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Abstract

Pancreatic S-cell function was studied in six subjects with mu-
tations in the enzyme glucokinase (GCK) who were found to
have elevated fasting and postprandial glucose levels in compar-
ison to six normoglycemic controls. Insulin secretion rates
(ISRs) were estimated by deconvolution of peripheral C-pep-
tide values using a two-compartment model and individual C-
peptide kinetics obtained after bolus intravenous injections of
biosynthetic human C-peptide. First-phase insulin secretory
responses to intravenous glucose and insulin secretion rates
over a 24-h period on a weight maintenance diet were not differ-
ent in subjects with GCK mutations and controls. However, the
dose-response curve relating glucose and ISR obtained during
graded intravenous glucose infusions was shifted to the right in
the subjects with GCK mutations and average ISRs over a glu-
cose range between 5 and 9 mM were 61% lower than those in
controls. In the controls, the 8 cell was most sensitive to an
increase in glucose at concentrations between 5.5 and 6.0 mM,
whereas in the patients with GCK mutations the point of maxi-
mal responsiveness was increased to between 6.5 and 7.5 mM.
Even mutations that resulted in mild impairment of in vitro
enzyme activity were associated with a > 50% reduction in ISR.
The responsiveness of the 8 cell to glucose was increased by
45% in the subjects with mutations after a 42-h intravenous
glucose infusion at a rate of 4—6 mg / kg per min. During oscilla-
tory glucose infusion with a period of 144 min, profiles from the
subjects with mutations revealed reduced spectral power at 144
min for glucose and ISR compared with controls, indicating
decreased ability to entrain the g cell with exogenous glucose.
In conclusion, subjects with mutations in GCK demonstrate
decreased responsiveness of the 3 cell to glucose manifest by a
shift in the glucose ISR dose-response curve to the right and
reduced ability to entrain the ultradian oscillations of insulin
secretion with exogenous glucose. These results support a key
role for the enzyme GCK in determining the in vivo glucose/
ISR dose-response relationships and define the alterations in
B-cell responsiveness that occur in subjects with GCK muta-
tions. (J. Clin. Invest. 1994. 93:1120-1130.) Key words: gluco-
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Introduction

It has recently been determined that maturity-onset diabetes of
the young, a form of non-insulin-dependent diabetes mellitus
(NIDDM)! with an early age of onset and autosomal domi-
nant inheritance, may result from mutations in glucokinase
(GCK), the first rate-limiting enzyme in the metabolism of
glucose by the pancreatic 8 cell (1-6). Subjects with GCK mu-
tations are usually characterized by mild fasting hyperglycemia
(i.e., glucose levels > 6.1 mM), which is evident in childhood.
First-phase insulin secretion after intravenous glucose adminis-
tration has been reported to be normal in subjects with GCK
mutations whereas responses to continuous glucose infusion
were significantly reduced (5). On the basis of these findings, it
has been suggested that GCK-deficient diabetes represents a
form of NIDDM in which the primary defect resides in the 8
cell although the potential role of liver GCK in the pathogene-
sis of this syndrome has not been defined. Detailed character-
ization of the B-cell dysfunction that occurs in these subjects
should provide unique insights into the role of glucokinase in
glucose sensing and in the regulation of insulin secretion. The
B-cell responses in these subjects to stimuli other than intrave-
nous glucose have not been reported nor have the effects of
mutations in GCK on the glucose/insulin secretion dose-re-
sponse relationships or on oscillatory insulin secretion patterns
been studied. The present study was undertaken to address
these issues and to define the clinical pathophysiology of alter-
ations in S-cell function in subjects with GCK mutations.

Methods

Subjects

Studies were performed in four males and two females from kindreds
with known GCK mutations and in six controls pair matched for age,
weight, and sex. Clinical profiles of the subjects with GCK mutations
and their controls are shown in Table 1. Mean fasting glucose levels
were significantly higher in the subjects with GCK mutations
(6.72+0.12 vs. 5.04+0.17 mM, P < 0.0008), and they all had fasting
glucose values > 6.1 mM which is 2 SD greater than the mean value in
a matched nondiabetic French population (7). Glycosylated hemoglo-
bin values (Glyc-Affin GHb kit, Isolab, Inc., Akron, OH) were avail-
able in four of the six subjects with mutations (GK3, GK4, GKS, and
GK6) and all were above 6.2% which is the upper limit of normal in

1. Abbreviations used in this paper: GCK, glucokinase; ISR, insulin
secretion rate; NIDDM, non-insulin-dependent diabetes mellitus.



Table I. Demographic and Clinical Data on Patients and Controls

Identification Fasting 2-h Fasting Glycosylated
no. Sex Age BMI glucose glucose insulin hemoglobin
yr kg/m? mM mM M %
GK2 M 18 19.1 7.2 11.2 41 NA
GK3 F 33 18.8 6.4 12.4 21 6.8
GK4 F 48 24.6 6.7 5.0 62 7.6
GK5 M 21 21.2 6.8 8.6 48 7.2
GK6 M 45 250 6.8 11.5 49 8.5
GK7 M 18 22.8 6.4 5.7 59 NA
Subjects 30.5+5.6 22.0+1.1 6.7+0.1* 9.1+1.3 46.7+6.0 7.5+0.4
CK2 M 21 18.8 4.7 5.3 28 NA
CK3 F 29 219 5.3 NA 71 NA
CK4 F 48 25.1 4.3 NA 42 NA
CKS5 M 19 219 4.9 NA 61 NA
CK6 M 39 279 5.3 NA 70 NA
CK7 M 18 19.2 5.4 NA 56 NA
Controls 29.0+5.0 22.5+1.4 5.0+0.2 NA 54.7+6.9 <6.2%

Patients are denoted GK; controls are denoted CK. NA, not available. The 2-h glucose values were obtained 2 h after ingestion of 75 g of glu-

cose. * P < 0.0008 vs. controls.

our assay. All participants were within 20% of ideal body weight. Use of
the homeostasis model assessment method (8) which utilizes fasting
plasma glucose and insulin values showed no difference in relative
insulin resistance between the two groups (subjects, 2.0+0.3; controls,
1.8+0.3; P> 0.6). One of the controls > CK2 was a sibling of GK2 and
had no mutation. The remainder of the controls did not have a per-
sonal or family history of diabetes. Moreover, they had no medical
illnesses nor were they receiving any medications. All subjects were
placed on a weight maintenance diet containing at least 200 g of carbo-
hydrate per day for 2 wk before study. Female volunteers had regular
menstrual cycles and were studied only in the early follicular phase.
Meal studies and intravenous glucose tolerance tests in the subjects
with mutations were performed at the Diabetes and Endocrinology
Department, Hopital Saint Louis, Paris, France. All remaining studies
were performed in the Clinical Research Center at the University of
Chicago. The protocols were approved by the local institutional review
boards and written informed consent was obtained.

Experimental protocol
Each subject participated in a series of studies that allowed C-peptide
kinetics to be measured and the glucose, insulin, and C-peptide re-
sponses to various experimental protocols to be evaluated. All studies
were performed after a 12-h overnight fast beginning at 0800 unless
otherwise stated with subjects in the recumbent position. An intrave-
nous catheter was placed in each forearm, one for blood sampling and
one for administration of glucose or C-peptide as needed. In all experi-
ments, the arm containing the sampling catheter was maintained in a
heating blanket to ensure arterialization of the venous sample.
C-peptide kinetic studies. Individual C-peptide kinetic parameters
were estimated in all 12 subjects as previously described (9). In brief,
during suppression of endogenous C-peptide secretion by a primed
intravenous infusion of somatostatin (350 ug/h; Bachem Fine Chemi-
cals, Torrance, CA), a bolus injection of 150 ug of biosynthetic human
C-peptide (Eli Lilly and Co., Indianapolis, IN) was administered intra-
venously and plasma C-peptide levels were measured at frequent inter-
vals for the next 3 h. Individual C-peptide kinetic parameters were
determined by analysis of the C-peptide decay curves and these parame-
ters were then used to derive insulin secretion rates by deconvolution of
peripheral C-peptide concentrations assuming a two-compartment
model of C-peptide distribution (9, }0).

Intravenous glucose tolerance tests. After obtaining baseline sam-
ples, 30% dextrose was injected intravenously over a period of 3 min
(total dose of 500 mg/kg body weight). Blood samples for glucose,
insulin, and C-peptide were obtained at 1, 3, 5, 10, 15, and 30 min after
terminating the glucose injection.

24-h profiles of glucose and insulin secretion rates. On a separate
occasion, patients were studied over a 24-h period on a weight mainte-
nance diet consisting of 30 kcal/kg with 50% carbohydrate, 15% pro-
tein, and 35% fat. Total food intake was divided into three meals which
were presented at 0900, 1300, and 1800 and were consumed within 20
min. 20% of calories were eaten at breakfast and 40% with lunch and
dinner respectively. Blood sampling for glucose, insulin, and C-peptide
began at 0600 after a 12-h overnight fast and continued via an indwell-
ing catheter at 20-min intervals for 24 h.

Graded intravenous glucose infusion studies. These studies were
designed to explore the dose-response relationships between glucose
and insulin secretion rate (ISR ). In order to eliminate potentially con-
founding effects of differences in the basal glucose concentration, each
study began with the administration of a small bolus of insulin intrave-
nously (0.007 U/kg) followed by a low-dose continuous infusion of
insulin for 20 min in the subjects with GCK mutations, to lower the
fasting plasma glucose to similar levels in both groups. The total dose of
insulin administered was 1.84+0.16 U in the patients vs. 0.46+0.03 U
in the controls. After a period of 20 min during which time the exoge-
nously administered insulin was allowed to decay, samples were drawn
at 10-min intervals for 30 min to define baseline insulin, glucose, and
C-peptide levels. An intravenous infusion of 20% dextrose was then
started at a rate of 1 mg/kg per min, followed by infusions of 2, 3, 4, 6,
and 8 mg/kg per min. Each infusion rate was administered for a period
of 40 min. Insulin, C-peptide, and glucose concentrations were mea-
sured at 10, 20, 30, and 40 min into each glucose infusion period.

In order to document that the administration of insulin to lower the
fasting glucose did not affect subsequent insulin secretory responses,
three subjects were studied on two occasions. Insulin was administered
before the graded glucose infusion protocol described above on one
occasion and on the other occasion the insulin was omitted. Repeated
measures analysis of variance revealed that administration of insulin
caused no alterations in ISR in the physiological range of glucose levels
between 5 and 9 mM (257+143 pmol/min with insulin vs. 262+111
pmol/min without insulin, P > 0.7).
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Effects of glucose administration on insulin secretory responses to
graded glucose infusions. In order to determine if the insulin secretory
responses to glucose were altered by glucose infusion, each graded glu-
cose infusion study described above was followed by a 42-h glucose
infusion at a rate of 4-6 mg/kg per min. During the second day of this
glucose infusion, subjects also consumed three carbohydrate-enriched
meals. At the conclusion of the 42-h infusion period, the glucose infu-
sion was reduced over a 60-min period and then stopped. 30 min later,
the graded glucose infusion was repeated. Mean glucose levels obtained
during the 42-h glucose infusion were 9.7+0.2 mM in the subjects with
GCK mutations vs. 6.8+0.2 mM (P < 0.0002) in the controls.

Ultradian oscillations of insulin secretion. In order to study ultra-
dian oscillations of insulin secretion in the two groups, glucose was
infused in an oscillatory pattern for the first 16 h of the 42-h glucose
infusion in four patients and their matched controls. The amplitude of
these oscillations was 33% above and below the mean rate of 6 mg/kg
per min and their periodicity was 144 min. Blood samples for glucose,
insulin, and C-peptide were drawn at 15-min intervals for the last 12 h
of the oscillatory infusion (1800-0600).

Assays. Plasma glucose was measured by the glucose oxidase tech-
nique (analyzer, Yellow Springs Instrument Co., Yellow Springs, OH).
The coefficient of variation of this method is < 2%. Serum insulin was
assayed by a double-antibody assay (11) with a lower limit of sensitiv-
ity of 20 pM and an average intraassay coefficient of variation of 6%.
Plasma C-peptide was measured as previously described (12). The
lower limit of sensitivity of the assay is 0.02 pmol /ml and the intraassay
coefficient of variation averaged 6%. All samples were measured in
duplicate. Assays were performed at the University of Chicago.

Data analysis

Estimation of ISRs. ISRs over each sampling interval were derived by
deconvolution of endogenously secreted peripheral C-peptide concen-
trations using a two-compartment model of C-peptide kinetics and the
individually derived C-peptide kinetic parameters obtained by analysis
of the C-peptide decay curves (9, 10) as described above.

Intravenous glucose tolerance tests. The first-phase insulin secre-
tion rate response to glucose was calculated as the incremental area
under the ISR curve from 0 to 10 min after terminating the intravenous
glucose bolus. The corresponding areas under the curves for glucose
were also calculated.

24-h profiles of glucose and insulin secretion. The fasting ISR
(pmol/min) was defined as the secretion rate during the period 0600-
0900. The basal insulin secretion during the 24-h period was deduced
by extrapolating the fasting secretion rate during that period. The total
amount of insulin secreted daily (nmol) was calculated as the area
under the 24-h profiles of instantaneous secretion rates. The insulin
secretory response to each meal was calculated as the peak ISR during
the 4-h period after each meal minus the ISR immediately before meal
consumption. This difference was then expressed as a percentage of the
premeal value. The incremental area under the curve was also calcu-
lated for each 4-h interval after breakfast, lunch, and dinner were
served.

Relationships between glucose concentrations and ISRs. These rela-
tionships were explored by analyzing the data from the graded glucose
infusion studies. Baseline glucose, insulin, C-peptide, and ISRs were
calculated as the mean of the values in the —30, —20, —10, and 0 min
samples. ISRs and glucose levels used in the analysis represented the
average of the values between 10 and 40 min at each glucose infusion
rate. Mean ISR for each glucose infusion rate was then plotted against
the corresponding mean glucose level to define the dose-response rela-
tionship. Mean ISRs were determined for 1 mM glucose concentration
intervals by calculating the area under the curve for each interval using
the trapezoidal rule. This area was divided by 1 mM to obtain the
correct units (pmol/min). In order to determine if the ability of the 8
cell to respond to a given increment in glucose differed at different
glucose concentrations, corresponding individual glucose levels and
ISRs were sorted in ascending order of the glucose concentration and a
smooth dose-response curve was calculated using a four-point moving
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average. Mean ISRs were then calculated at 0.5 mM glucose intervals
for each individual study. The local absolute slope at a given glucose
interval was defined as the increment in ISR from that interval to the
next, divided by the glucose interval (0.5 mM). This definition yields
the units pmol/(min X mM). The local relative slope at a particular
glucose interval was defined as the absolute slope expressed as a percent-
age of the mean ISR over the corresponding glucose interval (%/mM).
The relative slope was interpreted as an index of 8-cell responsiveness,
because it measures the percent relative increment in ISR per millimo-
lar increment in glucose concentration.

Ultradian oscillations in insulin secretion

Pulse analysis. Individual ISR and glucose profiles from the last 12 h of
the oscillatory glucose infusion studies were analyzed using Ultra, a
computer program for pulse identification (13). Peaks of insulin secre-
tion in the time series were considered true secretory pulses if both the
increment and the decrement exceeded three times the measurement
error of the C-peptide assay. Previous studies have shown that such a
detection limit results in a false-positive rate of < 1% and thus mini-
mizes the impact of any cumulative error resulting from deconvolution
(13). For each significant pulse, the absolute increment was defined as
the difference between the level of ISR at the peak of secretion and the
ISR at the preceding trough.

Spectral analysis. Each individual ISR and glucose profile from the
oscillatory glucose infusion protocol was submitted to spectral analysis
to investigate whether the oscillations were entrainable in the two
groups (14). Each series was detrended with the first difference filter
before spectral estimates were calculated with the window closing pro-
cedure using a Tukey window as described by Jenkins and Watts (14).

Statistical analyses

All results are expressed as mean+SEM. Data analysis was performed
using the Statistical Analysis System (SAS Version 6 Edition for Per-
sonal Computers; SAS Institute, Inc., Cary, NC). The significance of
differences between the groups was determined using the paired ¢ test or
analysis of variance where appropriate. Nonlinear least squares regres-
sion analysis of the C-peptide decay curves was performed using the
BMDP 3R program (BMDP Statistical Software, Los Angeles, CA).

Results

C-peptide kinetic parameters

The average kinetic parameters in the subjects with GCK mu-
tations were 3,145+199 ml for the volume of distribution,
0.064+0.011 min~! for K,, 0.051+0.006 min~! for K,, and
0.07120.006 min~! for K;. Corresponding values in the con-

trols were 3,633+384 ml, and 0.060+0.007, 0.047+0.002, and

0.065+0.004 min~!, respectively. Group differences were not
statistically significant by multivariate analysis of variance (P
> 0.76).

Intravenous glucose tolerance tests

The area under the curve for glucose from 0 to 10 min was
200+8 mM X min in the patients vs. 157+11 mM X min in the
controls (P < 0.005). The corresponding areas under the
curves for ISR and insulin were not significantly different be-
tween the two groups. In Table II, the individual areas under
the curve for 0-10 min are for each subject listed for glucose,
ISR, and insulin.

24-h meal studies

Fasting and 24-h levels of insulin, ISR, and glucose. Mean
profiles of plasma glucose, insulin, and ISR during the 24-h
study are shown in Fig. 1. Plasma glucose levels were signifi-
cantly higher in the subjects with GCK mutations both under



Table I1. Individual Data from the Different Clinical Studies

Mean levels from 5 to
9 mM glucose

Area under the curve from 0 to 10 min during during baseline graded

intravenous glucose tolerance test 24-h means from meal studies glucose infusion study
Identification -
subject (control) Glucose ISR Insulin Glucose ISR Insulin ISR Insulin
mM X min nmol nmol X min per L mM pmol/min oM pmol/min pM
GK2 (CK2) 171 (148) 4.6 (8.1) 1.6 (1.3) 7.9(5.4) 99 (137) 78 (60) 63 (232) 57 (87)
GK3 (CK3) 186 (116) 5.3(2.6) 1.5(1.9) 7.7 (5.1) 83 (107) 74 (105) 61(134) 38 (138)
GK4 (CK4) 218 (180) 12.4 (8.7) 4.6 (3.5) 6.9 (5.3) 153 (126) 132 (107) 95 (235) 82 (163)
GKS5 (CKS5) 213 (141) 13.6 (9.8) 4.6 (6.3) 7.4 (5.3) 176 (167) 129 (184) 114 (320) 63 (198)
GK6 (CK6) 216 (186) 11.4 (19.9) 2.1(12.2) 7.2(5.7) 111 (206) 69 (223) 83 (378) 44 (289)
GK7 (CK7) 197 (172) 11.8 (10.2) 3.8(2.7) 6.6 (5.9) 147 (157) 117 (125) 132 (211) 80 (110)
Mean+SE 200+8 9.9+1.6 3.0+0.6 7.3+0.2 128+15 10012 91+12 61+7
(15711) (9.9+2.3) 4.7£1.7) (5.5+0.1) (150+14) (134+24) (252+35) (164+30)
Level of
significance (P) <0.005 >0.98 >0.39 <0.002 >0.26 >0.25 <0.006 <0.03

fasting conditions (6.8+0.2 vs. 5.1+0.2 mM, P < 0.004), and > 0.39). The peak ISR after each meal expressed as a percent-
over the 24-h period (7.3+0.2 vs. 5.5+£0.1 mM, P < 0.002). age of the corresponding secretion rate for 1 h before the meal
Peak postprandial glucose levels did not increase > 10 mM and was significantly lower in the subjects with GCK mutations
glucose levels returned to fasting levels after each meal. Aver- compared with that in controls after breakfast (395+42% vs.
age basal ISRs did not differ between the patients and controls 736+128%, P < 0.01). There were no differences in the insulin
(77+15 vs. 7913 pmol/min, P > 0.8), nor did the total secretory responses to lunch (577+119% vs. 735+182%, P
amount of insulin secreted over the 24-h period (185+21 vs. > 0.58) and dinner (271+47% vs. 392+75%, P > 0.25) be-
216+21 nmol, P> 0.26). In the subjects with GCK mutations, tween groups.

basal insulin secretion represented 43% of the total 24-h secre- ) o
tion, which was not significantly different (P > 0.3) from the Responses to graded intravenous glucose infusions

percentage of basal insulin secretion of 47% observed in the Fasting plasma glucose levels were higher in the subjects with
control subjects. Individual 24-h mean glucoses, ISRs, and in- the GCK mutations compared with those in controls (6.7+0.1
sulins are listed in Table II. The incremental area under the vs. 5.0+£0.2 mM, P < 0.0008) before the graded intravenous
insulin secretion response curve for the 4 h after breakfast was glucose infusion studies. After insulin administration plasma
less in the subjects with GCK mutations than in their controls glucose concentrations were similar in both groups (5.1+0.2
(20.9+2.3 vs. 29.9+2.6 nmol, P < 0.04), but there were no vs. 4.7+£0.2 mM, P > 0.15). Glucose, insulin, and ISR re-
significant differences after lunch (27.7+£2.6 vs. 38.2+4.6 sponses to the glucose infusions are shown in Fig. 2. Average
nmol, P > 0.11) and dinner (28.1£2.6 vs. 35.6+8.0 nmol, P glucose concentrations over the duration of the study were sig-
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Figure 1. 24-h profiles of glucose and insulin secretion in a weight maintenance diet. Breakfast, lunch, and dinner were presented at 0900, 1300,
and 1800.
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Figure 2. Average glucose, ISR, and insulin profiles in the subjects
with GCK mutations and their matched controls during the stepped
glucose infusion studies. After a 30-min period of baseline sampling
glucose was infused at rates 1, 2, 3, 4, 6, and 8 mg/kg per min. Each
infusion rate was administered for a period of 40 min and glucose,
insulin, and C-peptide were measured 10, 20, 30, and 40 min into
each period.

nificantly higher (8.7+0.5 vs. 6.7+£0.3 mM, P < 0.002) and
ISRs were significantly lower (15919 vs. 246+27 pmol/min,
P < 0.04) in the subjects with GCK mutations.
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In order to allow the ISRs to be compared in the two groups
at the same plasma glucose levels, the average amount of insu-
lin secreted at each glucose infusion rate was plotted against the
corresponding glucose level. The resulting glucose/ISR dose-
response relationships are shown in Fig. 3. In the controls,
small increments in glucose resulted in large increments in the
ISR particularly at glucose concentrations which are close to
basal levels. In this group, on average 13621 pmol of insulin
were secreted per minute at glucose levels between 5 and 6 mM
and this increased to 211+28 pmol/min as the glucose was
increased to between 6 and 7 mM. Corresponding values in the
subjects with GCK mutations over the same glucose intervals
were 38+5 and 59+5 pmol/min, respectively. ISRs for the pa-
tients and controls for 1 mM glucose increments are shown in
the lower panel of Fig. 3. Over the concentration range between
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Figure 3. Top panel: Relationship between average glucose concen-
trations and insulin secretion rates during the graded intravenous
glucose infusion studies. The lowest glucose levels and insulin secre-
tion rates were measured under basal conditions and subsequent lev-
els were obtained during glucose infusion rates of 1, 2, 3,4, 6, and 8
mg/kg per min, respectively. Bottom panel: Average insulin secretion
rates for subjects with GCK mutations and controls over | mM glu-
cose intervals during graded intravenous glucose infusion.
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5 and 9 mM glucose, the controls secreted on average 252+35
pmol/min and the subjects with GCK mutations 9111 pmol/
min (P < 0.006). Thus ISRs were reduced by 61% in subjects
with GCK mutations. Individual average ISRs and insulins
over the 5-9 mM concentration range are listed in Table II.
In order to define the profile of responsiveness of the 3 cell
to increases in plasma glucose, the absolute and relative slopes
of the curves relating glucose and ISR were compared for spe-
cific glucose concentration intervals. Over a range spanning
glucose intervals between 5 and 9 mM the average slope in the
controls was 87+18 pmol/(min X mM). The local slopes for
0.5 mM glucose intervals over this range were calculated and
compared by repeated measures analysis of variance. No signifi-
cant differences were found (P > 0.16), compatible with the
conclusion that in the control group, the relationship between
glucose and ISR is linear over this range of glucose levels. In
contrast, in the subjects with GCK mutations, repeated mea-
sures analysis of variance showed significant differences in the
slopes between different 0.5 mM glucose intervals (P < 0.002).
At lower glucose levels in the range of 5.5-6.0 mM, the abso-
lute slope of the dose-response curve was only 11+2 pmol/
(min X mM) but increased to 61+8 pmol/(min X mM) as the
glucose level increased to the 8.0-8.5 mM interval, indicating
that in the normal physiological glucose range, the relationship
between glucose and ISR is nonlinear in patients with GCK
mutations. The relationship between glucose and ISR at differ-
ent glucose intervals was further explored by examining the
changes in the relative rather than the absolute slopes of the
curve relating these two variables (Fig. 4). The relative slope
which represents the incremental response of the g cell to a
standard increment in glucose concentration was taken to rep-
resent a measure of 8-cell responsiveness to glucose at different
glucose levels. In the controls, the relative slope expressed as a
percentage of the average ISR at the corresponding glucose
level was greatest for the 5.5-6.0 mM glucose interval at
82+16%/mM (P < 0.01 by repeated measures analysis of vari-
ance). In the subjects with GCK mutations, the relative slope
was only 35+5% /mM for this glucose interval (P < 0.04 versus
control) but increased to 70+10 and 74+7%/mM at the 6.5-
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Figure 4. Alterations in S-cell responsiveness in relation to changes in
the plasma glucose concentration. The relative slope of ISR for 0.5
mM increments in glucose was calculated as outlined under Methods
and the changes are shown in relation to the corresponding glucose
concentrations.
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Figure 5. Graded intravenous glucose infusions were administered to
subjects with GCK mutations and controls after an overnight fast
(baseline) and after a 42-h intravenous infusion of glucose (post-glu-
cose) at a rate of 4-6 mg/kg/min.

7.0 and 7.0-7.5 mM intervals respectively (P < 0.001 by re-
peated measures analysis of variance). These results indicate
that in both groups, 8-cell responsiveness is greatest at and
slightly above the fasting glucose level pertaining to each group.

Effects of glucose infusion on relationships between glucose

and ISR

Mean glucose levels achieved during the 42-h constant glucose

infusion were 9.7+0.2 mM in the subjects with GCK muta-

tions and 6.8+0.2 mM in the controls (P < 0.0002). The glu-

cose infusion was discontinued after 42 h and low-dose insulin’
was administered resulting in a fall in the plasma glucose con-

centration to similar levels in the two groups (5.0+0.1 vs.

4.9+0.2 mM, P> 0.74). The graded intravenous glucose infu-

sion study was then repeated in each subject.

In order to allow ISRs to be compared at the same glucose
concentrations before and after glucose infusion, average ISRs
measured during each glucose infusion rate were plotted
against the average glucose concentrations (Fig. 5). These data
demonstrate that the 42-h glucose infusion resulted in a shift in
the glucose/ISR dose-response curves to the left in both
groups, ISR increasing by 45% in the subjects with GCK muta-
tions over a glucose range of 5-9 mM (P < 0.002) and by 24%
in controls over the same glucose range (P < 0.0005).
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Ultradian oscillations of insulin secretion

During the 12-h oscillatory glucose infusion, glucose concen-
trations were significantly higher in the subjects with GCK mu-
tations than in the controls (13.1+£0.3 vs. 8.2+0.2 mM, P
< 0.0001). The ISR was not significantly different between
subjects and controls (295+28 vs. 309+40 pmol/min). The
average absolute amplitude of the ultradian oscillations in ISR
tended to be lower in the subjects with GCK mutations than in
the controls despite the higher glucose levels in this group, but
the differences were not statistically significant (151+32 vs.
213+40 pmol/min, P > 0.23). Fig. 6 shows the temporal pro-
files of glucose and ISR in a representative subject with a muta-
tion and his control. Spectral analysis of the glucose and ISR
profiles showed that as a group, the subjects with GCK muta-
tions demonstrated abnormalities in entrainment by exoge-
nous glucose (Fig. 7). In this representation the peaks if any
correspond to the dominant periodicity in the temporal varia-
tion. The normalized spectral power at 144 min was signifi-
cantly less in the patients than in their controls, for glucose
(12.3+0.3 vs. 19.3+0.5, P < 0.001), ISR (2.5+1.1 vs. 9.8+£1.1,
P <0.02), and insulin (2.8+1.1 vs. 10.0, P < 0.005). Further-
more, there was complete separation with no overlap between
the spectral powers observed in the individual subjects from the
two groups.

Relationship between in vitro enzyme activity and

in vivo ISRs

The activity of each of the mutant enzymes present in these
subjects has been defined in vitro (15). K, and V,,,, parame-
ters for each enzyme are shown in Table III in addition to the
average ISRs measured during the graded intravenous glucose
infusion studies. Individual data from this study in relation to
the average results in the controls are shown in Fig. 8 and Table
III. Three subjects with mutations that resulted in the most

GKS

severe reductions in enzymatic activity (GK2, GK3, and GK6)
had the lowest ISRs in vivo. Two subjects (GK4 and GK5)
whose mutations resulted in the mildest impairment of in vitro
biological activity demonstrated insulin secretion rates which
were on average 34% higher than the three subjects with the
severe mutations but 58% lower than the controls. A single
subject (GK7) whose mutation resulted in an almost inactive
enzyme in vitro showed higher ISRs than any of the other sub-
jects with mutations.

Discussion

Our understanding of the pathophysiology of NIDDM is in-
complete for a variety of reasons. The disorder is heteroge-
neous from both clinical and genetic standpoints and an eleva-
tion in the plasma glucose results in defects in the pathways of
insulin secretion and insulin action making it impossible to
differentiate between primary and secondary defects (16). A
specific subtype of NIDDM with age at onset of < 25 yr of age
and autosomal dominant inheritance has been recognized
(17). This early-onset form of NIDDM has been called matu-
rity-onset diabetes of the young and appears to be due to a
limited number of discrete genetic defects (1, 4, 18, 19). One
form of this disorder results from mutations in the glycolytic
enzyme GCK. This enzyme is the first rate-limiting step in
glucose metabolism by the 8 cell and has been postulated to
represent the glucose sensor (20). Detailed studies of subjects
with GCK mutations provides a unique opportunity to define
the role of GCK in the regulation of insulin secretion and to
understand the pathophysiology of the glucose intolerance
which occurs in these patients.

The results indicate that GCK mutations are associated
with a diminished ability of the 8 cell to respond to small incre-
ments in the plasma glucose concentration resulting in a down-
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Figure 6. Profile of glucose and insulin secretion rate from a subject with a GCK mutation (/eff) and a control (right) during the administration
of glucose in an oscillatory pattern with a period of 144 min.
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Figure 7. Average power of the spectra obtained from the glucose and
ISR profiles from four subjects with GCK mutations and matched
controls who received oscillatory glucose infusions with a period of
144 min.

ward and/ or rightward shift in the glucose /ISR dose-response
curve. The differences between subjects with GCK mutations
and controls were most clearly seen during graded low-dose
intravenous glucose infusions. In the controls, the relationship
between glucose and ISR was linear over the range of concen-
trations encountered under normal physiological circum-
stances, i.e., between 5 and 9 mM. However when the relative
increment in insulin secretion induced by small increments in
glucose was studied, the 8 cell was found to be most sensitive to
glucose levels that define the normal fasting range, i.e., 5.5-6.0
mM. In contrast, in the subjects with GCK mutations, the rela-
tionship between glucose and ISR was not linear because the 8
cell was poorly responsive to glucose within the normal fasting
range as defined above, and the point of maximal responsive-
ness (defined as the point on the dose-response curve where
the local relative slope is maximal) was increased to 6.5-7.5
mM. This level corresponded very closely to the fasting plasma
glucose concentration seen in these patients. These data are
consistent with the conclusion that the fasting plasma glucose
concentration in controls and subjects with GCK mutations is
determined by the point at which the 8 cell is maximally re-
sponsive to a small increment in plasma glucose.

Insulin Secretory Abnormalities Due to Glucokinase Mutations

Table I11. In Vitro Enzymatic Activity (V.. and K,,)
Jfor Each of the Mutant GCK Enzymes

K.
Subjects Pedigree* Mutation* Vas (glucose)t
U/mg mM
GK2 F8 E279X - -
GK3 F331 V182M 49+6 70+9
GK4 F51 E300Q 1008 20+1.2
GK5 F51 E300Q 100+8 20+1.2
GK6 F390 G261R <0.46 2.5+2.1
GK7 F422 V203A 0.5+£0.04 10020
Controls - - 100+8 8+2

* Data were obtained from Froguel et al. (4). * The single-letter ab-
breviations for the amino acids are used: A, alanine; E, glutamic
acid; G, glycine; M, methionine; Q, glutamine; R, arginine; V, valine;
and X, stop. The notation E279X means that the codon for glutamic
acid 279 has been mutated to a translational stop codon. ¢ Data

from Gidh-Jain et al. (15).

Additional studies demonstrated that the responsiveness of
the 8 cell is improved after the intravenous administration of
low doses of glucose for a period of 42 h. After the glucose
infusion, the glucose ISR dose-response curve was shifted to
the left in the subjects with GCK mutations and the insulin
secretory responses at each glucose concentration increased by
~ 45%. The increase in insulin secretion induced by this glu-
cose infusion was even greater in the subjects with mutations
than in the controls. The present experimental design does not
allow us to determine if this was due to the higher glucose
concentrations achieved in the patients with mutations. Stud-
ies performed in vivo and in vitro have previously demon-
strated that insulin secretory responses can be increased by

—e— CONTROLS
7 -+- GK MUTATIONS (MILD)

6004 'F’7 GK MUTATION (SEVERE)

ISR (pmol/min)

GLUCOSE (mmol/L)

Figure 8. Relationship between glucose and ISR during graded intra-
venous glucose infusions. The average curve based on data from six
controls is shown in relation to individual data from the six subjects
with GCK mutations. Subjects GK2, GK 3, and GK6 had mutations
that resulted in severe impairment of in vitro glucokinase enzyme ac-
tivity as did subject GK7. The mutations in subjects in subjects GK4
and GKS5 resulted in only mild reductions in enzyme activity in vitro.
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exposure to glucose (21-31). The present findings are consis-
tent with these previous results and indicate that even the se-
verely reduced ISRs found in subjects with GCK mutations
can be improved by physiological stimuli such as glucose. We
assume that this increase in insulin responsiveness results from
increased levels of glucokinase activity in the 8-cell (25, 32).
There is considerable evidence that prolonged exposure of the
8 cell to high glucose may induce defects in insulin secretion
and insulin secretory responses in patients with classic
NIDDM which are improved by interventions which lower the
plasma glucose concentration (33). The improvement in 3 cell
responsiveness after glucose infusion in the subjects with GCK
mutations may represent a means of differentiating physiologi-
cally between NIDDM owing to GCK mutations and classic
NIDDM where chronic exposure to high glucose would be ex-
pected to lead to further impairment in insulin secretion. The
possibility that such an approach could allow different forms of
NIDDM to be differentiated will need to be addressed in future
studies.

Insulin secretory responses were also evaluated over a 24-h
period while the subjects consumed a weight maintenance diet
consisting of three meals. Under these conditions, subjects with
GCK mutations demonstrated fasting plasma glucose concen-
trations of ~ 7.0 mM and peak postprandial levels ~ 10 mM.
Although reduced insulin secretory responses to breakfast were
seen in the subjects with GCK mutations, fasting, postprandial
responses to lunch and dinner, and 24-h insulin secretion rates
were not significantly different from controls and the delayed
and blunted insulin secretory responses to meals characteristic
of classic NIDDM were not seen (34).

Ultradian oscillations in insulin secretion were evaluated
during oscillatory glucose infusions with an oscillatory period
of 144 min. These experiments were designed to determine
whether the periodicity of the ultradian oscillations could be
entrained to the frequency of the exogenous glucose stimulus.
The concept of entrainment is central to the field of nonlinear
dynamics. Briefly, if a nonlinear, self-oscillating system is per-
turbed exogenously with a periodic stimulus, different types of
oscillatory behaviors may emerge, one of which is entrainment.
When entrainment occurs, the oscillation of the system reacts
to the exogenous stimulus by adjusting its period to that of the
stimulus. In contrast to the controls where the oscillatory glu-
cose infusion resulted in entrainment of plasma glucose and
insulin secretion, neither the glucose nor the ISR pattern was
entrained in the subjects with GCK mutations. As a result,
significant abnormalities in the interactions between the ultra-
dian oscillations of ISR and glucose were evident by spectral
analysis and the spectral power at 144 min for both glucose and
insulin secretion was significantly reduced in the subjects with
GCK mutations. The strength of this result is highlighted by
the fact that there was no overlap in the results obtained in
subjects from the two groups. The lack of entrainment of ISR is
consistent with previous data in patients with classic NIDDM
or impaired glucose tolerance (35). However, in these latter
two groups, entrainment of the glucose profiles was seen. The
lack of entrainment of glucose in subjects with GCK mutations
could be related to abnormal control of hepatic glucose metabo-
lism since the mutations are expressed in both liver and 8 cell.
Furthermore, in contrast to our previous study which was per-
formed in insulin resistant IGT and NIDDM patients, use of
the homeostasis model assessment method showed that the
subjects with GCK mutations in the present study were rela-
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tively insulin sensitive. The abnormal insulin secretory pattern
would be expected to affect peripheral glucose utilization (and
therefore the glucose concentration profile) to a larger degree
in lean, insulin-sensitive subjects than in obese, insulin-resis-
tant subjects in whom the response to an increase in plasma
insulin level has been shown to be sluggish (36). Our previous
studies in subjects with impaired glucose tolerance demon-
strated normal number but reduced amplitude of the ultradian
oscillations of insulin secretion. Differences in the amplitude of
the ultradian oscillation between subjects with GCK mutations
and controls did not reach statistical significance in the present
study (151+32 vs. 213+40 pmol/min, P < 0.23). However, it
should be borne in mind that glucose concentrations were sig-
nificantly higher in the subjects with GCK mutations during
the oscillatory glucose infusions (13.1+0.3 vs. 8.2+0.2 mM, P
< 0.0001). Since an increase in plasma glucose results in an
increase in the amplitude of the ultradian oscillations (37), this
difference in glucose almost certainly masked what would have
been significant differences in the amplitude of the ultradian
insulin secretory oscillations between the two groups.

During intravenous glucose tolerance testing, first-phase
insulin secretory responses were not different from control in
subjects with GCK mutations. These findings are consistent
with previous results (5) but the interpretation of the signifi-
cance of this finding is complicated in light of the fact that
plasma glucose levels were higher in the subjects with GCK
mutations during this test. If the plasma glucose concentrations
had been the same in the two groups, the subjects with GCK
mutations may have demonstrated reduced first-phase secre-
tory responses. It thus appears that subjects with GCK muta-
tions are able to compensate for increases in plasma glucose
levels by increasing their ISRs and this may mask differences in
ISRs between subjects with mutations and controls during tests
such as intravenous glucose tolerance tests and 24-h meal stud-
ies where differences in glucose cannot be avoided. Tests that
are not critically dependent on the absolute level of glucose
such as the entrainment of ultradian oscillations of secretion or
in which differences in glucose can be accounted for in the
analysis, such as defining the glucose insulin secretion dose-re-
sponse relationships, appear to be more sensitive measures of
B-cell dysfunction in subjects with GCK mutations than the
intravenous glucose tolerance test or 24-h meal profile. This
result appears to be in contrast with results in classic NIDDM
where first phase secretory responses are reduced despite differ-
ences in glucose (16).

The enzymatic properties of the GCK mutants found in the
six patients studied here have been determined (15). This has
allowed us to compare in vitro enzyme activity as judged by
Vax and K, with the in vivo effects on ISRs. A number of
conclusions can be drawn from these comparisons. Four pa-
tients (GK2, GK3, GK6, and GK7) expressed mutant en-
zymes that were either non-functional because of a nonsense
mutation or a mutation that had markedly reduced enzyme
activity. In three of these subjects (GK2, GK3, and GK6) ISRs
were markedly reduced during the graded glucose infusions
and represented only 28% of the amount of insulin secreted by
the controls. The fourth subject in this group (GK7) secreted
more insulin than any of the six subjects with GCK mutations
although this still represented only 52% of the amount secreted
by the controls. Two subjects (GK4 and GK5) had mutations
that had no effect on V,,, but increased the K, for glucose
from 8 to 20 mM. These patients secreted 34% more insulin



than the three subjects with severe mutations described above
but their ISRs were still 58% less than the controls. Thus, it
appears that even mutations that have only a relatively small
effect on the kinetic properties of GCK in vitro can impair
insulin secretory responses to graded low-dose infusions of glu-
cose. In some cases, however, as demonstrated by subject GK7,
the severity of the in vivo secretory defect is not completely
predicted by the in vitro enzyme activity, suggesting that addi-
tional compensatory factors may be operative.

In summary, the present studies support the notion that
glucokinase plays a key role in the ability of the 3 cell to sense
small alterations in the plasma glucose concentration. The glu-
cose/insulin secretion dose-response curve is shifted to the
right in subjects with mutations in this enzyme and the 8 cell
demonstrates maximal responsiveness not at glucose concen-
trations between 5.5 and 6.0 mM as in controls but at concen-
trations of 6.5-7.5 mM. This results in an increase in the fast-
ing and postprandial glucose concentrations and may mask
differences in insulin secretory responses. Mutations which
cause only mild impairment of in vitro enzyme activity are
associated with severe reductions in insulin secretory rates and
factors such as exposure to high glucose appear to result in a
compensatory increase in in vivo insulin secretion. The normal
pattern of ISR response to meals is largely retained although
reduced insulin secretory responses to the breakfast meal were
seen. The number of ultradian oscillations is normal in subjects
with GCK mutations although they demonstrate reduced abil-
ity to be entrained by exogenous glucose presumably due to
decreased glucose sensing ability by the 8 cell. Mutations in the
enzyme therefore result in a discrete clinical and genetic syn-
drome of mild elevations in fasting and postprandial glucose
concentrations with characteristic alterations in the pattern of
insulin secretory responses to glucose.
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