Impaired Hepatic Glycogen Synthesis in Glucokinase-deficient (MODY-2) Subjects
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Abstract

All glucokinase gene mutations identified to date have been
localized to exons that are common to the pancreatic and
hepatic isoforms of the enzyme. While impaired insulin se-
cretion has been observed in glucokinase-deficient subjects
the consequences of this mutation on hepatic glucose metab-
olism remain unknown. To examine this question hepatic
glycogen concentration was measured in seven glucokinase-
deficient subjects with normal glycosylated hemoglobin and
12 control subjects using *C nuclear magnetic spectroscopy
during a day in which three isocaloric mixed meals were in-
gested. The relative fluxes of the direct and indirect path-
ways of hepatic glycogen synthesis were also assessed using
[1-3C]glucose in combination with acetaminophen to non-
invasively sample the hepatic UDP-glucose pool. Average
fasting hepatic glycogen content was similar in glucokinase-
deficient and control subjects (27920 vs 284+14 mM;
mean+SEM), and increased in both groups after the meals
with a continuous pattern throughout the day. However, the
net increment in hepatic glycogen content after each meal
was 30-60% lower in glucokinase-deficient than in the con-
trol subjects (breakfast, 46% lower, P < 0.02; lunch, 62%
lower, P = 0.002; dinner; 30% lower, P = 0.04). The net in-
crement over basal values 4 h after dinner was 10518 mM
in glucokinase-deficient and 14811 mM in control subjects
(P = 0.04). In the 4 h after breakfast, flux through the glu-
coneogenic pathway relative to the direct pathway of he-
patic glycogen synthesis was higher in glucokinase-deficient
than in control subjects (502% vs 34£5%; P = 0.038). In
conclusion glucokinase-deficient subjects have decreased
net accumulation of hepatic glycogen and relatively aug-
mented hepatic gluconeogenesis after meals. These results
suggest that in addition to the altered 3 cell function, abnor-
malities in liver glycogen metabolism play an important role
in the pathogenesis of hyperglycemia in patients with glu-
cokinase-deficient maturity onset diabetes of young. (J.
Clin. Invest. 1996. 98:1755-1761.) Key words: glucokinase «
hepatic glycogen « gluconeogenesis « nuclear magnetic reso-
nance « glucokinase gene mutations
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Introduction

Non-insulin-dependent diabetes mellitus (NIDDM)' is a ge-
netically, metabolically, and clinically heterogeneous disorder
of glucose homeostasis characterized by defects in the secre-
tion and action of insulin. Genetic investigations in families
with strong diabetes aggregation have demonstrated that mu-
tations in the coding regions of the glucokinase gene (GCK)
on chromosome 7 result in a familial subtype of NIDDM, char-
acterized by an early age of onset and autosomal dominant in-
heritance with high penetrance (maturity onset diabetes of
young 2 [MODY 2]) (1-6). Glucokinase phosphorylates glu-
cose to glucose-6-phosphate and plays a major role in the regu-
lation and integration of glucose metabolism in pancreatic
cells and hepatocytes (7, 8). The enzymatic activity of mutant
glucokinase was shown in vitro to vary according to the nature
and position of the mutation, ranging from no activity at all to
a slight decrease in the V,,,, of the enzyme and its affinity for
glucose (9, 10). Impairment in the enzymatic activity of mutant
glucokinase results in decreased glycolytic flux in the B cell (8,
11) which translates in vivo as a glucose sensitivity defect
leading to a right shift in the dose-response curve of glucose-
induced insulin secretion (12, 13).

All GCK mutations associated with hyperglycemia that
have so far been identified have been localized to exons that
are common to both the pancreatic and hepatic isoforms of the
enzyme (1-6). It is therefore certain that the hepatocytes also
express the mutant enzyme, although the consequences of
these mutations on the hepatic metabolism of glucose, and
their role in the pathogenesis of hyperglycemia remain un-
known. Glucose is taken up by the liver after a meal and stored
as glycogen, a metabolic process that involves glucose phos-
phorylation by glucokinase. Alterations in hepatic glycogen
synthesis directly resulting from the decreased glucokinase ac-
tivity in the liver might therefore contribute to the postpran-
dial hyperglycemia of glucokinase-deficient subjects. If so, this
would be the first demonstration of a primary hepatic defect
leading to NIDDM.

Recent developments in 3C nuclear magnetic resonance
(NMR) spectroscopy have made it possible to measure hepatic
glycogen content in humans noninvasively (14, 15). This tech-
nique was used in the present study to measure changes in net
hepatic glycogen concentration in glucokinase-deficient and
normoglycemic control subjects throughout a day in which
three isocaloric mixed meals were ingested. Hepatic glycogen
synthesis may follow two distinct metabolic pathways, namely,
a direct or glucokinase-dependent (glucose — glucose-6-phos-
phate — glucose-1-phosphate — UDP-glucose — glycogen)

1. Abbreviations used in this paper: GCK, glucokinase gene; NIDDM,
non-insulin-dependent diabetes mellitus; NMR, nuclear magnetic
resonance.
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and an indirect or gluconeogenic (3-carbon units -» — phos-
phoenolpyruvate — - glucose-6-phosphate — glucose-1-
phosphate — UDP-glucose — glycogen) pathways. In normal
subjects fasted overnight both pathways contribute equally to
hepatic glycogen synthesis during a glucose infusion (16).
However, as glucokinase deficiency is expected to primarily af-
fect the flux of the direct pathway, we assessed the relative
contribution of the two pathways to the net hepatic glycogen
synthesis. This was done by adding [1-'*C]glucose in the meal
in combination with acetaminophen to noninvasively sample
the UDP-glucose pool (16).

Methods

Subjects. Seven Caucasian glucokinase-deficient men from four kin-
dreds were studied. These kindreds belong to a cohort of multiplex
NIDDM families collected all over France (1), and responded to the
criteria of MODY:: presence of non-insulin dependent chronic hyper-
glycemia with early age of onset (before 25 yr) at least in two consec-
utive generations (17). Mutations in these individuals are: a glutamic
acid-279 < amber in kindred F8, a glycine-261 < arginine in kindred
F390, a glutamine-98 < amber in kindred F393, and a valine-203 < al-
anine in kindred F422 (1). The glucose tolerance status of affected
individuals was evaluated by a 2-h oral glucose (75 grams) tolerance
test (OGTT). They presented either with diabetes (n = 5) or im-
paired glucose tolerance (IGT; n = 1) according to the World Health
Organization definition (18) or with mild fasting hyperglycemia (n =
1). Mild fasting hyperglycemia was defined as a fasting plasma glu-
cose concentration between 6.1 and 7.7 mmol/liter on two separate
measurements and a OGTT 2 h plasma glucose concentration < 7.8
mmol/liter. A fasting plasma glucose concentration > 6.1 mmol/liter
represents a value two to three standard deviations above the mean
of the normal French population (19). Apart from chronic hypergly-
cemia, all subjects were in good general health, according to physical
examination and routine blood and urine biochemical screening. No
subject had proteinuria or raised serum creatinine. Two subjects were
taking a sulfonylurea as a treatment for diabetes, and the drug was dis-
continued 7 d before the study, while the other subjects received no
medication. 12 lean, healthy Caucasian men with similar age and
weight and with no diabetic relatives were used as a control group.
Data from eight of the control subjects were reported in a previous
study (20). Basic demographic and clinical profile of subjects and con-
trols are shown in Table 1. Written consent was obtained from all par-

ticipants after explanation of the purpose, nature, and potential risks
of the study. The protocol was approved by the Human Investigation
Committee of Yale University School of Medicine (New Haven, CT).

Study design. Subjects were admitted to the Yale/New Haven
Hospital Clinical Research Center 4 d before the study to normalize
their sleep patterns and diet. For the following 3 d before the study
and during the two study days (inpatient days 4 and 5) the subjects in-
gested a weight maintenance diet (35 kcal/kg per day), which was pre-
pared by the Clinical Research Center metabolic kitchen. The pro-
portion of calories was divided according to the American Diabetes
Association guidelines: 60% carbohydrate, 20% protein, and 20%
fat, and the calories were distributed equally among the three meals
with no snacks given between the meals.

On the first study day (inpatient day 4) subjects underwent *C
NMR measurements of hepatic glycogen content. The basal hepatic
glycogen concentration was measured at 7:00 a.m. before breakfast.
Subjects had their breakfast at 8:00 a.m., lunch at 1:00 p.m., and din-
ner at 6:00 p.m. following the same schedule as the previous 3 d.
Meals were consumed completely within 20 min. NMR measure-
ments of hepatic glycogen were performed continuously in 30-min
blocks starting ~ 2 h after each meal and continuing just before the
next meal to capture the greatest increment in hepatic glycogen con-
centration.

To minimize subject motion during the NMR measurements,
which would have reduced the quality of the glycogen spectra, blood
sampling was performed on the second study day (inpatient day 5).
At 6:00 a.m. a catheter was inserted into an antecubital vein for blood
sampling and the subjects ingested the identical diet at the same times
as they did on the first study day. Blood samples were obtained be-
fore each meal and every 15 min thereafter for the measurement of
plasma glucose and '*C-glucose enrichment and every 30 min for in-
sulin, C-peptide and glucagon. To evaluate the contributions of the
direct and indirect pathways to hepatic glycogen synthesis, 10 grams
of [1-13C]glucose (99% enriched) was substituted for 10 grams of glu-
cose in the breakfast and administered along with 300 mg of acetamin-
ophen to each subject (16). Urine was collected at hourly intervals af-
ter breakfast for assessment of *C enrichment in the acetaminophen
glucuronide.

In vivo 3C NMR spectroscopy. All measurements were per-
formed in a 2.1-T 1m-bore spectrometer (Biospec; Bruker, Billerica,
MA) as previously described (14). Briefly, a 9-cm circular 3C coil was
used as transmitter/receiver coil and a 12 X 14-cm butterfly proton
coil was used for shimming, scout images, and proton decoupling dur-
ing ®C NMR acquisitions. The liver position in the supine subject was
confirmed from a multislice axial FLASH image (21). Signals from

Table I. Demographic and Clinical Profile of GCK-deficient and Control Subjects

Glucose
tolerance Age of Glycosylated Glucose Glucose
Subject Kindred Age BMI status*® diagnosis hemoglobin 0 min? 120 min* Treatment
yr kg/m? yr 5.9-82% mM mM
A (JNO) F393 39 24.6 DM 28 72 9.1 11.2 Sulfonylurea
B (GVI) F422 40 22.8 DM 29 7.7 8.3 8.5 Sulfonylurea
C(SVI) F422 20 19.8 MFH 13 7.4 6.1 5.7 none
D (APE) F390 47 242 DM 28 8.2 6.9 11.5 none
E (NPE) F390 19 20.2 DM 10 8.4 6.9 13.9 none
F (GNO) F393 24 21.6 IGT 7 7.8 6.6 8.8 none
G (SBE) F8 20 19.4 DM 17 6.8 6.6 11.2 none
Subjects (m=SE) 305 21.8+0.8 19+£3 7.6%0.2 7.2*0.4 10.1=1.0
Control group (m=SE) 24+1 23.6+0.3 — — 5.0%0.1 —

*MFG, IGT, and DM stand, respectively, for mild fasting hyperglycemia, impaired glucose tolerance, and diabetes mellitus. *Plasma glucose during

an oral glucose (75 grams) tolerance test.
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the liver were acquired by image selected in vivo spectroscopy local-
ization technique to remove signals from surface above the liver (22).
A 4-ms hyperbolic secant pulse was used to invert the 2.5 cm of the
skin surface, and as a result, signals from the surface were eliminated
by adding scans with an alternate inverse pulse (23). A 180° pulse at
the coil center was used as an excitation pulse. This pulse was cali-
brated each time using a 2-cm sphere containing *C-enriched formic
acid that was placed at coil center. Each proton decoupled *C NMR
spectrum consisted of 12,800 scans that were acquired for 30 min. All
spectra were processed and analyzed in an identical fashion. Hepatic
glycogen was quantified by integration of the C1 glycogen peak at
100.5 ppm with a computer (Aspect 3000; Bruker) using the same fre-
quency bandwidth for all spectra (250 Hz). Absolute quantitation of
hepatic glycogen was determined by comparing the peak integral of
the C1 liver glycogen peak with the C1 glycogen peak integral of a
glycogen standard taken under identical conditions. Finally, minor
corrections (< 10%) were made for incomplete space filling of the
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surface coil by the liver by comparison of the axial image of the glyco-
gen phantom with that of the subjects’ liver.

Analytical procedures. Plasma glucose concentration was deter-
mined by the glucose oxidase method (Glucose Analyzer II; Beck-
man Instruments, Fullerton, CA). Plasma immunoreactive insulin,
C-peptide, and glucagon were measured with double antibody radio-
immunoassay techniques using commercially available kits (insulin;
Diagnostic Systems Laboratories, Webster, TX, C-peptide; Diagnos-
tic Products Corp., Los Angeles, CA, and glucagon; ICN Biomedicals
Inc., Costa Mesa, CA). Glycosylated hemoglobin was measured using
an ion exchange chromatography method (Isolab, Akron, OH). The
relative contributions of the direct and indirect pathways to hepatic
glycogen synthesis were determined using acetaminophen to nonin-
vasively sample the hepatic UDP-glucose pool as previously de-
scribed (16). Briefly, plasma samples were deproteinized with
Ba(OH), and ZnSO, and deionized by passage through a mixed bed
ion exchange resin column. After evaporation, the residual glucose

l Dinner

- -
H O O N 00O © O =
L 1 1 1 1 1 |

7007

6007

5007

4007

300

2007

INSULIN (pM)

1007

3507

3007

2507

2007

1507

GLUCAGON (ng/l)

Figure 1. Time course for plasma glucose,
insulin, and glucagon concentrations in
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glucokinase-deficient (closed symbols) and
control (open symbols) subjects during the
second study day in which three isocaloric
mixed meals were ingested 5 h apart.
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was derivatized with pyridine/acetic anhydride (1:2 in volume) to
yield glucose pentaacetate. Total 3C enrichment of plasma glucose
was determined by chemical ionization mass spectral analysis of the
pentaacetate glucose derivative performed on a gas chromatography-
mass spectrometer (HP 5971 GC-MS; Hewlett Packard Co., Palo
Alto, CA) (24). Urine acetaminophen-glucuronide was semipurified
by anion exchange chromatography. After freeze-drying, the sample
was redissolved in a minimum volume of water, deproteinized with
sodium sulfate and methanol, and filtered. The solvent was removed
on a rotovapor (Buchi, Westbury, NY). Urinary acetaminophen-glu-
curonide *C enrichment was determined by both gas chromatogra-
phy-mass spectrometry and '*C NMR spectroscopy. The isolated and
purified acetaminophen-glucuronide was placed in a 5-mm NMR tube,
and *C NMR spectroscopy was performed at 125.76 MHz (AMS500;
Bruker). NMR chemical shifts of the glucuronide C1, C2, and C6 were
assigned to 101.0, 73.2, and 176.1 ppm, respectively. In the acetamin-
ophen moiety, C2' (C6’) and C3 (C5’) of the aromatic ring were as-
signed to 117.7 and 123.8 ppm. The percent of glycogen synthesized
by the direct pathway was calculated by the following equation: per-
cent of Direct Pathway = C1-C6 acetaminophen-glucuronide/C1-C6
plasma glucose, where C1, C6 acetaminophen-glucuronide and Cl1,
C6 plasma glucose represent the '*C enrichment in the C1 and C6 po-
sitions of the glucuronide and plasma glucose, respectively.

Data analyses. All values are expressed as mean=standard er-
ror. Areas under the plasma insulin and glucagon curves were calcu-
lated by the trapezoidal rule with data from 0-5 h after each meal.
Repeated measures ANOVA were used when comparing glucose
and glucagon levels over time after meals and when comparing the
mean relative flux of the direct pathway for hepatic glycogen synthe-
sis after breakfast. Peak glucose levels and other comparisons be-
tween groups are unpaired Student’s ¢ test. Statistics were performed
with the JMP software (SAS Institute Inc., Cary, NC).

Results

Time courses for mean plasma glucose, insulin, and glucagon
concentration during the second study day (inpatient day 5)
are shown in Fig. 1. Fasting plasma glucose was significantly
higher in glucokinase-deficient than in control subjects (6.6+0.2
vs 5.00.1 mM; P = 0.0001), and remained significantly higher
throughout the day (ANOVA, P = 0.0001 after each meal).
The peak plasma glucose concentration was observed 45 min
after each of the meals and was 9.9£0.9 vs 7.4+£0.5 mM (P =
0.015) following breakfast, 9.2+0.5 vs 6.802 mM (P =
0.0002) after lunch, and 9.60.4 vs 6.6=0.2 mM (P = 0.0001)
following dinner, respectively, in glucokinase-deficient and
control subjects.

Fasting plasma insulin was not significantly different in glu-
cokinase-deficient (309 pM) and control subjects (42+5
pM). One hour after the ingestion of breakfast, plasma insulin
peaked at 264+43 pM in patients and 61899 pM in controls
(P < 0.03). The area under the insulin curve (0-5 h) expresses
the overall insulin secretory response after breakfast: and was
48,690*6,674 pM/min vs 79,494=7,261 pM/min (P = 0.01), in
patients and control subjects, respectively. Three and a half
hours after breakfast plasma insulin concentration was again
similar in glucokinase-deficient and control subjects and re-
mained similar throughout the day. Insulin concentration
peaked 1 h after lunch at 240+36 pM in glucokinase-deficient
subjects and 24638 pM in controls, and 1 h after dinner at
198+27 in glucokinase-deficient subjects and 23432 pM in
controls. Insulin areas under the curve were also similar in glu-
cokinase-deficient subjects and controls after lunch (5-10 h)
38,904+4,318 vs 38,808+2,207 pM/min and dinner (10-15 h);
34,272+4,608 vs 41,520£3,966 pM/min after dinner. Similar
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Figure 2. Increment in hepatic glycogen concentration over basal val-
ues after breakfast, lunch, and dinner in glucokinase-deficient
(hatched bars) and control (closed bars) subjects obtained 4-5 h after
the meal.

profiles of plasma glucagon were observed in both groups
throughout the day (Fig. 1).

Average fasting hepatic glycogen concentration was sim-
ilar in glucokinase-deficient and control subjects (27920 vs
284+14 mM), and in both groups it increased after the meals
with a continuous pattern throughout the day. However, the
mean increment in hepatic glycogen content after each meal
was typically 30-60% lower in the glucokinase-deficient sub-
jects compared with the control subjects (breakfast, 46%
lower, P < 0.02; lunch, 62% lower, P < 0.002; dinner, 30%
lower, P = 0.04 [Fig. 2]). Peak hepatic glycogen concentration
4 h after breakfast, lunch, and dinner was 313+20 vs 347+14
mM (P = 0.17), 333%22 vs 41417 mM (P = 0.02), and
383+16 vs 43414 mM (P = 0.04), respectively in glucoki-
nase-deficient and control subjects.

The mean relative flux of the direct pathway for hepatic
glycogen synthesis after breakfast is shown in Fig. 3. During the
second hour after breakfast (1-2-h interval) the relative flux
through the direct pathway was significantly less in the glucoki-
nase-deficient subjects than in controls (36%3 vs 55+4%;
P = 0.007). Flux through the direct pathway increased in both
groups such that by the last interval (3—4 h), 60£3 and 74+£8%
of hepatic glycogen was synthesized by the direct pathway in
glucokinase-deficient and control subjects, respectively. As-
suming linear rates of hepatic glycogen synthesis over the 4 h
after breakfast, it can be estimated that glucokinase-deficient
subjects synthesized 50+2% of their hepatic glycogen during
this time by the direct pathway compared with 66x5% (P <
0.04) for the control subjects. (Repeated measures ANOVA
taking into account the 1-2-, 2-3-, and 3-4-h intervals: P =
0.038).
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Figure 3. Relative fluxes of the direct and indirect pathways of he-
patic glycogen synthesis determined at 1-h intervals after breakfast in
glucokinase-deficient and control subjects. Hatched and closed bars
represent the percentage of hepatic glycogen synthesized by the di-
rect pathway in glucokinase-deficient and control subjects, respec-
tively. Open bars represent the percentage of hepatic glycogen syn-
thesized by the indirect pathway in each group. Statistical difference
(P = 0.038) between groups was assessed by repeated measures
ANOVA taking into account the 1-2, 2-3, and 3—4 h intervals.

Discussion

We have examined the net hepatic glycogen synthesis in glu-
cokinase-deficient and control subjects throughout the course
of a day in which three mixed isocaloric meals were ingested.
The results showed a decreased accumulation of hepatic glyco-
gen throughout the day in glucokinase-deficient as compared
to control subjects. This defect was observed not only after
breakfast, when glucokinase-deficient subjects presented with
reduced plasma insulin concentrations, but also following
lunch and dinner in the presence of similar plasma insulin and
glucagon concentrations. This observation suggests that the
defect in hepatic glycogen synthesis is indeed related to the de-
creased enzymatic activity of mutant GCK, and not to an ac-
quired alteration of hepatic glucose metabolism, as we have
observed in subjects with poorly controlled insulin dependent
diabetes mellitus (20). Five hours after dinner, the increment
over basal values of net glycogen concentration in glucokinase-
deficient subjects was 70% of the increment observed in the
control subjects. Considering that the glucokinase-deficient
subjects had significantly higher plasma glucose concentrations
throughout the day compared with the control subjects implies
an even lower efficiency of hepatic glycogen synthesis in terms

of glucose availability than the control subjects. On the other
hand, considering that the enzymatic activity of the proteins
encoded by these mutant GCK alleles is negligible (between 0
and 0.5 U/mg as compared with 100 U/mg for the wild type
glucokinase) (9) one might have expected to observe in these
subjects an even more severe reduction in net glycogen accu-
mulation. Several factors might have contributed to attenuate
this defect. Since all these glucokinase-deficient subjects are
heterozygous for the mutant alleles, they are predicted to have
glucokinase levels that are at least 50% of normal. It has been
recently shown that there might be an overexpression of the
normal allele of the pancreatic isoform in carriers of GCK mu-
tations that severely impair the activity of the enzyme (11).
The expression of pancreatic and hepatic isoforms are con-
trolled by different mechanisms. In the B-cell the GCK pro-
moter is regulated by glucose at the posttranscriptional level
(7, 25). The hepatic isoform of GCK has a different promoter,
which has the potential to up-regulate the expression of the al-
leles in response to insulin (7, 26). Recent data in transgenic
mice generated by homologous recombination showed that
heterozygous disruption of GCK gene results only in 37 and
28% reduction of glucokinase activity in the pancreas and
liver, respectively (27). Discordant results were obtained in
transgenic mice generated by homologous recombination re-
garding the effect of heterozygous disruption of GCK on glu-
cokinase activity. In one report, investigators observed only a
37 and 28% reduction of glucokinase activity in the pancreas
and liver, respectively (27), while other investigators reported
a more significant effect: 44 % reduction of glucokinase activity
in the liver (28) and a 42% (28) to 50% (29) reduction in the
pancreas. Based on all these results we may speculate that
there could also be an overexpression of the normal GCK al-
lele not only in the B-cells but also in the hepatocytes of these
heterozygous glucokinase-deficient subjects.

The gluconeogenic pathway was relatively more important
for synthesizing hepatic glycogen in the glucokinase-deficient
subjects. In the first 2 h after breakfast > 60% of the glycogen
was derived from gluconeogenesis in the glucokinase-deficient
subjects compared with < 50% in the control subjects. The
percentage of hepatic glycogen synthesized by the direct path-
way increased in both groups in the third and fourth hours af-
ter breakfast, but remained lower in glucokinase-deficient sub-
jects than in controls, although not significantly different. The
mechanisms controlling the contributions of the direct and the
indirect pathways to hepatic glycogen synthesis are not fully
understood, but the preferential utilization of the gluconeo-
genic pathway may result at least in part from the lower insu-
lin/glucagon ratio observed in glucokinase-deficient subjects
after breakfast (30). If this is so, the insulin secretory defect
presented by these subjects would help to attenuate the he-
patic effect of the mutation, by increasing the contribution of
the gluconeogenic pathway to net hepatic glycogen synthesis.
Whatever the mechanism responsible for the relative in-
creased flux through the gluconeogenic pathway, this effect
partially explains the mildness of the defect of net hepatic gly-
cogen synthesis observed in these subjects. Finally, it is also
possible that increased hepatic glycogen cycling may be partly
responsible for the lower rates of net hepatic glycogen synthe-
sis in the glucokinase-deficient subjects. In recent studies we
have observed that hepatic glycogen synthase and glycogen
phosphorylase can be simultaneously active in humans under
conditions of net glycogen synthesis resulting in glycogen cy-
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cling (30, 31). The consequences of these GCK mutations on
hepatic glycogen turnover remain to be determined.

Because most of the glucose that is taken up by the liver af-
ter a meal is converted to hepatic glycogen (32), any decrease
in net hepatic glycogen synthesis would be expected to exacer-
bate postprandial hyperglycemia. Thus, the finding of defec-
tive hepatic glycogen synthesis may have important clinical
consequences for glucokinase-deficient subjects. Indeed, we
have observed that 65% of a cohort of 101 glucokinase-defi-
cient subjects classified as having overt diabetes mellitus ac-
cording to the World Health Organization definition (fasting
plasma glucose > 7.8 mM or 2 h after oral glucose load plasma
glucose > 11.1 mM [20]), fulfilled the 2-h criteria only and pre-
sented fasting plasma glucose < 7.8 mM (Velho, G., and P.
Froguel, unpublished results). Thus, decompensation in post-
prandial hyperglycemia rather than an increase in the fasting
plasma glucose concentration is associated with the transition
from impaired glucose tolerance to overt diabetes mellitus in
these subjects. Normal glucose tolerance after a meal also de-
pends on normal suppression of hepatic glucose production
(33). In this regard increased relative rates of gluconeogenesis
observed after a meal in the glucokinase-deficient subjects
while probably beneficial in terms of hepatic glycogen reple-
tion, is also likely an important contributing factor to post-
prandial hyperglycemia in these subjects. In support of this, we
have observed abnormal suppression of hepatic glucose pro-
duction by physiological levels of insulin (25227 pM) during
an euglycemic clamp in a small number of glucokinase-defi-
cient subjects (34). Taken together, these observations under-
score the key role of the liver in the pathophysiology of hyper-
glycemia associated with glucokinase deficiency.

Data in the literature regarding hepatic glycogen synthesis
in diabetic or nondiabetic subjects are scarce. The mildness of
the hepatic glycogen synthesis defect in glucokinase-deficient
subjects contrasts with the profound defect observed with a
similar protocol in subjects with insulin-dependent diabetes,
whose glycogen stores 4 h after dinner were only 30% of those
of controls (20). On the other hand, the heterozygous disrup-
tion of GCK in transgenic mice results in mild pancreatic and
hepatic defects (27) similar to those observed in our patients.
During an hyperglycemic-hyperinsulinemic clamp, the reduc-
tion in hepatic glucose production in transgenic animals was
only 65% of what was observed in wild-type animals. Further-
more, the relative contribution of the direct pathway to the
synthesis of hepatic UDP-glucose was significantly lower in the
heterozygous mice (39%) as compared to the wild-type ani-
mals (53%). Homozygous disruption of GCK in transgenic
mice results in perinatal death with severe hyperglycemia and
significant reduction in liver glycogen stores (28). Interest-
ingly, expression of the glucokinase gene in B-cells in the ab-
sence of expression in the liver is sufficient for survival.

In conclusion, mutations in the coding regions of GCK are
associated with decreased net accumulation of hepatic glyco-
gen and augmented hepatic gluconeogenesis after meals. The
former abnormality probably results from impaired glucose
phosphorylation in hepatocytes due to decreased enzymatic
activity of mutant glucokinase. Both abnormalities may con-
tribute to postprandial hyperglycemia. These results indicate
that the hyperglycemia of glucokinase-deficient NIDDM re-
sults from primary abnormalities of glucose metabolism in
both the pancreatic B-cells and the liver.
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