

The assay for pyruvate and PEP was performed according to Czok & Lamprecht
[1983] with the same principal to pyruvate kinase assay. The oxidation of NADH is

proportional to the converted substrate.

The TCA extracts were used for the assay of pyruvate and PEP. The assay buffer

was 500 mM triethanolamine, pH 7.6, including 5 mM EDTA. The blank was
scanned with 800 pl of the assay buffer, 200 pl of TCA extracts and 20 pl of 6 mM
NADH. 10 pl of lactate dehydrogenase (2.75 units/ml at final) was added and the
absorbance at 340nm was recorded until it was stable. The change in the absorbance
represented the amount of pyruvate. For the assay of PEP, 10 pl of 125 mM ADP, 20
ul of 500 mM MgSO, and 10 pl of 3.7 M KCI were added and the blank was scanned
again. 20 pl of pyruvate kinase (2 units/ml at final) was added and the absorbance at

340nm was recorded until it was stable. This change represents the amount of PEP.

IV.4.3 Inorganic phosphate

Inorganic phosphate was measured according to the classical acidified molybdate
colorimetric phosphate assay. The TCA extracts were used for liver P; content assay.
For blood sample, 50 pl of plasma was deproteinized by adding 1 ml 6% TCA. The
mixture was centrifuged to precipitate the protein. 0.2 ml of TCA tissue extracts or 1
ml of TCA plasma extracts were added into a glass tube. The final volume was made

up to 4.3 ml with water. 0.5 ml molybdate and 0.2 ml AANS were added. The
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mixture was incubated for 30 min at room temperature and the absorbance at 660nm
was read. The P; content was calculated by comparing the absorbance with that of 0.5
pumol of H3PO4. The composition of AANS was 14.6% (w/v) NaHSOs, 0.25% 1,2,4-

amino-naphtolsulfonic acid, 0.5% Na;SOs.

IV.4.4 Fru-2,6-P,

Fru-2,6-P; was assayed by its property to stimulate liver phosphofructokinase [van
Schaftingen et al., 1982]. Since it is acid liable, Fru-2,6-P; was extracted from frozen
tissue in 50 mM NaOH. Around 100 mg frozen tissue was homogenized in 1 ml of
50 mM NaOH. The homogenate was incubated at 80°C for 10 min and kept at 4°C
for the assay. The assay buffer was 500 mM Tris-acetate, pH 8.0, including 25 mM
MgCl,, 10 mM F6P, 30 mM G6P, 2mM NADH. The traces of Fru-2,6-7; in the
product of Fru-6-P was destroyed through the following treatment. 5 ml of 50 mM
Fru-6-P solution was treated with 335 ul of 45% HCLO4 for 20 min at room
temperature, then neutralized with 250 pl saturated K;CO;. The mixture was
centrifuge at 5000g for 5 min and 5 ml of supernatant was taken to obtain a final
concentration of 100 mM with H,O. Anions which can counteract the effect of Fru-
2,6-P, was removed from auxiliary enzyme by gel filtration -as below. The mixture of
5 mg muscle aldolase (9 units/mg), 1 mg glycerol-3-P-dehydrogenase (170 units/mg)
and 0.1 mg triose-phosphate isomerase (5000 units/mg) was centrifuged at 5000g for
5 min. The pellet was dissolved in 0.4 ml water and loaded onto a 20 ml column of

Sephadex G-25 (fine) equilibrated with 50 mM NaCl, 25 mM Tris/acetate, pH 8.0.
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The filtered enzyme fraction (1 ml) was combined with 1 ml 2% bovine serum
albumin and 1 unit of phosphofructokinase. The mixture was made up to 10 ml and
kept for no longer than 1 day at 4°C.

For the standard curve, the reaction solution contained 50 pul of 50 mM NaOH, 100
pl of the assay buffer, 50 pl of combined enzyme solution, and 0, 10, 15, 20, 25, or
30 pl of 0.1 uM Fru-2,6-P,, respectively, with H,0 to a total volume of 950 pl. After
scanning the blank, 50 pl of 20 mM sodium pyrophosphate was added and the
absorbance at 340nm was recorded every minute for 10 min. The standard curve was
obtained from the AA/At values versus the corresponding concentration of Fru-2,6-P».

For the sample assay, Fru-2,6-P, was replaced by 20 pl of sample. The

concentration was obtained from the standard curve according to the AA/At values.

IV.4.5 Glycogen

Liver or microsomal bound glycogen content was assayed according to Hue et al.
[1975]. The NaOH extracts for Fru-2,6-P, assay were used for liver glycogen content
measurement. The alkaline extracts were neutralized with 1.5 N acetic acid until pH
5.5, and centrifuged 20 min at 4°C at 10,000g. 500 pl supernatant was taken to
incubate with 100 pl amyloglucosidase (1 mg/ml in 100 mM acetate buffer, pH 5.5)
at 37°C for 90 min. The produced glucose from glycogen was measured by the
appearance of NADH through the combined reaction of hexokinase and GG6PDH. The
assay buffer was 250 mM triethanolamine, 2.5 mM MgSQO4, 10 mM ATP, 10 mM

NADP, pH 7.3, including 7 ul/ml G6PDH (1 mg/ml). The blank was scanned with
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850 pl assay buffer and 50 pl sample. 5 pl hexokinase (10 mg/ml) was added and the
absorbance at 340nm was recorded until it was stable. The AA340nm was

transformed to glucose amounts by comparison with the values of glucose standards.

IV.5 Intravenous glucose tolerance test

The rat IVGTT was done as described in [McArthur et al., 1999]. After the
surgery, rats were allowed to recover for one week, fed with the special diet for 48h,
and fasted for overnight. On the morning, after weighted and 30cm saline-filled PE-
50 extensions were connected to the exteriorized catheters, the rat was placed into a
Plexiglas experimental chamber (floor area around 600 cm?) and left to settle for 20-
30 min. The first blood sample was taken when the rat was settled calmly. 10 min
later (regarded as time point 0), a primed, continuous infusion of [3-’H]glucose was
started via the jugular vein catheter with a peristaltic pump. The priming dose (9 pCi
in 0.9 ml) was given within 60 s, and the continuous infusion (10 pCi/ml) was
infused at a rate of 0.015 ml/min (0.15 puCi/min) throughout the experiment. Blood
samples were taken at 120, 130, 140, 150, and 155 min. At 160 min, a glucose bolus
(0.3 g/kg) mixed with tracer glucose (13 pCi) was given via the jugular catheter
within 1 min. Blood samples were taken at 162, 165, 170, 175, 180, 190, 220, and
250 min. Hematocrit was measured before and after the experiment. Blood samples
were centrifuged for 5 min at 10,000g. The plasma was taken for glucose, insulin and
tracer radioactivity assay as following.

Plasma glucose was assayed with glucose oxidase method (microplate assay).
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Plasma insulin was assayed according to the rat insulin ELISA kit from Crystal
chem Inc (Chicago, IL).

To determine the plasma specific radioactivity, 20 pl plasma were deproteinized
by addition of 40 pl of 0.3 N Ba(OH); and 40 pl of 0.3 N ZnSO,. The mixture was
centrifuged and 100 pl of supernatant was transferred into a scintillation vial which
were dried at 37°C overnight to remove [PHJH,O. 100 pl distilled water and 10 ml

scintillation liquid were added to the vials which were counted for 10 min.

IV.6 Northern blot

Total RNA was extracted from frozen tissue (Liver or kidney) or primary cultured
hepatocytes using TRIzol Reagent. 15 or 20 pg total RNA was separated in 1%
agarose gel containing 1.5 M formaldehyde for 2.5 h at 72 V. RNA was transferred to
Nylon membrane by a capillary technique in 20x SSC (I1x SSC is 0.15 M NaCl,
0.015 M sodium citrate, pH 7.0) solution, and immobilized to the membrane by 5 min
exposure to UV. The membrane was prehybridizated in 1 ml prehybridization/
hybridization solution per 10 cm® membrane at 68°C for 3 h, then hybridized
overnight at 68°C with the specific probe at a total radioactive specificity of 6 x 10°
CPM in 6 ml hybridization solution. The membrane was then washed with 2x
SSC/0.1% SDS, 0.5x SSC/0.1% SDS, and 0.1xSSC/0.1% SDS solution for 10 min at

50°C, respectively. Autoradiography was performed.
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The recombinant cDNA template of p36 and p46 were prepared according to

Qiagen Mini plasmid purification method. The purified ¢cDNA fragments were

labelled randomly with [**P]dCTP.

IV.7 Western blot

50 ug microsomal protein was run in a 12% SDS-PAGE for 1h at 100 voltage and
transferred onto a nitrocellulose membrane. The membrane was saturated in 10%
milk in 100 mM Tris, 0.9% NaCl (TBS), pH 7.5, for 1 hour at room temperature and
incubated overnight at 4°C with the primary antibody solution (diluted to 1:500 for
anti-p36 or 1:200 for anti-p46). After washing in TBST for 2x 5min and 1x 15 min,
the membrane was incubated with the secondary antibody (Anti-rabbit IgG AP
conjugated) for 2 h at room temperature. After washing with TBST for 2x 5 min and
1x 15 min, the immunoreaction was detected by the BCIP/NBT system. The specific
band was analysed using a Dual Light TM Transilluminator.

The antiserum against p36 was prepared against the recombinant p36, which was
kindly given by Dr. J.Y. Chou in National Institutes of Health, Bethesda, MD, USA.

The antiserum against p46 was produced against the N-terminus of p46 (5-

GYGYYRTVIFSAMFGGY-21) in our laboratory.

IV.8 Hepatocyte primary culture
Young Wistar male rats (around 200 g body weight) were used for liver perfusion.

The rat was anaesthetized with pentobarbital (50 mg/kg body weight). One canula
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was connected to the portal vein for the perfusat influx. Another canula was
connected to the inferior vena cava for the perfusat efflux. The liver was first
perfused with 200 ml of 119 mM NaCl, 6.7 mM KCl, 10 mM Hepes, pH 7.4 at a rate
of 20 ml/min for 10 min, at 37°C. The solution was then changed into 100 ml of the
same content buffer but including 4 mM CaCl; and 50 mg collagenase. The perfusate
was circulated for 15-20 min at 37°C until the hepatocytes were separated effectively.
Hepatocytes were released into Lebovits’ medium, including 0.2% albumin and 1
ml/L gentamicine. After three times washing, the cells were diluted to 1x 10° cells/ml
with MEM supplemented with 10% fetal bovine serum and 1 mi/LL gentamicine, and
added to collagen coated dishes (4 pg/cm?®) in a density of 1x 10° cells/cm?. Cells
were incubated at 37°C, with 5% COQ; in a humidfied incubator for 1.5 to 3h. The
medium was then changed into P; depleted MEM or control MEM which was
supplemented with 10% fetal bovine serum and 1 ml/L gentamicine. After 24h

incubation, cells were harvested for microsomal preparation or RNA extraction.

IV.9 Transport experiments

IV.9.1 Inorganic phosphate and glucose uptake into rat liver microsomes

Uptake of inorganic phosphate or glucose into rat liver microsomes was performed
at room temperature with a fast sampling, rapid filtration apparatus (FSRFA, US
patent No. 5,330,717). Basically, the substrate (glucose or KH,PO4, at different
concentrations with a constant radioactivity) was included in the incubation medium

(50 mM Hepes-Tris, 250 mM sucrose, pH 7.3) with or without potential inhibitors at
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a final volume of 960 pl, and loaded into the chamber of the machine. 40 pl
microsomes (around 20 mg protein /ml) were injected into the chamber to initiate the
uptake. The mixed solution was sequentially sampled at different time points and
filtered through 0.65 um cellulose nitrate filters. The filters were washed three times
with 1 ml ice-cold buffer and counted for the radioactive content. When 100 mM
unlabelled glucose was used, the same osmolarity was kept by adjusting the sucrose
concentration to 150 mM. For the phosphate transport, 2 mM EGTA was included in
the incubation solution. For the glucose uptake, the washing solution was 50 mM

Hepes-Tris, 250 mM sucrose, with or without 0.25 mM phloretin.

IV.9.2 [U-**C] or [**P]G6P uptake and efflux across rat liver microsomes

[**P]G6P was prepared through the reaction of glucose with [y-*P]JATP catalyzed
by hexokinase [Berteloot et al., 1991a]. The reaction was performed with 2 mM [[y-
32p]ATP-Mg (10 puCi/pl), 10 mM glucose and 10 pg hexokinase in a total volume of
500 pl for 4 h at 30°C. The remained ATP was taken out by the treatment of 2%
activated charcoal. The supernatant was loaded onto a Dowex column and G6P was
collected according to the radioactivity peak. The concentration and specific activity
of G6P were calculated according to its counted DPM compared to that of the
original [y->*P]ATP.

The uptake experiments of G6P were performed with the FSRFA at room
temperature. Different concentrations of G6P with 10 uM [U-1C] or [**P]G6P were

added to the incubation medium (50 mM Hepes-Tris, 250 mM sucrose, pH 7.3) and
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loaded into the chamber. Microsomes were injected into the chamber to initiate the
uptake. Other steps were similarly performed as above.

For efflux experiments, microsomes were incubated with 10 uM **P]G6P, or 0.2
mM G6P including 10 pM [U-"*C] or [**P]G6P, for 3 min at room temperature and

loaded into the chamber. Efflux was initiated by the injection of 0.5 mM vanadate,

unlabelled G6P or KH,PQ;, into the chamber.

IV.9.3 Exchanging transport measurements

The exchanging transport between G6P and phosphate/glucose was performed
using the FSRFA. Microsomes were preincubated with 50 mM glucose or KH,PO4
for 3 min at room temperature, then injected into the chamber containing 50 mM
Hepes-Tris, 250 mM sucrose, pH 7.3 and 10 uM [U-'*C] or [**P]G6P. Other steps
were performed similarly as above.

In order to suppress the hydrolytic activity of G6Pase, microsomes were treated
with 200 uM vanadate for 3 min at room temperature, then preloaded with 50 mM

glucose or phosphate. Similar steps were subsequently performed as above.

IV.10 Data analysis

IV.10.1 Calculation of endogenous glucose production
Endogenous glucose production (Ra) during the IVGTT was calculated from the
plasma specific activity of [’H]glucose according to the following equation as

described in [Finegood & Bergman, 1983]:
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Ra=(Ra - V- G- dSA/dt )/SA
in which V stands the effective glucose distribution volume which is equal to 25% -
Body weight - 0.45, Ra" is the tracer infusion rate, SA is the tracer specific activity,
dSA/dt is obtained from smoothing the curve of SA data against time points using

Optimal Segments software [Finegood et al., 1983].

IV.10.2 Glucose disappearance rate

Glucose disappearance rate Kg was calculated according to [McArthur et al,
1999]. A double-exponential curve fit to the plot of *H counts (DPM) against time (t)
was applied to calculate the rate of ["H]glucose disappearance. The slope of the log.
of plasma glucose against time between the 162 and 180 min time points during the

IVGTT was regarded as Kg.

IV.10.3 Transport kinetic parameters
Transport kinetic parameters, T, and the steady-state levels were calculated as

described in the papers.
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SYNOPSIS

Because phosphate (P;) deprivation markedly affects the NaP; cotransporter in kidney
and has been related to insulin resistance and glucose intolerance, the effect of a P;-
deficient diet on the liver microsomal glucose-6-phosphatase (G6Pase) system was
investigated. Rats were fed with a control diet (+P;) or a diet deficient in phosphate (-
P;) during two days and sacrificed on the morning of the third day, after an overnight
fast (fasted) or not (fed). Kinetic parameters of P; transport (t, and equilibration) into
liver microsomes were not changed by the different nutritional conditions. In contrast,
it was found that G6Pase activity was significantly increased in the (-P;) groups. This
was due to an increase in the Vpax of the enzyme, without change in the K., for G6P.
There was no correlation between liver microsomal glycogen content and G6Pase
activity, but both protein abundance and mRNA of liver 36 kDa catalytic subunit of
G6Pase (p36) were increased. The mRNA of the putative GO6P translocase protein
(p46) was changed in parallel with that of the catalytic subunit, but the p46
immunoreactive protein was unchanged. These findings indicate that dietary P;-
deficiency causes increased G6Pase activity by upregulation of the expression of the

36 kDa catalytic subunit gene.



64

INTRODUCTION

The liver glucose-6-phosphatase (G6Pase) is a multiprotein complex, which resides
in the endoplasmic reticulum membrane and plays an important role in the regulation
of blood glucose concentration [1]. Until now, two components have been cloned: a
36 kDa catalytic subunit (p36) [2] and more recently a 46 kDa protein (p46) [3], that
has been proposed to be a G6P transporter. P36 gene expression has now been well
studied, positive effectors that increase p36 mRNA include glucose, fatty acids,
cyclic AMP and glucocorticoids, whereas insulin decreases p36 mRNA [4].
Accordingly, in fasting and diabetes, when the insulin/glucagon ratio is low, p36
mRNA, protein and activity are high [5]. Hormonal control of p46khas not yet been
reported.  Inorganic phosphate imbalance leads to a number of disorders [6,7].
Hypophosphatemia in several diseases (hypophosphatemic rickets, adult-onset
hypophosphatemic osteomalacia, renal P; leak) is associated with insulin resistance
and glucose intolerance [8], but this association depends on the severity of
hypophosphatemia [9]. A P;-deficient diet causes upregulation of the expression of
the rat kidney NaP;-2 cotransporter [10-12], while a potential effect of P; deprivation
on the liver endoplasmic reticulum G6Pase complex, which includes a P; transport
system, has not been investigated.

Our results show that a P;-deficient diet upregulates rat liver microsomal G6Pase
activity by increased expression of the p36 catalytic subunit gene, but without

significant change in the abundance of the putative G6P translocase p46 protein.
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EXPERIMENTAL

Materials

*?PJKH,PO; and [U-"*C]glucose-6-phosphate were from ICN Biomedicals
(Montreal, QC) and [a-*?P]dCTP was from Pharmacia Biotech (Baie d’Urfé, QC).
Bovine serum albumin, glucose-6-phosphate and amyloglucosidase were from Sigma
(St Louis, MI). Hexokinase and glucose-6-phosphate dehydrogenase were purchased
from Boehringer (Laval, QC). Molecular markers were purchased from Bio-Rad
(Mississauga, ONT). The rabbit polyclonal antiserum against the recombinant
Go6Pase catalytic subunit (antibody against p36) was a kind gift of Dr. J.Y. Chou
(N.ILH, Bethesda). The rabbit antiserum against N-terminal of p46
(GYGYYRTVIFSSAMFGGY) was produced in our laboratory. The BCIP/NBT
stock solutions and the anti-rabbit IgG-AP conjugate were from the Promega Co
(Madison, WI). TRIZOL LS Reagent was from Gibco BRL (Burlington, ONT).
Animals

Male Sprague-Dawley rats (300-350 g body weight) were used as the liver donor.
Rats were fed for 48 hours with either a P;-deficient diet (No. 86128) (-P;) or a control
(No. 86129) (+P;) diet (Teklad, Madison, WI) containing 0.03% (w/w) or 1% (w/w)
phosphate, respectively. All other components are the same in both diets. The fasted
group had food removed 18 hours before sacrifice by decapitation while the fed group
had constant access to food. According to these conditions, rats were classified into 4
groups: 1. Fed (-P; ); 2. Fed (+P; ), 3. Fasted (-P; ); 4. Fasted (+P; ). There were 5 rats

in groups 1 to 3, and 6 rats in group 4.
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Preparation of rat liver microsomes and G6Pase assay

Rat liver microsomes were isolated individually as described previously [13], except
that the buffer was 250mM sucrose, 50mM Hepes-Tris at pH 7.3. G6Pase activity
was assayed as in [14], before and after detergent (Chapso 0.8%) treatment.

Glycogen

Glycogen was asssayed in liver microsomes with the amyloglucosidase assay [15].
Phosphate transport

Zero-trans phosphate transport across the microsomal membrane was measured as
described before [13].

Western blot analysis

Rat liver microsomes (50g) were subjected to a 12% SDS-PAGE at 100V for about
1 hour in the Laemmli buffer. Then proteins were electro-transferred to a
nitrocellulose membrane at 100V for 1 hour. The membrane was saturated for 30min
in 100mM TBS, pH7.5, containing 10% milk. Membranes were incubated in the
primary antibody solution (diluted to 1/500 for anti-p36 or 1/200 for anti-p46). The
membrane was washed and incubated in the alkaline phosphatase conjugated anti-
rabbit IgG solution (diluted as specified) for 1 hour. The membrane was washed
again and detected in BCIP/NBT substrate system. The membrane was scanned and
the quantification of each specific band was analyzed by using a Dual Light™

Transilluminator.
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Northern blot analysis
Total liver RNA was individually extracted with TRIZOL LS Reagent. The same
amount of RNA was fractionated by 1% agarose-formaldehyde gel electrophoresis,
then transferred to a nylon membrane by a capillary technique in 20xSSC solution.
The membrane was rinsed in 2xSSC solution, dried and immobilised under UV light.
The hybridization was performed with [a-**P]dCTP labelled probe (full length cDNA
of p36 or p46) overnight at 68°C. The membrane was washed properly and exposed
to a film for a certain time. The intensities of the mRNA bands were determined
using a densitometer (Dual Light™ Transilluminator).
Data analysis
Phosphate transport kinetic analysis was done according to Equation 1:

A=EQU (1-e ™)+ A, (Equation 1)
in which A represents the tracer accumulation into microsomes at time t, EQU is the
tracer accumulation at equilibrium, k is the rate constant and A, the radioactive
background.
The parameter t;2 , the time at which 50% of a process has been completed, was
calculated using Equation 2:

tin=Ln2/k (Equation 2)
Statistical analysis was performed according to Students' T test. Differences were

considered significant when the p value was less than 0.05.
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RESULTS AND DISCUSSION

P; transport

Renal NaP; cotransport is markedly upregulated by dietary phosphate deprivation [10-
12], but it is not known whether liver microsomal phosphate transport is also affected
by this diet. Liver microsomes were prepared individually from each rat in the 4
experimental groups. Table I shows that the t;/; of tracer [*>P]KH,PO,4 (10uM) uptake
into microsomes was about 23 seconds and did not change with the nutritional
conditions (fasted or fed, + P; or - P;). The transport process reached an equilibrium
after about 2min, as we documented before [13], and the tracer accumulation at that
time (EQU) was about 9 pmol/mg. Similarly to the tiz, EQU values were not
statistically different for the four experimental groups. These results show that the
transport rate and the phosphate accessible space of liver microsomes were unaffected
either by fasting or by a (-P;) diet.

G6Pase activity

The reported association of phosphate deprivation and glucose intolerance [8,9] lead
us to further investigate the liver G6Pase system in our experimental conditions, since
G6Pase is responsible for hepatic glucose production and the maintenance of
euglycemia. Fig.1 shows that the activity of G6Pase, measured in liver microsomes
with 0.2mM G6P before and after detergent treatment, was increased in both fed and
fasted groups of (-P;) rats compared to controls (+P;). It can be seen that this diet-

induced increase in activity was additive with the well-documented proper effect of
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fasting [16] as well as with that resulting from detergent treatment. The increase in
G6Pase activity due to the (-P;) diet was caused by an increase in Vpax rather than a
change in the Ky, of G6Pase for G6P (Table II). Also shown in Table I, is that fasting
increased significantly the V.« of G6Pase and that the K,, of G6Pase for G6P
decreased in the presence of detergent, as has been shown before. From these results,
it could be deduced that the (-P;) diet upregulates G6Pase activity in liver.

It has been reported that glycogen-bound fatty acids regulate G6Pase activity and
might be responsible for changes in this enzyme activity in the fasting-refeeding
period [17]. We thus explored the possibility that increased G6Pase activity was due
to a lower liver microsomal glycogen concentration in the (-P;) group. This was
however not the case. As shown in Fig 2, the microsome glycogen content decreased
to a large extent by fasting, but there was no obvious correlation between glycogen
content and G6Pase activity.

We further verified if upregulation of G6Pase activity by dietary P; deprivation was
caused by changes in the protein amount of G6Pase p36 catalytic subunit and/or of
p46 putative G6P transporter.

Western analysis of p36 and p46 G6Pase protein

The abundance of immunoreactive microsomal protein was measured with a
polyclonal antibody against the catalytic subunit of G6Pase. The visualized band was
at a position corresponding to a Mr of about 36kDa (Fig.3A). The corresponding
density scan results are shown in Fig.3C. One can see that the effect of the (-P;) diet

on G6Pase activity was accompanied by a parallel increase in p36 catalytic subunit
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abundance and that, as for G6Pase activity, there was an additive effect of (-P;) diet
and fasting on this parameter.

The 46kDa component of G6Pase is a putative glucose-6-phosphate transporter,
which may also be a regulator of the G6Pase catalytic subunit. It was thus possible
that a (-P;) diet has some effect on this protein, resulting in the change in G6Pase
activity. An antibody against the N-terminal part of p46 was used to detect p46
protein abundance. The scan results of the specific band are shown in Fig.3B. It is
apparent that unlike p36, the p46 protein associated to microsomes was not
significantly changed in the present experimental conditions (Fig.3C).

Northern blot analysis of p36 and p46 G6Pase mRNA

In order to know if the increased p36 protein was due to increased synthesis or
decreased degradation, the p36 mRNA abundance was measured. Northern blots of
p36 mRNA and p46 mRNA were performed with the full length cDNA of p36 or p46
as a probe, respectively. Fig.4A shows a representative blot for p36 in the four
experimental groups and Fig.4C shows the quantification of the bands. It can be seen
that fasting increases p36 mRNA, a result consistent with the corresponding Western
blot and that has been reported previously [16]. Also in agreement with the
immunoreactivity, p36 mRNA increased significantly in the (-P;) diet groups as
compared to the (+P;) diet groups, showing that alimentary P; deficiency affects p36
gene expression. The liver p46 mRNA changes were parallel to those of p36. Fig.4
shows indeed that p46 mRNA abundance was increased with fasting, as documented
before [18], as well as with the (-P;) diet in the fed and fasted groups. The fact that

these changes in mRNA were not associated with changes in protein (see Fig.3),
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suggests either increased degradation of p46 or less translation of p46 mRNA.
Interestingly, a low phosphate diet induces a post-transcriptional effect on parathyroid
hormone gene expression that is related to the binding of parathyroid proteins to the
3’-untranslated region of parathyroid hormone mRNA, this low phosphate diet results

in decreased stability of the transcript [19].
CONCLUSIONS

Contrary to kidney, where dietary P; deprivation markedly induces overexpression of
the NaP;-2 cotransporter, this diet does not .affect liver microsomal P; transport. The
present results show for the first time that P; deprivation in vivo causes microsomal
liver G6Pase upregulation. In our experimental conditions, an increase in the p36
catalytic subunit alone is sufficient to enhance G6Pase activity. This could in turn
favor increased hepatic glucose production and be partially causal in the association
found between hypophosphatemia and glucose intolerance.

We do not know how P; deficiency leads to increased gene expression. Studies
using cultured cells, in which the extracellular parameters can be controlled better
than in vivo could give us that information. It will also be interesting to see if other
enzymes, besides Go6Pase, involved in glucose production by the liver are also
affected by P; deprivation. The candidate genes to be affected by Pi-deficiency are
glucokinase, pyruvate kinase (that are expected to be down-regulated) and
phosphoenolpyruvate carboxykinase (that is expected to be upregulated). This work is

in progress.
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FIGURE LEGENDS

Figure 1. Effect of fasting and a Pi-deficient diet on microsomal G6Pase activity

G6Pase activity was measured with 0.2mM glucose-6-phosphate at 30°C for
2min. Results are mean values + S.EM. for each group (n = 5-6). Bars headed by
same letters are statistically different from each other by : @ p< 0.001; b p< 0.02; ¢
p< 0.01; d p< 0.01 (Unpaired Student’s f test).

Figure 2. Comparison of microsomal glycogen content and G6Pase activity

Glycogen content was measured in microsomes as described in the Methods
section. G6Pase activity was measured at 0.2mM G6P in intact microsomes at
30°C for 2min.

Figure 3. Immunoblot analysis of p36 and p46

(A, B) One representative visualization of specific bands of p36 and p46
respectively in the four experimental groups. (C) Quantification of specific bands
for each group. The fed (+Pi) group was taken as control (100%). Results are
mean values + S.E.M. for each group (n = 5-6). Bars headed by same letters are
statistically different from each other by : a p< 0.02 ; b p< 0.02 (Unpaired Student’s ¢
test).

Figure 4. Northern blot of mRNA of p36 and p46

(A, B) One representative visualization of p36 and p46 mRNA levels respectively
in the four experimental groups. (C) Quantification of p36 mRNA and p46 mRNA
of each group. The fed (+Pi) group was taken as control (100%). Results are mean
values + S.EM. (n = 3-4). Bars headed by same letters are statistically different from
cach other by : @ p< 0.05; b p < 0.05; ¢ p< 0.05; d p< 0.05 (Unpaired Student’s f test).
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Table I Kinetic parameters for phosphate transport in microsomes.
Effect of fasting and of a P;-deficient diet.

Groups of rats t 12 (sec) EQU (pmol/mg protein)
Fed (-P) 23+14 8.7+0.3
Fed (+P;) 22513 10.0£0.4
Fasted (-P;) 24+0.9 90%1.1
Fasted (+P;) 22417 100 £1.7

Phosphate transport in intact microsomes was measured with tracer (10uM)
[*?P]KH,PO, for different times up to 2min at which equilibrium of uptake was
reached. Results are means + S.E.M for each group (n = 4-5). t , and EQU values are
not statistically different from each other respectively in the four groups.
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Table II Kinetic parameters for G6P hydrolysis in microsomes.

Effect of fasting and of a P;-deficient diet.

Group of rats Vmax  (Munits/mg) Kn (mM)

Intact detergent-treated Intact etergent-treated
Fed (-P;) 176 £8* 330£10° 2.66+0.14 2.15£0.19
Fed (+P;) 132+4°? 194 +8° 2.68 £0.13 2.13 £0.08
Fasted (-P;) 214+3° 381+111 2.90+0.10 2.26+0.15
Fasted (+P;) 158+5° 321+9¢ 270 £0.11 2.35+047

The G6Pase activity of intact or detergent-treated microsomes was measured with
0.2, 0.5, 1, 2 and SmM G6P for 2min at 30°C. V. and Ky, were calculated by
non-linear regression of Michaelis-Menten kinetics. Results are mean values +
S.EM for each group (n = 5-6). Values headed by same letters are statistically
different from each other by p < 0.02 (Unpaired Student’s 7 test).
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Figure 1
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Figure 3
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Dietary phosphate deprivation in rats affects liver cyclic
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SYNOPSIS

We previously reported (Biochem. J., 1999, 343, 393-396) that dietary phosphate
deprivation up-regulated both the catalytic subunit and the putative glucose-6-
phosphate translocase of the rat liver microsomal glucose-6-phosphatase (G6Pase)
system, suggesting that increased hepatic glucose production might be responsible for
the frequent clinical association of hypophosphatemia and glucose intolerance. We
now show that liver cyclic AMP (cAMP) was increased in rats fed with a diet
deficient in phosphate (-P;) compared to rats fed with a control diet (+P;).
Accordingly, in the (-P;j) group pyruvate kinase (PK) was inactivated, the
concentration of phosphoenolpyruvate (PEP) was increased and fructose-2,6-
bisphosphate (F-2,6-P;) concentrations were reduced by half. Phosphoenolpyruvate
carboxykinase (PEPCK) activity was marginally increased and glucokinase (GK)
activity was unchanged by phosphate deprivation. The liver glycogen concentration
decreased in the (-P;) group. In the fed state, plasma glucose concentration was
increased and plasma insulin concentration was substantially decreased in the (-P;)
group. The plasma glucose level was elevated in (-P;) group immediately after the
glucose bolus during the intravenous glucose tolerance test (IVGTT), although there
was no significant difference in the rate of glucose fall. The elevated plasma glucose
in the (-P;) group was due to reduced suppression of endogenous glucose production
following the glucose bolus. Taken together, these changes are compatible with a

stimulation of liver gluconeogenesis and glycogenolysis by the (-P;) diet and further
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indicate that the liver might contribute to impaired glucose homeostasis in P;-

deficient states.
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INTRODUCTION

Liver glucose production stems from glycogenolysis and gluconeogenesis to glucose
6-phosphate (G6P) and its subsequent hydrolysis by the glucose-6-phosphatase
(G6Pase) complex in the endoplasmic reticulum membrane [1]. G6Pase comprises at
least two proteins, a 36 kDa catalytic subunit (p36) [2] and a 46 kDa protein (p46)
[3], that has been proposed to be a G6P transporter. We have recently shown that a P;-
deficient (-P;) diet upregulates rat liver microsomal G6Pase activity by increased
expression of both the p36 and p46 genes, and protein abundance of p36 only [4].
This finding suggests that overproduction of glucose by the liver may contribute to
glucose intolerance and insulin resistance that were documented in several diseases
(hypophosphatemia rickets, adult-onset hypophosphatemia osteomalacia, renal P;
leak) characterized with hypophosphatemia [5]. It was indeed reported that changes
in plasma phosphate levels influenced insulin sensitivity [6] and gluconeogenesis was
altered in kidney proximal tubules and osteoblasts from X-linked hypophosphatemia
mice [7, 8]. Except for these data, it is uncertain, even controversial, whether and how
hypophosphatemia affects glucose metabolism in vivo. In the present study, we have
also investigated the cause(s) for the upregulation of G6Pase by the (-P;) diet and
found that liver cAMP, which enhances G6Pase gene expression [9,10], was
increased. In parallel, pyruvate kinase was inactivated, PEP was elevated, F-2,6-P,
was decreased, and glycogen was also decreased. In the fed state, the plasma glucose
concentration was increased and the plasma insulin concentration was decreased in

the (-P;) group. After an overnight fast, there was less suppression of endogenous
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glucose production by a glucose bolus in the (-P;) group, resulting in higher plasma
glucose levels. Taken together, these data support a role for enhanced glucose
production in the (-Pi) group from elevation of liver gluconeogenesis and

glycogenolysis by the (-P;) diet.
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EXPERIMENTAL

Materials

Glucose, triethanolamine, adenosine 5’-trisphosphate, adenosine 5’-diphosphate,
imidazole, glutathione, fructose-6-phosphate disodium salt, sodium pyrophosphate,
F-2,6-P; tetrasodium salt, inosine 5’-diphosphate, glucose 6-phosphate, amylo-1,4-
1,6-glucosidase, PPi-phosphotransferase and glucose oxidase were from Sigma (St
Louis, MI). NADP, NADH, PEP, PK, malaie dehydrogenase, lactate dehydrogenase,
hexokinase, glucose-6-phosphate dehydrogenase, aldolase, glyceraldehyde-3-
phosphate dehydrogenase, triose-3-phosphate isomerase were purchased from
Boehringer (Laval, QC). [’H]cAMP was from NEN (Boston, MA). [3-3H]glucose
was purchased from Mandel Scientific Company (Guelph, Ont). A cAMP assay kit
was purchased from Amersham (Baie d’Urfé, QC). Rat Insulin ELISA kit was from
Crystal chem Inc (Chicago, IL).

Animals

Male Sprague-Dawley rats (around 300g body weight) were used for all of the
experiments. Rats used for liver sampling were fed for 48 hours with either a P;-
deficient diet (No. 86128) (-P;) or a control (No. 86129) (+P;) diet (Teklad, Madison,
WI) containing 0.03% (w/w) or 1% (w/w) phosphate, respectively. All other
components were the same in both diets. Five rats were used in each group (-P; and

+P;). To sample the livers, rats were decapitated on the morning of the third day.
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For rats undergoing an IVGTT, catheters were inserted as described in [11]. Briefly,
the animal was anesthetized and sterile catheters were placed in the left carotid artery
(for blood sampling) and the right jugular vein (for tracer infusion and bolus
injection). After one week of recovery, the rats were fed with (-P;) or (+P;) diet for
48h, then fasted overnight before the IVGTT was performed. Four rats were used in
the (-P;) group and five in the (+P;) group.

In a separate group of animals fed with the (-P;) or (+P;) diet for 48h (n = 5 for each
diet), blood samples were taken at 9:00AM on the morning of the third day for the
measurement of fed state plasma glucose and insulin.

Intravenous glucose tolerance test

The IVGTT was performed as described in [11]. 10 min after the first blood sample
(regarded as time point 0 min), a primed, continuous infusion of [3-3mgluc§se was
started. The priming dose (9 puCi/ml) was given within 60 s, and the continuous
infusion (10 pCi/ml) was infused at 0.015 ml/min (0.15 pCi/min). Blood samples
were taken at 120, 130, 140, 150, and 155 min. At 160 min, a glucose bolus (0.3g/kg
body weight) mixed with tracer glucose (13uCi) was given within 1min. Blood
samples were taken at 162, 165, 170, 175, 180, 190, 220, 250 min. Hematocrit was
measured before and after the experiment. Blood sample handling, plasma glucose
and plasma specific radioactivity determination were performed as described in [11].

Plasma insulin was assayed using a Rat Insulin ELISA kit.
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Liver treatment

Livers were homogenized in 50 mM Hepes-Tris, 250 mM sucrose, pH 7.3 and further
processed at 4°C. The homogenates were centrifuged at 1,000g for 10min, the first
supernatant was recovered and further centrifuged at 12,000g for 10min. The second
supernatant was centrifuged at 100,000g for 60min. This last high-speed supernatant
was used for the assay of GK, PK and PEPCK. Prior to homogeneization, part of the
liver from each rat was freeze-clamped in liquid nitrogen and kept at -80°C pending
other assays.

Liver cAMP

About 100mg of frozen liver was homogenized in 1ml cold 6% TCA containing a
tracer amount of ["’H]JcAMP as internal control. Denatured proteins were removed by
centrifugation and the TCA was extracted from the supernatant 4 times with 5 vol. of
water-saturated-ether. Cyclic AMP was assayed in the aqueous phase according to the
instructions of the assay kit. Recovery was calculated from the carry-over of
PH]cAMP in the assay samples.

Enzyme assays

GK activity was assayed as described before [12]. PK and PEPCK activities were
measured at room temperature as detailed previously [13,14]. The active form of PK
was measured in the presence of 0.15 mM PEP and the total activity at 5.0 mM PEP
[13].

Metabolite assays
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Pyruvate, Pi and PEP were measured in neutralized TCA extracts by classical
procedures [15]. Glycogen [15] and F-2, 6-P; [16] were measured in neutralized
NaOH extracts.

Data analysis

The rate of glucose disappearance during IVGTT (Kg) was calculated as the slope of
the log. of plasma glucose against time between the 162 and 180 min time points as
described in [11]. Endogenous glucose production was calculated as described in
[17]. Statistical analysis was performed according to Students' T test. Differences

were considered significant when the p value was less than 0.05.
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RESULTS AND DISCUSSION

Our previous report demonstrated that a (-P;) diet upregulates liver G6Pase activity
[4]. This finding suggested that hepatic glucose production might be enhanced in this
condition. We have therefore investigated whether glycogen and key regulatory steps
of gluconeogenesis were affected by dietary P; deprivation. These steps are at the
PEP/pyruvate, fructose 6-phosphate/fructose 1,6-bisphosphate and glucose/glucose 6-
phosphate cycles [18]. We also measured the fed and fasted plasma glucose and
insulin concentrations, endogenous glucose production as well as intravenous glucose
tolerance in rats fed with (-P;) or (+P;) diet.

The PEP/pyruvate cycle

We show that feeding rats for two days with a (-P;) diet substantially decreased
plasma phosphate concentration but did not affect liver P; concentration (Table D. (-
P;) diet resulted in a 50% increase in cAMP concentration (Table I). PK, measured at
0.15 mM PEP, was found to be inactivated (Fig. 1A) whilst the total PK activity,
measured at 5.0 mM PEP, was unchanged by P; deprivation (Fig. 1B). Fig. 2 shows
that there was a linear negative correlation between the active form of PK and cAMP
and that all individual values of cAMP and PK were different between the two groups.
These results suggest that the inactivation of PK in the (-P;) group is the consequence
of increased liver cAMP and activation of cAMP-dependent protein kinase (PKA).
PKA has indeed been well documented to phosphorylate and inactivate PK in vitro
[19], an effect mediated by glucagon in the perfused liver [20] and in isolated

hepatocytes [13]. In the latter [13], the dose-dependent stimulation of gluconeogenesis
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by glucagon was parallel with the inactivation of PK. The stimulation of
gluconeogenesis by the inactivation of pyruvate kinase is mediated by PEP which
accumulates and which, by mass action, pushes the intermediate towards glucose.
Accordingly, liver PEP concentrations were increased in the (-P;) group (Table I).
Liver PEPCK activity also tended to be higher in the (-P;) group (16.56 £ 1.04 vs
18.44 + 1.38 munits/mg protein), but the difference was not statistically significant.
- The higher PEP concentration is therefore more likely to be the result of its lesser
conversion to pyruvate by PK rather than its increased production by PEPCK.

The fructose 6-phosphate/fructose 1,6-bisphosphate cycle

Another key reaction in gluconeogenesis is catalyzed by fructose-1,6-bisphosphatase
and is inhibited by F-2,6-P; [21,22]. The concentration of F-2,6-P; is determined by
the activity of the bifunctional enzyme 6-phosphofructo 2-kinase/fructose 2,6-
bisphosphatase. The kinase activity of this enzyme is inactivated and the phosphatase
activity is activated by PKA in liver [23,24]. Therefore an increase in cAMP such as
observed here in the liver of rats fed with a (-P;) diet should decrease F-2,6-P,, by a
concerted inhibition of its synthesis and stimulation of its degradation. Table I shows
that this is indeed the case, since F-2,6-P, concentrations were decreased by half in
the (-P;) group. The resulting deinhibition of fructose-1,6-bisphosphatase would be in
agreement with a stimulation of gluconeogenesis. The fact that F-2,6-P, concentration
decreased in the (-P;) group suggests that this metabolite does not play a role in the
overexpression of G6Pase found in this condition [4], because F-2,6-P; is a known

stimulator of p36 gene expression [25] .
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The glucose/glucose 6-phosphate cycle

The upregulation of G6Pase activity by the (-P;) diet [4] would favor net liver glucose
production only if the opposing reaction catalyzed by GK was unchanged or
decreased. Experimental data showed that, compared to the (+P;) group, GK activity
was not modified in the (-P;) group (7.74 £ 1.53 vs 8.1 + 0.94 munits/mg protein),
thus indicating that enhanced G6Pase activity alone might be responsible, at this
ultimate cycle, for increased hepatic glucose production. Given that the mRNA
abundance of both the putative G6P transpoﬁer [4] and the catalytic subunit [4,9] of
G6Pase are stimulated by cCAMP, it is probable that the increased cAMP in the liver of
the animals fed a low P; diet is the cause for increased gene expression of the
components of G6Pase and increased activity of this enzyme [4].

Glycogen

In order to know if the increase in cAMP observed in the livers of the (-P;) group had
also affected glycogen degradation, that is stimulated by cAMP, we measured the
liver glycogen content. Fig. 3 shows a linear negative correlation between cyclic AMP
and glycogen concentrations in the two groups of rats and that all individual values of
CAMP and glycogen were different between the two groups. It appears that the
glycogen concentration was decreased almost by half in the livers of rats fed a low P;
diet and that this decrease was associated with the increase in cAMP concentration,
suggesting a cAMP-induced glycogenolysis in this group.

Glucoregulatory effects
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The effects of the low P; diet on regulatory steps of gluconeogenesis were manifest at
the level of the whole animal as elevated plasma glucose levels during glucose
loading. In the fed state, plasma glucose levels were increased (Table I) and after an
intravenous glucose load, plasma glucose levels were higher in the (-P;) group as
shown in Panel A, Fig. 4, even though the rate of glucose fall (Kg) was similar (Table
I). These data suggest a mild state of glucose intolerance in the (-Pi) group. This result
is consistent with the observation in [26] which showed a slight tendency to
hyperglycaemia during an IVGTT in patients with hypophosphatemia. There was no
difference, however, in the plasma glucose or insulin levels following an overnight
fast (Table I), indicating a potential compensating effect of fasting to P; deficiency.
Although plasma insulin concentration was substantially lower in the (-P;) group in
the fed state (Table I), the insulin response was not significantly different following
the glucose bolus in the IVGTT as shown in Panel B, Fig.4. The elevated plasma
glucose level during the IVGTT was due to a decreased suppression of endogenous
glucose production by the glucose bolus (Panel C, Fig.4). This suggests that the mild
glucose intolerance is due to an increase in gluconeogenesis and glycogenolysis by P;
deficiency.

Conclusions

Our previous work indicated that dietary P; deficiency enhanced liver G6Pase
expression and activity [4]. The present observations show in addition that the
metabolic liver profile of (-Pi)-fed rats is that of enhanced endogenous glucose
production resulting from stimulated gluconeogenesis and glycogenolysis. This

increased glucose production is most likely triggered by an increase in cAMP
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concentration, as documented by the inactivated PK, higher PEP and lower F-2,6-P;
and glycogen concentrations. Similarly, high cAMP concentration can account for
the increased expression of G6Pase. How P; deficiency affects the liver in vivo is
unknown. Qur data demonstrate that both groups of rats ingested the same amount of
food (40.5 £ 6.68 for (+P;) group vs 41.4 £ 7.75 g for (-P;) group) during the special
diet feeding period, excluding the possibility of lower caloric intake in (-P;) group.
Reduced fed state plasma insulin data suggest that dietary P; deficiency may alter the
insulin/glucagon ratio entering the liver which may in turn affect hepatic cAMP
metabolism. With respect to insulin secretion, the effect of phosphate deficiency is
not consistent. It has been reported that pancreatic insulin secretion was lower in the
rats with phosphate depletion [27]. In contrast, however, serum insulin levels were
substantially higher in the hypophosphatemic patients during an IVGTT [26].
Another intriguing possibility would be that hormone(s) associated to phosphate
homeostasis, such as the newly discovered phosphaturic hormone phosphatonin [28]
or stanniocalcin [29], is regulated by dietary P; deprivation and affects liver cAMP. It
was indeed reported that stanniocalcin was expressed in human pancreatic cells and

could affect glucose metabolism [30].
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