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Abstract

The substrates oxygen and glucose are important for the appropriate regulation of metabolism, angiogenesis, tumorigenesis and
embryonic development. The knowledge about an interaction between these two signals is limited. We demonstrated that the regulation of
glucagon receptor, insulin receptor and L-type pyruvate kinase (L-PK) gene expression in liver is dependent upon a cross-talk between
oxygen and glucose. The periportal to perivenous drop in O, tension was proposed to be an endocrine key regulator for the zonated gene
expression in liver. In primary rat hepatocyte cultures, the expression of the glucagon receptor and the L-PK mRNA was maximally
induced by glucose under arterial pO, whereas the insulin receptor was maximally induced under perivenous pO,. It was demonstrated for
the L-PK gene that the modulation by O, of the glucose-dependent induction occured at the glucose-responsive element (GlcpkRE) in the
L-PK gene promoter. The reduction of the glucose-dependent induction of the L-PK gene expression under venous pO, appeared to be
mediated via an interference between hypoxia-inducible factor 1 (HIF-1) and the glucose-responsive transcription factors at the GlcpxRE.
The glucose response element (GIcRE) also functioned as a hypoxia response element and, vice versa, a hypoxia-responsive element was
functioning as a GIcRE. Thus, our findings implicate that the cross-talk between oxygen and glucose might have a fundamental role in the
regulation of several physiological and pathophysiological processes.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Oxygen plays a major role in the energy metabolism of
aerobic living organisms. Due to its low redox potential it
serves as an electron acceptor in oxidation-reduction
reactions which are necessary for the combustion of
organic substrates such as glucose to yield energy in form
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of ATP. Regarding the fact that especially in mammals
glucose serves as one of the major energy substrates it is
necessary that constant blood glucose levels have to be
maintained otherwise severe complications may arise.
Besides other functions, the liver serves as the major
glucostat of the body, thus being responsible for the
maintainance of a constant blood glucose level.

2. O, as modulator of zonated gene expression in liver

A special feature of liver metabolism is that it takes
place in different areas of the liver acinus. Based on the
blood supply, the liver acinus represents the smallest
functional unit of the liver and extents from the upstream
periportal area to the downstream perivenous area [1]. Due
to metabolism and elimination, respectively, concentration
gradients of substrates such as oxygen and hormones are
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formed during a single passage of blood through the liver
[2-6]. The oxygen tension is about 65 mmHg in the
periportal area and falls to about 35 mmHg in the perive-
nous zone. This oxygen gradient was considered to be a
key regulator for the zonal expression of the genes of
carbohydrate-metabolizing enzymes [2,6]. The zonal
expression, in turn, contributes to a different content of
key enzymes and catalytic capacities. This was the basis
for the model of metabolic zonation [2-6].

Accordingly, glucose release from glycogenolysis and
gluconeogenesis with the key regulatory enzyme phos-
phoenolpyruvate carboxykinase 1 (PCKI1) takes place
preferentially in the more oxygenated periportal area;
conversely, glucose uptake for glycogen synthesis and
glycolysis with the key enzymes glucokinase and pyruvate
kinase (L-PK) occurs mainly in the less aerobic perivenous
area [7]. Since glucose utilization is coupled to insulin, the
insulin receptor and the insulin-stimulated process of
glycolysis one would expect that glucose in the absorptive
phase and perivenous O, tensions may exert a modulatory
role in the zonal expression of the insulin receptor and the
rate generating enzymes such as glucokinase and L-PK. In
contrast, since glucagon, the glucagon receptor and con-
sequently the glucagon-dependent PCK1 are functionally
linked to glucose release rather than uptake, one would
expect the reciprocal regulation by glucose and periportal
pOz.

The modulatory role of O, for the zonation of gene
expression was first shown in primary rat hepatocytes with
the glucagon-dependent PCK1 gene expression and the
insulin-dependent glucokinase expression: glucagon acti-
vated the transcription of the PCK1 gene maximally under
periportal pO, [8—10] and, reciprocally, insulin activated
the transcription of the glucokinase gene maximally under
perivenous pO, [11]. According to this reciprocal regula-
tion it was then additionally described that also the glu-
cagon receptor was predominantly expressed in the
periportal area whereas the insulin receptor was expressed
perivenous area [12,13].

3. Hypoxia-inducible factor 1 as a central component
of the O, signallig pathway

The modulation by O, appears to be mediated by H,O,,
which could be formed by a CO-sensitive heme-containing
oxidase as the oxygen sensor [9,14,15], an iron-dependent
Fenton reaction [16] and specific iron-dependent prolyl
hydroxylases [17] as intracellular components of the O,
signaling pathway. One of the main targets in this pathway
is the transcription factor hypoxia-inducible factor 1 (HIF-1)
[18,19]. HIF-1 was initially identified as the transcription
factor permitting the induction of the erythropoietin (EPO)
gene by hypoxia and is now considered to be a main
regulator of an increasing number of physiologically
important oxygen sensitive genes [19-22] among them

the angiogenesis mediator vascular endothelial growth
factor, several genes of the glycolytic pathway and the
glucose transporter family. HIF-1 is a heterodimer com-
posed of a HIF-1a and a HIF-1B-(ARNT) subunit and
binds to the consensus sequence 5-BACGTSSK-3' (B =
C/G/T,S = C/G,K = G/T) [23] with the core sequence 5'-
RCGTG-3' (R = purine, A, G) [20] which partially con-
stitutes an E-Box sequence 5-CANNTG-3' (N = any
nucleotide) (Fig. 1). Both HIF-1a [24] and ARNT [25]
are members of the basic helix-loop-helix-PAS family of
transcription factors. While ARNT is the constitutively
expressed protein, HIF-1o is the O,-sensitive subunit.
Meanwhile, two other HIF a-subunits have been cloned
from human mouse and rat: HIF-2ae (EPAS/HLF/HRF/
MOP2) [26-29] and HIF-3a [30-32].

4. Glucose response elements (GIcRE) overlap
with hypoxia response elements

A carbohydrate-rich diet and especially glucose is
known to induce the expression of the glycolytic enzyme
gene pyruvate kinase L and the Spot14 gene in liver as well
as the lipogenic enzyme genes acetyl-CoA carboxylase and
fatty acid synthase in liver and adipose tissue [33-36]
thereby promoting long-term storage of sugars in the form
of triglycerides [37,38].

The intracellular mediators of the glucose response have
not been completely characterized, although glucose-6-
phosphate generated via the insulin-dependent glucokinase
in hepatocytes and xylulose-5-phosphate, a metabolite of
the pentose phosphate pathway, as well as the AMP-
activated protein kinase have been shown to be involved
[36] (Fig. 1). The glucose signaling chain ends up with the
transcriptional activation of a target gene and it appeared
that the glucose-dependent activation of the L-PK gene is
mediated via glucose-responsive transcription factors
(USF, upstream stimulating factors [39,40] or the newly
identified ChREBP) [41] binding to the L4 (—168/—145)
element in the L-PK promoter consisting of two imperfect
palindromic E-Boxes [34,42,43]. Similar glucose-respon-
sive elements were found also to be responsible for the
glucose-dependent induction of the Spotl4 gene [44,45],
the glucagon receptor gene, the hexokinase II gene [46]
and the fatty acid synthetase gene [47].

The HIF-1 binding consensus sequence resembles a
partial E-Box sequence and thus it might be that beside
the glucose-responsive transcription factors HIF-1 may
bind to the glucose-responsive E-Boxes. Within the
L-PK gene, this transcription factor cross-talk between
the signals oxygen and glucose might contribute to the
zonated L-PK expression.

The glycolytic enzyme L-PK catalyzes the formation of
pyruvate and ATP from phosphoenolpyruvate and ADP.
Although the L-PK is present in the kidney, small intestine,
and pancreatic -cells, it is predominantly expressed in the



T. Kietzmann et al./Biochemical Pharmacology 64 (2002) 903-911 905

(A) low pO, high Glc
ROS Kinasesﬂ Glc-6-P AMPK
W Prolyl-H Xyl-5-P
L
— 4 | USF or
ﬂ: ' [ 1/ ChREBP
USF/ChREBP
e Egg [ CACGGGgCactcCCGTG | |—|:e'g' 'g,;':"’
c CCG
3 cco GIcRE/ChRE
HRE
: o
A IO I -165 CACGGGgeactCCCGTGgt -147 Gle,RE
LErE L
| | 11 CACGTGG CACGTGG H,ouRE
c cCceG
G GGT
T

Fig. 1. Role of oxygen and glucose in the regulation of gene expression. (A) Left: Low pO, values decrease the availability of O, as substrate for the iron-
dependent prolyl hydroxylases, a mechanism which leads to a stabilization of the o-subunit of the hypoxia-inducible factor 1 (HIF-1a). The decreased O,
tensions also lower the levels of reactive oxygen species (ROS) within the cells or they may activate kinases either of the MAPK family or the proteinkinase
B. Both, lowering of ROS levels and kinase activation, are mechanisms which contribute to the stabilization of HIF-1a.. After nuclear translocation, HIF-1o
dimerizes with its partner HIF-1f (ARNT) forming the active HIF-1 molecule which in turn binds to hypoxia response elements (HRE) within regulatory
gene sequences. This mechanism then leads to the hypoxia-dependent activation of genes such as enolase (ENO) or lactate dehydrogenase (LDH). Right:
When cultured under high glucose genes may be regulated via signaling molecules such as glucose-6-phosphate (Glc-6-P) generated from glucose by the
action of glucokinase. The subsequent steps remain not completely resolved but it was proposed that other glucose metabolites such as xylitol or xylulose-5-
phosphate (Xyl-5P) may have a role as signaling molecules. It appeared also that high glucose decreased the activity of the AMP-activated protein kinase
(AMPK) which then leads to the activation of an activator such as USF or ChREBP or to the deactivation of a repressor [36]. With the L-type pyruvate gene
(L-PK) and Spotl4 gene (S14) the glucose-sensitive transcription factors interact with a glucose response element (GIcRE) consisting of two imperfect
E-Boxes separated by five nucleotides which then leads to the glucose-dependent activation of these genes. (B) Hypoxia response element. Comparison with
GlcpkRE. The consensus sequence of the hypoxia response element (HRE) [23] and the model of HIF-1 binding to this sequence. The base B can be C, G or
T, the base S can be C or G and the base K can be G or T. Comparison between the HRE of lactate dehydrogenase A promoter (LDH-A) [54] and the GIcRE
of L-PK promoter.

liver [48]. Beside L-PK, several isoenzymes which are 5. Venous pO, enhanced L-PK gene expression
referred to as R-, M1- and M2-PK, respectively, have been
described [49]. The R-PK expression is restricted to ery- The expression of L-PK mRNA and L-PK protein was
throcytes and M1-PK is expressed in skeletal muscle, heart investigated in rat hepatocytes cultured in the presence of
and brain. The M2-PK is widely distributed and the only 5 mM glucose and under venous (8%) pO, and arterial
detectable isoenzyme in early fetal tissues [49]. (16%) pO,. L-PK mRNA was induced within 24 hr by
Thus, with regard to the possibility that O, via HIF-1 and about 4-fold under venous (8%) pO, compared to arterial
glucose via USF or ChREBP may target the same DNA- (16%) pO,. The increase of L-PK mRNA by venous pO,
response element in the L-PK gene promoter we investi- was relatively fast and already maximal after 4 hr incuba-
gated the influence of oxygen and glucose on L-PK gene tion under venous pO,. The L-PK protein levels were also
expression in primary cultured rat hepatocytes in more enhanced by about 3-fold under venous pO, (Fig. 2) [50].

detail. Thus, the results indicated that physiologically occuring
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Fig. 2. Induction of L-PK expression by perivenous pO, and by glucose under periportal but not perivenous pO, in primary rat hepatocyte cultures.
Modulation by hypoxia-inducible factor 1. (A) Primary rat hepatocytes were cultured for 24 hr under arterial pO, (16% O,) at basal glucose levels (5 mM) of
the culture medium M199. Then glucose was added to the final indicated concentrations and the cells were further cultured under arterial and venous pO,
(8% 0O,) for another 24 hr. Northern blots with RNA from cultured rat hepatocytes were hybridized to a DIG-labeled L-PK, GcgR or B-actin (B-AC) antisense
RNA probe. Insulin receptor (InsR) mRNA levels were estimated by quantitative RT-PCR analysis (for details, see [12,13,50]). For Western analysis
cells were cultured as described above. Total protein was analyzed by blotting using an antibody against L-PK, InsR or as control with an antibody against
Golgi membrane (GM), cf. [50]. Values are means = SEM of three independent culture experiments. L-PK was visible as a band of 60 kDa, the InsR B-chain
was visible as two bands of 95 and 69 kDa, GM was visible as a band of 94 kDa. C: competitor; L-PK: L-type pyruvate kinase; GM: Golgi membrane;
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mild hypoxic conditions, i.e. venous pO, as observed in the
pericentral area of the liver acinus may activate the expres-
sion of genes encoding glycolytic enzymes, e.g. L-PK.

6. High glucose enhanced L-PK gene expression only
under periportal pO,

In rat hepatocyte cultures increasing glucose concentra-
tions from 5 up to 50 mM were able to enhance L-PK
mRNA expression about 7-fold and about 12-fold, respec-
tively, but only under arterial pO,. No induction by glucose
was observed under perivenous pO,. The results on L-PK
mRNA level were consistent with the results obtained on
protein level. L-PK protein expression was induced about
5-fold in the presence of 25 mM glucose but only under
arterial pO, (Fig. 2A) [50].

A similar pattern of regulation was observed with the
glucagon receptor mRNA. The same increasing glucose
concentrations which enhanced L-PK expression and
which can be reached in the portal vein after a meal
enhanced GecgR mRNA in hepatocyte cultures only under
periportal pO, in accordance with the periportal expression
of GcgR mRNA in rat liver (Fig. 2A) [12].

Thus, glucose appeared to act as an activator of gene
expression mainly under periportal conditions.

7. A glucose response element within the L-PK
promoter was responsible for the modulation by O,
of its glucose-dependent induction

Several experiments using actinomycin and cyclohex-
imide as transcriptional and translational inhibitors,
respectively, revealed that with the L-PK gene both the
response to O, and to glucose are mediated on the tran-
scriptional level. As mentioned above, the GIcRE of the
L-PK gene promoter has been characterized [34] to consist
of two imperfect palindromic E-Boxes [34] which might be
candidate sites to be responsible for an O,-regulated
transcription factor.

To test whether this GIcRE is also responsible for the
modulation by O, of the glucose-dependent induction of the

L-PK gene expression transient transfections of hepatocytes
with L-PK promoter luciferase gene constructs were per-
formed. In hepatocytes transfected with the L-PK promoter
construct —183PK-LUC containing the minimal glucose-
responsive L-PK promoter glucose-induced Luc activity by
about 12-fold under arterial pO, and only by about 4-fold
under venous pO; indicating that the modulation by O, was
mediated within the minimal glucose-responsive L-PK
gene promoter (Fig. 2B). Thus, these results supported a
cross-talk between the signals hypoxia and glucose at the
glucose-responsive element [50].

8. Activation of the glucose-responsive promoter and
the hypoxia-responsive promoter by HIF-1

The GIcRE within the promoter of the L-PK gene
(—165/—149) [42], which was responsible for the induc-
tion by glucose, revealed high identity to the binding site
of HIF-1. Sequence comparison between the HIF-1 con-
sensus binding site and the GIcRE within the L-PK
promoter showed only a one base pair mismatch between
the first E-Box of the GIcRE and the HIF-1 consensus
binding site. This was also found for the second E-Box
(Fig. 1B). Therefore, it might be possible that HIF-1 can
interfere with the glucose-dependent-induction of the
L-PK gene or that glucose can influence a HIF-1-depen-
dent promoter.

To test this, gene constructs containing three GIcREs in
front of the SV40 promoter and the luciferase gene
(GlcpkRE;SV40-LUC) were transfected into hepatocytes
and it was found again that glucose-induced Luc activity
predominantly under arterial pO, (Fig. 2B). Thus, the
GIcRE within the L-PK gene promoter was sufficient to
confer the modulation by O, of the glucose-dependent
induction of the L-PK gene expression. Reciprocally,
transfection of hepatocytes with luciferase gene constructs
containing three hypoxia response elements in front of the
SV40 promoter (HgpoRE3;SV40-LUC) displayed an
induced Luc activity by about 2-fold under venous pO,
(Fig. 2B). Addition of glucose abolished the modulation
by O, and enhanced Luc activity to the same levels of about
3-fold under arterial and venous pO, (Fig. 2B).

Glc: glucose. (B) Primary hepatocytes were transiently transfected with luciferase gene constructs containing the —183 bp L-PK promoter sequence in front
of the luciferase gene (—183PK-LUC) or with luciferase gene constructs containing three glucose response elements (GlcpgRE), from the L-PK promoter or
three hypoxia response elements (HgpoRE) from the EPO gene in front of the SV40 promoter and the luciferase gene. Inside the L4 site of the L-PK promoter
the two imperfect palindromic E-Boxes (—165/—149) were designated GlcpkgRE of the L-PK promoter. When indicated the glucose concentration was raised
up to 25 mM and the cells were incubated for 24 hr at 16% O, or 8% O,. In cotransfection assays, hepatocytes were transiently transfected with the LUC
constructs indicated and an expression vector for HIF-1oo (CMV-HIF-1a) or a vector encoding a mutated form of HIF-1oo (CMV-mHIF-1a). The values
represent means = SEM of three independent experiments. Statistics, Student’s r-test for paired values: (*) significant differences 16% O, vs. 16%
0, + 25 mM glucose (P < 0.05); (**) significant differences HgpoRE3SV40-LUC 16% O, vs. HgpoRE3SV40-LUC 8% O, (P < 0.05); (**%*) significant
differences GlcpgRE;SV40-LUC or HgpoRE;SV40-LUC vs. GlcpgRE;SV40-LUC + HIF-1a0 or HgpoRE3SV40-LUC + HIF-1a (P < 0.05); (#*%%)
significant differences GlcpgRE3;SV40-LUC + HIF-1a vs. GlcpgRE3;SV40-LUC + mHIF-1a (P < 0.05). L: liver-specific; L1: binding site for hepatocyte
nuclear factor 1; L2: binding site for nuclear factor 1; L3: binding site for hepatocyte nuclear factor 4; L4: binding site for upstream stimulating factor
[42,43].
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Fig. 3. O, modulated dynamic zonation of L-PK expression in the liver of fasted and fed rats. (A) Model of the competition between HIF-1 and the glucose-
responsive transcription factors at the glucose-responsive element of the L-PK gene. High glucose at arterial pO, induces binding of the glucose-sensitive
transcription factors to the GlcpkRE and thus mediates the glucose-dependent activation of L-PK gene expression. In the presence of high glucose under
venous pO, it is likely that a HIF-1a-containing complex could replace an USF or ChREBP protein complex. This may then disturb the glucose-responsive
complex which subsequently results in a reduction of the glucose-dependent L-PK gene activation. In the absence of glucose under venous pO, the GlcpgRE
might act as a low affinity HIF-1 binding site regulating the induction of the L-PK gene expression by venous pO,. Glc: glucose. (B) Five micrometer parallel
sections were prepared from livers of fed or fasted rats. L-PK was localized by immunohistochemistry using a monoclonal mouse L-PK antibody (for details,
see [50]). Dark brown precipitates indicate high levels of L-PK protein. Scheme of the dynamic zonation of L-PK expression in the liver acinus. The O,
tension drops by about 50% from the periportal (pp) to the perivenous (pv) area. In the fed state (high glucose) the predominant L-PK gene activation by
glucose occures under periportal pO, and allows expression of L-PK also in the periportal region as observed in the livers of fed rats. This results in a
diminution of the zonation pattern. In the fasted state (low glucose) the glucose-dependent induction of the L-PK gene expression in the periportal area is no
longer present leading to the predominant L-PK gene activation by venous pO, and to a more pronounced perivenous zonation [50]. pp: periportal; pv:
perivenous.
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The modulation by O, of the glucose-dependent induc-
tion could be mimicked by cotransfection of hepatocytes
with GlcpgRE3;SV40-LUC and an expression vector for
HIF-1a. Cotransfection of the HIF-1a vector reduced the
glucose-dependent induction of Luc activity, whereas
cotransfection of vectors for ARNT or vectors for an
HIF-1o. mutant lacking the first 51 amino acids of the
DNA binding domain had no effect (Fig. 2B). This further
showed that the reduction of the glucose-dependent L-PK
gene activation is dependent of HIF-loo DNA binding
activity. Thus, in primary rat hepatocytes the reduction
of the glucose-induced L-PK expression under venous pO,
was mediated by interaction of HIF-1 with the GIcRE
within the L-PK promoter.

Thus, it seems likely that in the absence of glucose the
GIcRE resembles a low affinity HIF-1 binding site and can
regulate the induction of L-PK gene expression by venous
pO,. To support this, cotransfections of the glucose-
responsive GlcpgRE3SV40-LUC and the hypoxia-respon-
sive HgpoRE3SV40-LUC gene constructs with different
amounts of a HIF-1a expression vector were performed. It
was indeed found that cotransfection of hepatocytes with
GlcpkRE;SV40-LUC and increasing amounts of the HIF-
la. expression vector enhanced Luc activity in a concen-
tration-dependent manner. In contrast, the induction of Luc
activity with the HgpoRE3;SV40-LUC construct was more
robust compared to the GlcpgkRE;SV40-LUC construct
(Fig. 2B). However, these experiments clearly indicated
that HIF-1a was able to mediate the induction of gene
expression at the GIcRE of the L-PK gene even in the
absence of glucose.

The binding of HIF-1 to the GIcRE of the L-PK pro-
moter was verified by EMSA and it was shown that HIF-1a
as well as the USF-1 and USF-2 which also belong to the
family of basic-helix-loop-helix proteins [51] bound to the
GIcRE. Thus, the GIcRE could also act as a low affinity
hypoxia response element and it might be that in the
presence of glucose and low oxygen a HIF-1 complex
binds to the GIcRE within the L-PK promoter and replaces
the binding of the USF complex thereby reducing the
glucose-dependent induction of L-PK gene expression
under low oxygen (Fig. 3).

A similar mode of action was proposed also from experi-
ments with AS-30D hepatoma cells and the hexokinase
type II promoter. In the distal hexokinase type II promoter
two HIF-consensus binding sites —3809/3803 5'-CACGT-
CTG-3' and —3765/3758 5'-CACGTGCT-3' were identified
which overlap E-Boxes known to be regulated by glucose
[46]. Furthermore, the interaction of the signals glucose and
oxygen (hypoxia) was shown in experiments with mouse
embryonic stem cells in which hypoglycaemia and hypoxia
induced the expression of phosphoglycerate kinase-1, vas-
cular endothelial growth factor, lactate dehydrogenase and
glucose transporter-1. The induction by hypoxia as well as
the induction by hypoglycaemia was abolished in HIF-1o
deficient embryonic stem cells [52,53].

9. Posttranscriptional regulation of gene expression
by glucose and O,

Glucose and oxygen do not only appear to regulate gene
expression via transcriptional mechanisms but also by
posttranscriptional processes. This was especially demon-
strated for the insulin receptor (InsR) expression. In pri-
mary hepatocytes, glucose concentrations occurring in the
portal vein after a meal enhanced InsR mRNA to about the
same levels under periportal and perivenous pO,. This was
in accordance with the homogenous expression of InsR
mRNA in rat liver. In contrast, the InsR protein was
induced by perivenous pO, about 2-fold and more strongly
in the presence of glucose (Fig. 2A). Thus, the zonation of
InsR protein appeared to be regulated mainly at the post-
transcriptional level by O, [13].

10. Physiological role of the interaction between
the signals glucose and oxygen

Thus, it is tempting to propose the following model in
which HIF-1 might be able to interfere with the glucose
response complex. In the presence of high glucose under
arterial pO, the glucose-sensitive transcription factors
bind the GlcpgkRE and mediate the glucose-dependent
induction of the L-PK gene. In the presence of high
glucose under venous pO,_ it is likely that a HIF-1a-
containing complex could replace an USF or ChREBP
protein complex, thus disturbing the glucose-responsive
complex which results in a reduction of the glucose-
dependent L-PK gene activation (Fig. 3). This would
explain why glucose induces L-PK mRNA and protein
predominantly only under arterial pO,. The interaction of
HIF-1a with the GlcpxRE might play a role in the induc-
tion of the L-PK gene by venous pO,. In line with the
results was the finding that cotransfection of HIF-1a could
induce Luc activity in GlcpgRE3;SV40-LUC transfected
hepatocytes.

Since in the liver the difference in glucose concentration
from the periportal to the perivenous area is rather shallow,
the predominant L-PK gene activation by glucose as in the
fed state under periportal pO, would allow expression of
L-PK also in the periportal region as observed in the livers
of fed rats and result in a diminution of the zonation
pattern. In the fasted state, as in between meals, the
glucose-dependent induction of the L-PK gene expression
in the periportal area is no longer present so that the L-PK
gene activation by venous pO, would be predominant and
lead to the perivenous zonation of the enzyme as it was
shown in fasted rats [50] (Fig. 3).

Our results for the first time demonstrate the mutual
molecular interaction of the signals oxygen and glucose
which might represent a more common mechanism of
oxygen- and glucose-dependent gene regulation as in
metabolism, tumorigenesis or embryonic development.
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