
Abstract

Aims/hypothesis. Insulin receptor null mutant mice de-
velop severe diabetes, ketoacidosis and liver steatosis
and die within 1 week after birth. Since the liver plays
an essential role in the control of glucose homeostasis,
we examined in this work whether the metabolic dis-
orders of insulin receptor-deficient mice could be im-
proved upon restoration of hepatic glucose metabo-
lism by transgenic constitutive overexpression of glu-
cokinase selectively in the liver.
Methods. We first generated transgenic mice overex-
pressing rat glucokinase cDNA under control of the
liver-specific phenylalanine hydroxylase gene promot-
er. These transgenic mice were crossed with heterozy-
gous insulin-receptor-null mutants to produce homo-
zygous insulin-receptor-null mice overexpressing glu-
cokinase in the liver.
Results. The transgenic mice overexpressing glucoki-
nase in the liver showed improved glucose tolerance
and were mildly hypoglycaemic and hyperlipidaemic

under starved conditions. The introduction of the glu-
cokinase transgene in insulin receptor null mice did
not prevent the development of glycosuria. However,
ketoacidosis was delayed by more than 1 week and
survival was prolonged to 10 to 16 days in 16% of the
pups. In these longer surviving pups, serum glucose
and triglyceride concentrations were lowered, hepatic
glycogen stores were reconstituted and liver steatosis
was absent as compared with the pups which had de-
veloped strong ketoacidosis and died earlier.
Conclusions/interpretation. These results show that
overexpression of hepatic glucokinase can compen-
sate, in part, for the metabolic disorders developed by
insulin receptor-deficient mice. This shows the impor-
tance of improving hepatic function in diabetes and
must revive interest in enhancement of glucokinase
activity as a therapeutic strategy for the treatment of
diabetes. [Diabetologia (2002) 45:1292–1297]
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with tyrosine kinase activity [1]. Although IR is wide-
ly distributed in the body, the three major target 
tissues in which insulin exerts important metabolic 
effects are muscle, liver and fat tissue.

The crucial role of IR in insulin action was con-
firmed by targeted disruption of the IR gene [2, 3]. IR-
deficient mice developed severe metabolic disorders
soon after suckling, leading to diabetes mellitus, dia-
betic ketoacidosis (DKA) and liver steatosis, and died
within 1 week after birth. Recently, the IR gene was
also disrupted in major insulin target tissues such as
muscle or liver using the Cre-loxP strategy [4, 5].
These studies concluded that insulin action in the liver
plays an essential role in the control of glucose ho-

Insulin plays a vital role in glucose homeostasis by
regulating carbohydrate, lipid and protein metabolism.
Insulin action is mediated by the insulin receptor (IR)
which belongs to the family of membrane receptors



SmaI-SalI fragment from pSK-PAH/GK containing the PAH
promoter/GK cDNA was inserted into pSK-PolyA using
EcoRV-SalI sites to obtain pSK-PAH/GK/PolyA plasmid.

Generation of transgenic mice. The 13 kb SmaI-SalI DNA
fragment from pSK-PAH/GK/PolyA containing the transgene
cassette was microinjected into the pronucleus of zygotes fol-
lowed by retransplantation into pseudogestant female mice 
using standard procedures [20]. Transgenic mice among the
offspring were identified by PCR, carried out on tail DNA 
using Taq DNA polymerase (Promega, Madison, Wis., USA)
and the following primers (5′-GTG CCT GTG AAA GCG
TGT CC-3′/5′-GGT GAT TTC GCA GTT GGG TG-3′), which
produced a PCR product of 206 bp deriving from the GK trans-
gene. Founder animals were bred with [C57BL6xCBA]F1
mice to establish GK transgenic lines and a line with a high 
expression of the transgene (L-GK) was identified.

Production of mice with targeted disruption of the IR gene
has been described [3]. The IR+/– mice were crossed with the
L-GK transgenic line to generate IR+/– mice carrying the GK
transgene. These were subsequently intercrossed to obtain
IR–/– mice with GK transgene expression.

All mice were maintained in a normal light to dark cycle of
12 h and fed on a standard diet ad libitum. Homozygous trans-
genic male mice were analysed at the age of 2 to 3 months.
Age-matched [C57BL6xCBA]F1 male mice were used as con-
trols. These studies were carried out according to the French
animal ethical regulations.

RT-PCR analysis. Total RNA was extracted using RNAzol
(Campro Scientific, Veenendaal, The Netherlands) from tissue
frozen in liquid N2. The RNA samples were treated with
DNase (Promega) and then subjected to RT-PCR (Access 
RT-PCR, Promega) using primers common for the rat or mouse
GK coding sequence (5′-CAC CCA ACT GCG AAA TCA
CC-3′/5′-CAT TTG TGG GGT GTG GAG TC-3′). These
primers anneal to a region of the GK gene showing no homolo-
gy to other hexokinase genes. As an internal control, TATA
binding protein (TBP) mRNA was coamplified using the 
following primers (5′-AAG AGA GCC ACG GAC AAC 
TG-3′/5′-TAC TGA ACT GCT GGT GGG TC-3′). The follow-
ing reaction cycles were used: 48°C for 45 min, 94°C for
2 min, followed by 24 cycles of 94°C for 30 s, 60°C for 1 min
and 68°C for 2 min, and finally 68°C for 7 min which allowed
exponential co-amplification at equal rates of GK and TBP
mRNAs. The PCR products were digested with MspI, which
digests the PCR product amplified from the rat GK transgene
but not that derived from the endogenous murine GK gene.
The DNAs were run on 3% agarose gels, transferred onto 
Hybond membranes, hybridised at 42°C using [32P]-labelled
oligonucleotides probes (5′-[32P]-GGG CCA GTG AAA TCC
AGG CA-3′ for GK and 5′-[32P]-GAG TTG TGC AGA AGT
TGG GC-3′ for TBP) and exposed to X-ray films. The lengths
of the PCR products detected were 162 bp (mouse GK), 66 bp
(rat GK) and 233 bp (TBP). Quantification of mouse or rat GK
RT-PCR products was carried out using a Phosphorimager
equipped with ImageQuant software (Molecular Dynamics,
Sunnyvale, Calif., USA) and expressed in relation to TBP 
control.

GK activity assay. Fresh liver samples were homogenized in
10 volumes of ice-cold buffer containing 50 mmol/l Tris-HCl
pH 7.4, 300 mmol/l sucrose, 100 mmol/l KCl, 1 mmol/l EDTA
and 0.7 µl/ml β-mercaptoethanol and centrifuged at 12
000 rpm for 1 h. The GK activity was measured in superna-
tants as described [21]. The assays were carried out in a solu-
tion containing 50 mmol/l HEPES pH 7.4, 100 mmol/l KCl,
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meostasis. We therefore hypothesized whether the
metabolic disorders resulting from global IR defi-
ciency could be improved upon restoration of glucose 
metabolism selectively in the liver of IR–/– mice.

It is well documented that glucokinase (GK), which
catalyses the initial conversion of glucose to glucose-
6-phosphate, is a key factor in hepatic control of glu-
cose homeostasis [6, 7]. Studies focused on GK
gained particular attention since the discovery that
MODY-2 is associated with mutations in the GK gene
resulting in reduced GK activity in both liver and beta
cells [8, 9]. Lower hepatic GK activity was also re-
ported in a group of patients with Type II (non-insu-
lin-dependent) diabetic mellitus patients [10]. It was
thus proposed that increasing GK gene expression or
enzyme activity in the liver in a constitutive manner
could be a means for normalizing hyperglycaemia re-
sulting from insulin deficiency or defective insulin
signalling. To evaluate the effect of GK overexpres-
sion on hepatic function and fuel homeostasis under
various physiological conditions, several groups have
generated rodent models overexpressing GK in the
liver either by transgenesis or adenovirus-mediated
transfer [11, 12, 13, 14]. These transgenic mice
showed lower fasting blood glucose concentrations,
improved glucose tolerance and increased glycogen
synthesis in the liver as compared to wild-type (wt)
mice. More importantly, it was shown that GK over-
expression in the liver prevents the development of
hyperglycaemia or diabetes induced by streptozotocin
or a high-fat diet [15, 16, 17].

In this study, we decided to test whether transgenic
constitutive overexpression of GK in the liver of IR–/–

mice can restore hepatic glucose metabolism and im-
prove the metabolic disorders developed by these mu-
tants. In order to achieve this, we generated a new line
of transgenic mice overexpressing rat GK cDNA un-
der control of the liver-specific human phenylalanine
hydroxylase (PAH) gene promoter [18]. This promoter
was chosen to direct expression of the GK transgene
in the liver of IR–/– pups since it was shown to be ex-
pressed from late embryonic stages and to remain ac-
tive under diabetic conditions [18, 19].

Materials and methods

Construction of the GK transgene. A 9 kb EcoRI-SmaI frag-
ment from pCPH15E9 (obtained from Dr. S. Woo, New York,
N.Y., USA) containing the 5′-flanking region, enhancer, pro-
moter and 1st intron of the human phenylalanine hydroxylase
(PAH) gene was cloned into pSK+ at the ClaI site using ClaI
linkers (pSK-PAH). Subsequently, a 2.3 kb EcoRI fragment
from pB-GK2 (obtained from Dr. P. Iynedjian, Geneva, Swit-
zerland) containing the rat cDNA encoding liver GK isoform
was cloned into pSK-PAH at the HindIII site using HindIII
linkers (pSK-PAH/GK). In parallel, a 1.6 kb BglII-EcoRI frag-
ment from pIF46 (obtained from Dr. I. Barlat, Paris, France)
containing the SV 40 poly A signal was inserted at the EcoRI
site in pSK+ using EcoRI linkers (pSK-PolyA). Finally, the



7.5 mmol/l MgCl2, 2.5 mmol/l DTT, 0.5 mmol/l NAD+, 1%
BSA, 0.5 mmol/l or 100 mmol/l glucose, and 3.4 U/ml glu-
cose-6-phosphate dehydrogenase (Sigma, St. Louis, Mo.,
USA). The reactions were initiated by adding 5 mmol/l ATP
and the rate of increase in absorbance at 340 nm was mea-
sured. The GK activity was calculated as the difference be-
tween the kinase activity measured at 100 mmol/l (total kinase
activity) and 0.5 mmol/l glucose (hexokinase activity). Protein
concentrations in liver homogenates were measured using the
Bradford method (Bio-Rad protein Assay, Bio-Rad Laborato-
ries, Hercules, Calif., USA) using BSA as standard.

OGTT. Glucose tolerance tests were carried out on 2-month-
old transgenic or control mice after overnight fasting (20 h) by
oral administration of glucose (2 g/kg body weight) at time 
zero. Blood samples were collected from the orbital sinus at
the indicated times and serum glucose concentrations were
measured using glucose assay kits (Sigma Diagnostics).

Metabolite and hormone assays. Blood samples were obtained
from the orbital sinus of adult mice or from newborn mice 
after decapitation. Glucose, triglyceride and lactate concentra-
tions in the serum were measured by enzymatic assays using
colorimetric kits (Sigma). Serum insulin concentrations were
quantified by RIA kits (ICN Pharmaceutical, Costa Mesa, 
Calif., USA). Urinary glucose and ketone body contents were
analysed using Keto-Diastix strips (Bayer Corporation, Tarry-
town, N.Y., USA). Liver glycogen contents were measured 
in perchloric extracts adjusted to pH 5 with K2CO3 using the
α-amyloglucosidase method [22].

Histology. Liver samples were fixed in 4% paraformaldehyde,
dehydrated and embedded in paraffin. De-waxed tissue sec-
tions (5 µm) were stained with hematoxylin and eosin.

Statistical analysis. Data are expressed as means ± SEM.
Analysis of statistical differences was carried out using the in-
dependent two-tailed Student’s t test. Differences were consid-
ered statistically significant with a p value of less than 0.05.

Results

Generation of transgenic mice overexpressing GK in
the liver. We first created transgenic mice overexpress-
ing GK in the liver. For this purpose, rat GK cDNA
was placed under control of the human PAH gene pro-
moter. The PAH promoter-GK cDNA-Poly A construct
(Fig. 1A) was injected into the pronucleus of zygotes
and eight founder transgenic mice were obtained.
Transgenic offspring resulting from the breeding of the
founder mice with non-transgenic mice were analysed
for expression of the transgene by RT-PCR using total
RNA from the liver. From this analysis, one transgenic
line designated L-GK showed approximately eightfold
higher total GK mRNA content as compared to those
found in non-transgenic mice after an overnight fast
(Fig. 1B). Under starved conditions, endogenous GK
gene expression was decreased compared to non-fasted
animals. However, GK transcripts derived from the en-
dogenous gene remained clearly detectable in fasted
animals by the RT-PCR assay used in the analysis. 
As a result of increased amount of endogenous GK
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mRNA, total GK transcripts in non-fasted transgenic
mice were increased only about fourfold as compared
to non-transgenic control mice. The increase in GK
gene expression resulted in about threefold higher lev-
els of total GK activity in liver extracts from transgen-
ic mice as compared to control mice in the fasting state
(Fig. 1C). Expression of the transgene was also analy-
sed at the neonatal stage. In 2-day-old mice, the GK
activity in liver extracts from transgenic pups
(8.35±1.64 mU/mg protein) was increased approxi-
mately fourfold as compared to non-transgenic litter-
mates (2.12±0.91 mU/mg protein). To examine tissue-
specificity of transgene expression, total RNA extract-
ed from various organs of non-fasted L-GK mice was
analysed by RT-PCR (Fig. 2). This analysis showed
weak expression of the transgene in the kidney, while
no transgenic expression was detected in other insulin-
responsive tissues such as muscle or adipose tissue.

The L-GK mice were further analysed to examine
the effects of GK overexpression on glucose disposal.
In OGTT, L-GK mice showed faster glucose clearance
from the blood when compared to control animals
(Fig. 3). Following overnight starvation, the L-GK
mice were mildly hypoglycaemic while serum insulin
concentrations were unchanged as compared to con-
trol mice. Upon overnight starvation, L-GK mice
showed increased concentrations of serum triglyce-

Fig. 1 A–C. Obtention of L-GK transgenic mice overexpress-
ing GK in the liver. A Schematic representation of the chimeric
human PAH promoter/rat GK cDNA transgene construct. A
13 kb SalI-SmaI fragment containing the entire transgene cas-
sette was used to generate transgenic mice. B Transgene ex-
pression in the liver of L-GK mice. GK transcripts from the
endogenous gene (GK end) or the transgene (GK tg) were
analysed by RT-PCR using total RNA prepared from the liver
of adult starved wt and L-GK mice. TBP mRNA was co-
amplified as a control. The sizes of the RT-PCR products for
GK end, GK tg and TBP correspond to 162 bp, 66 bp and
233 bp, respectively. C GK activity in the liver of L-GK mice.
GK activity was analysed in liver extracts from adult starved
wt and L-GK mice. The results shown are means ± SEM of 
6 wt and 10 L-GK animals
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rides (1.15 g/l±0.13 g/l in L-GK mice (n=8) vs
0.81 g/l±0.08 g/l in wt mice (n=8), p<0.05) and slight-
ly higher circulating lactate concentrations as com-
pared to control mice [0.312 g/l±0.026 g/l in L-GK
mice (n=8) vs 0.236 g/l±0.036 g/l in wt mice (n=8)].

Improved metabolic disorders of IR–/– mice overex-
pressing liver GK. To evaluate whether GK overex-
pression in the liver of IR-deficient mice could im-
prove the metabolic disorders developed by these mu-
tants, L-GK mice were crossed with heterozygous IR
null mutants and IR+/– mice carrying the transgene
were recovered. These IR+/–L-GK mice were subse-
quently intercrossed and 99 diabetic pups obtained in
the progeny were analysed.

The results of genotyping indicated that 22 pups
were IR–/– and 77 pups were IR–/–L-GK. As expected,
all IR–/– mutants rapidly developed severe DKA and
liver steatosis, and they all died within 7 days after
birth. The majority of IR–/–L-GK pups developed
DKA and liver steatosis at P3–5 as IR–/– mutants.
These pups also died within 7 days after birth. How-
ever, 16% of IR–/–L-GK mice (12 pups) showed no
DKA for more than 1 week and survived for a longer
period (10–16 days). These pups however remained
smaller and weighed about 35% less than wt litter-
mates. We verified that the transgene was expressed
and GK activity was increased in the liver of these
longer-surviving pups.

The metabolic parameters in the early-dying and
longer-surviving IR–/–L-GK pups as well as in the age-
matched non-diabetic L-GK control mice were analy-
sed. As shown in Figure 4, IR–/–L-GK pups surviving
more than 10 days without DKA showed reduced con-
centrations of serum glucose and triglycerides com-
pared to IR–/–L-GK pups with early development of
DKA. The serum glucose and triglyceride concentra-
tions in IR–/–L-GK pups with early DKA were similar

Fig. 2. Analysis of tissue-specificity of transgene expression
in L-GK mice. GK transcripts were analysed by RT-PCR using
total RNA prepared from different organs of normally fed
adult L-GK mice. The quantitative data are shown as the ratio
of the intensities of bands corresponding to GK transcripts
from the endogenous gene (GK end) or the transgene (GK tg)
in relation to band intensity for TBP that was co-amplified as a
control

Fig. 3. OGTT. Both wt and L-GK mice were starved for 20 h
and given glucose orally (2 g/kg body weight). The glucose
concentrations were measured in blood samples collected from
orbital sinus before and after glucose load at the times indi-
cated. Data shown are means ± SEM of 16 wt and 17 L-GK
mice

Fig. 4 A–C. Improved metabolic parameters in longer surviv-
ing IR–/–L-GK pups. Serum glucose (A), serum triglycerides
(B) and hepatic glycogen content (C) were measured for lon-
ger-surviving IR–/–L-GK pups without DKA or IR–/–L-GK

pups which develop DKA and die earlier as well as in their
age-matched (postnatal day 3–5 or 10–16) control L-GK sib-
lings. Data shown are means ± SEM for least five animals in
each group
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to those previously reported for IR–/– mutants. The val-
ues found in the longer surviving IR–/–L-GK pups with
no DKA were lowered but remained higher when com-
pared to those for non-diabetic L-GK control litter-
mates. The glycogen stores in the liver were also de-
pleted in IR–/–L-GK pups developing DKA at an early
stage as in IR–/– mutants. In contrast, glycogen stores
in the longer surviving IR–/–L-GK pups without DKA
were comparable, if not higher, than those in their 
non-diabetic L-GK siblings. As expected, histological
analysis of liver sections showed severe steatosis in
IR–/–L-GK pups with early development of DKA as in
IR–/– pups. The vacuolated cells with weak staining of
the cytoplasm indicate massive fatty acid accumulation
(Fig. 5B). The longer-surviving IR–/–L-GK pups with-
out DKA presented only low degrees of fatty acid in-
filtration (Fig. 5C). DKA and liver steatosis were,
however, detected one or two days prior to the death of
these longer-surviving IR–/–L-GK pups. 

Discussion

In this study we have generated a new line of transgenic
mice, L-GK, overexpressing the GK gene in the liver
under control of the PAH promoter. Consistent with
previous transgenic studies using the PAH promoter
[18], weak expression of the transgene was also ob-
served in the kidney, while no transgenic expression
was found in other classic insulin target tissues such as
muscle or adipose tissue. The transgene was also ex-
pressed in the livers of newborn transgenic mice. The
hepatic GK activity is very low or undetectable in new-
born mice or rats [23] but was clearly detectable in
transgenic pups. The transgenic mice showed improved
glucose tolerance and mild hypoglycaemia under

starved conditions as reported for other transgenic
mouse lines with hepatic overexpression of GK [11, 12,
14]. The observed increases in serum triglyceride and
lactate concentrations in our transgenic line have simi-
larly been reported in other rodents with overexpression
of liver GK achieved either by transgenesis or by ade-
noviral vector-mediated gene transfer [12, 13, 15].

The GK transgene was subsequently introduced in
IR null background by breeding. We have shown in
this work that the metabolic disorders developed by
IR–/– mutants can be improved and their survival can
be prolonged upon restoration of hepatic glucose me-
tabolism by transgenic overexpression of GK selec-
tively in the liver of IR–/– mice. The mixed genetic
background of IR–/–L-GK mice (129/Sv, C57BL6,
DBA2) could influence this metabolic correction since
it was observed only for 16% of these mice. These re-
sults indicate that forced overexpression of hepatic
GK can compensate, in part, for the metabolic distur-
bances seen in IR–/– mutants. The fact that the longer
surviving IR–/–L-GK pups died before reaching the
weaning age suggests that insulin action in other 
insulin target tissues such as muscle or fat tissue
might become more critical by 2 to 3 weeks of age.

The key importance of the liver in glucose homeo-
stasis has emerged from the phenotypes of mice in
which tissue-specific IR gene disruption was achieved
using the Cre-loxP strategy. Mice lacking IR in the liver
(LIRKO) show severe insulin resistance, glucose intol-
erance and dysregulated hepatic glucose production [5]
whereas muscle-specific IR knockout mice displayed
normal whole-body glucose homeostasis [4]. Insulin
stimulates the transcription of a number of genes in-
volved in glucose metabolism in the liver such as the
GK gene [6]. GK is a key regulator in the hepatic con-
trol of glucose storage and disposal [6, 24]. Since GK
gene expression was decreased in some diabetic pa-
tients [8, 9, 10], increasing GK activity in the liver ap-
peared as an attractive approach to normalize hyper-
glycaemia, a common feature of both Type I and Type
II diabetes. Hyperglycaemia is the main factor responsi-
ble for the development of diabetes-associated retinal,
renal, neurological and vascular complications [25].
Overexpression of GK in the liver of transgenic mice

Fig. 5 A–C. Histological analysis of liver of longer-surviving
IR–/–L-GK pups showing protection against massive steatosis.
Sections from the liver of a control L-GK mouse at postnatal
day 15 (A), a IR–/–L-GK pup with DKA at postnatal day 4 (B),
and a IR–/–L-GK pup without DKA at postnatal day 13 (C)
were stained with hematoxylin and eosin. Bar = 40 µm
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has been shown to prevent the development of strepto-
zotocin-induced diabetic alterations or high-fat diet-
induced hyperglycaemia [15, 16, 17]. Moreover, mice
carrying liver-specific GK gene disruption showed de-
creased hepatic glucose uptake and were moderately
hyperglycaemic [26]. The validity of the GK approach
was questioned in a subsequent study which showed,
using adenoviral vector-mediated GK gene transfer in
rats, that the amount of GK overexpression in the liver
required to modulate hyperglycaemia in Type II diabe-
tes might have the adverse effect of exacerbating hyper-
lipidaemia associated with the disease [13].

Using the IR knockout mouse model of extreme in-
sulin resistance, we have shown that transgenic overex-
pression of GK in the liver of IR–/– mutants can reduce
their hyperglycaemia and this was accompanied by res-
toration of hepatic glycogen stores. At the same time,
abnormalities associated with altered lipid metabolism,
including hyperlipidaemia, DKA and liver steatosis
were improved. However, all animals finally developed
DKA and died before the age of 3 weeks, which shows
that metabolic disorders resulting from the global lack
of insulin signalling cannot be prevented permanently
by overexpression of GK in the liver. To further assess
the importance of liver GK as a therapeutic target, it
could be of interest to transfer the GK transgene in the
liver of LIRKO mice to examine whether increased he-
patic GK activity can completely compensate or not for
the absence of insulin action in the liver in these mice.
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