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the rate of glucose metabolism and, hence, the rate of glucose-induced insulin
release.

In our mouse models, as well as those of other investigators, the reduced level
of GK activity in [ cells appears to be responsible for much of the hyperglycemia

that developes as a result of diminished GK gene expression, as occurs in MODY -
7 (Rali of ol 1005 Grane of nl 1995 Tearanchi of 4l 1995 Pnctic of ol 1990)
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FIG. 4. Impaired insulin secretion and reduced glycogen content in liver of gkl®1%*+Alb-cre
mice. (A) gh®™™%+4lb-cre mice secreted 70 percent less insulin in response to the glucose stimulus,
compared to controls. (B) Net hepatic glycogen synthesis, measured at the end of the 2-hour hyper-
glycemic clamp, was reduced by about 90 percent in liver of gk'®'**+4ib-cre mice, compared to their
controls.
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(Sreenan et al, 1998). These studies suggest that there is compensation by the
functional GK allele in the heterozygous GK null mice to hyperglycemia, perhaps
explaining why MODY -2 in humans is characterized by mild hyperglycemia that
generally does not worsen over time.

While physiological studies of the p-cell-specific GK knockout mice have
provided compelling data indicating a role for GK in determining insulin secre-
tion, additional evidence for GK functioning as the B-cell glucose sensor was
obtained by Piston et al. (1999). In this study, islets from gk'*¥'°* mice were
isolated and treated with a recombinant adenovirus that expresses Cre (Anton and
Graham, 1995). This caused the elimination of GK expression from some B cells,
while retaining it in others. Two-photon excitation microscopy of these islets was
then used to show that individual B cells that lack GK do not have a normal rise
in NADP(H) autofluorescence, in contrast to cells that contain GK (Piston et al.,
1999). Interestingly, while confirming the key role of GK in the metabolism of
glucose by P cells, these studies have suggested that one or another of the three
known lower K, hexokinases may play a small role in determining insulin secre-
tion but probably only at low blood glucose concentrations. GK clearly plays the
dominant role in determining glucose-induced insulin secretion (Piston et al.,
1999). In any case, these studies illustrate the experimental flexibility of Cre-loxP
technology and suggest that recombinant Cre-expressing adenoviruses will be
generally useful for deleting other loxed alleles in isolated islets.

B. ROLE OF HEPATIC GK

While it has been widely assumed for years that GK is necessary for hepatic
glucose metabolism, the complete loss of hepatic GK is not lethal. In fact, it has
only a relatively small effect on the plasma glucose concentration. In addition,
both glycogen concentrations and a number of other plasma and hepatic metabo-
lites in these animals are normal at the basal state. Surprisingly, GLUT-2 knockout
mice show a more-severe hepatic phenotype, including dysregulation of both
glycogen metabolism and abnormal expression of some glucose-responsive genes
(Burcelin ef ai., 2000). The fact that basal glucose turnover rates in mice totally
lacking GK are similar to control animals suggests that a near-normal flux can be
maintained at the basal state through one or another of the low K|, hexokinases.
Indeed, the effect of a deficiency of hepatic GK becomes apparent only under
hyperglycemic conditions, when an impairment in glucose turnover, glucose
clearance, hepatic glycogen synthesis, and insulin secretion become apparent
(Table I; Figure 4). During hyperglycemia, the phosphorylating capacities of all
of the low K, hexokinases likely become saturated, thereby leading to functional
deficits that have been observed. Whether increased activity from one or another
of low K, hexokinase compensates for the lack of hepatic GK in gklo<10%+4/b-Cre
mice remains to be determined. It also appears that the lack of hepatic GK impairs
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the ability of certain hepatic genes to respond to changes in the glucose concen-
tration, which is consistent with hepatic GK functioning as a glucose sensor in
the liver, much as it does in the {3 cell.

The finding of a blunted insulin secretory response to hyperglycemia was
unexpected and unexplained. It seems unlikely that this is due to glucose toxicity,
since these mice have only a small elevation in basal plasma glucose concentra-
tions. Moreover, we have found no evidence for recombination in P cells of
liver-specific GK knockout mice (C. Postic, data not shown). It is possible that
hepatic GK is somehow necessary for the function of a neural regulatory loop or
for the secretion of a factor whose function is to modulate insulin secretion.
However, it could also simply reflect a lower insulin clearance rate. Thus, this
intriguing observation merits further study. In any case, these findings indicate
that alteration in GK expression in the liver, in addition to the § cell, probably
contributes to the pathogenesis of MODY-2. Thus, while the total loss of hepatic
GK has less of an impact on the animal than that of B-cell GK, these studies
provide clear evidence that hepatic GK plays an important role in determining
hepatic glucose utilization during hyperglycemia. Hepatic GK also enables the
induction of other key hepatic genes in response to glucose.

The finding that deficiencies of both hepatic and B-cell GK cause hypergly-
cemia in mice is consistent with findings by other investigators who have studied
individuals with MODY-2. Indeed, these studies have shown that GK gene mu-
tations are associated with abnormal regulation of hepatic glucose output and
glycogen synthesis (Velho et al., 1996; Tappy et al., 1997). Furthermore, the high
control coefficient exerted by GK on glucose metabolism (Agius ef al., 1996) is
consistent with the dominant inheritance pattern of MODY-2. Abnormal suppres-
sion of hepatic glucose production has been demonstrated in heterozygous GK
knockout mice (Rossetti et al., 1997). Indeed, the inability of hyperglycemia to
inhibit hepatic glucose production is fully consistent with GK functioning as a
hepatic glucose sensor for regulating gene expression by glucose. Taken together,
both the gain-of-function and loss-of-function studies that have been performed
indicate that hepatic GK is a major determinant of giucose homeostasis.

IX. Toward Further Understanding of
Type 2 Diabetes Mellitus Using Cre-loxP

Type 2 diabetes is now understood to be a complex metabolic disorder caused
by two main physiological defects, resistance to the action of insulin combined
with a deficiency in insulin secretion (De Fronzo, 1997). Because the molecular
defects that cause type 2 diabetes are largely unknown, a large number of animal
studies have been undertaken by different investigators to determine how different
gene defects contribute or cause a diabetic phenotype. Further application of the
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Cre/loxP strategy is likely to yield novel insights into the role of specific tissues
in the development of insulin resistance and type 2 diabetes. While our studies
have been focused on understanding how a haploinsufficiency of GK is able to
cause hyperglycemia, there are other forms of MODY caused by mutations in
genes encoding several different transcription factors. Specifically, mutations in
HNF-4a (Yamagata et al., 1996a), HNF-1a (Yamagata et al, 1996b), PDX-1
(Stoffers et al., 1997a,1997b), and HNF-1j (Horikawa et al., 1997) cause MODY -
1, -3, -4, and -5, respectively. These transcription factors are expressed in pancre-
atic B cells. The mutations are believed to cause insulin deficiency by impairing
B-cell function. However, because HNFs are also expressed in hepatocytes, these
mutations may cause abnormalities in hepatic metabolism. While the generation
of HNF-1a null mice has shed some light on the molecular basis of MODY-1
(Lee et al., 1998; Pontoglio et al., 1998), analysis of mice with a tissue-specific
defect in HNF-1a expression would clearly resolve the contribution of the liver
and pancreatic islets in the pathogenesis of the disease.

Recently, Cre/loxP methodology has been used to begin to sort out the
physiological effects of insulin resistance in various tissues. Although mice with
a global insulin receptor defect die of uncontrolled diabetes (Accili ef al., 1996;
Joshi et al, 1996), mice with tissue-specific knockouts of insulin receptor are
viable (Bruning et af., 1998; Kulkarni ef a/., 1999; Michael et al.,, 2000). Analysis
of mice with a liver-specific insulin receptor knockout (LIRKO) has revealed the
critical role that hepatic insulin signaling plays in the regulation of glucose
homeostasis and maintenance of normal hepatic function (Michael et al., 2000).
Indeed, LIRKO mice exhibit dramatic insulin resistance, severe glucose intoler-
ance, and a failure of insulin to suppress hepatic glucose production and to
regulate hepatic gene expression (Michael et al, 2000). In the liver of LIRKO
mice, genes encoding a variety of different hepatic enzymes, known to be regu-
lated both by insulin and glucose, are either induced or repressed (Michael et al,
2000). Whether this effect is caused by the virtual absence of hepatic GK in liver
of LIRKO mice or by a direct loss of hepatic insulin signaling remains to be
determined. Given that mice with a muscle-specific insulin receptor knockout
(MIRKO) have normal fasting glucose levels and normal glucose tolerance (Brun-
ing et al., 1998), the liver may play a more-important role in the control of glucose
homeostasis than has been previously thought. Moreover, studies of mice with a
selective defect in pancreatic B-cell insulin receptor (BIRKO) suggest that insulin
resistance in P cells may contribute to the inability of these cells to sustain
sufficient insulin secretion (Kulkarni ez al., 1999). How this occurs is not known;
however, because there is a selective loss of glucose-stimulated insulin secretion,
it is possible that expression of islet GK is impaired in the BIRKO mice. Whether
or not this is the case, further studies of how insulin signaling affects B-cell
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function is clearly needed and may lead to dramatic changes in our understanding
of how this cell contributes to the pathogenesis of type 2 diabetes.

X. Concluding Comments

In conclusion, our studies have illustrated how various mouse models, some
of which used Cre-/loxP methodologies, have been valuable for determining the
pathophysiological basis of MODY-2. Since type 2 diabetes is even a more-com-
plex physiological disorder, we expect that various site-specific recombinases,
particularly Cre, are likely to see additional use in determining the cell-specific
functions of genes in intact animals. Indeed, by enabling specific genes to be
activated or deleted in virtually any tissue, Cre/loxP is certain to be a very
important tool in mouse functional genomics, as suggested by various recent
reviews (Nagy, 2000; Le and Sauer, 2000; Hardouin and Nagy, 2000).
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