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ABSTRACT

Glucose and insulin metabolism was studied in 16 adoles-
cents with uremia on hemodialysis. Glucose tolerance was mea-
sured by i.v. glucose tolerance tests IVGTT). Insulin sensitivity
was measured by the euglycemic clamp technique. Insulin se-
cretion during constant hyperglycemia was measured by the
hyperglycemic clamp technique. Controls consisted of eight
healthy young adults. These patients could be further subdivided
into two groups with respect to their growth velocity SD score
(GVSDS). Group one consisted of eight patients with GVSDS
more than —2. This group had normal 1,25(OH),D5 and dem-
onstrated insulin resistance, hyperinsulinemia, and normal glu-
cose tolerance when compared with adult controls. Group two
consisted of eight patients with GVSDS less than —2. This latter
group had low 1,25(0OH),D;, insulin resistance, but normoinsu-
linemia and glucose intolerance compared with adult controls.
Published data in the literature showed that normal pubertal
adolescents demonstrated insulin resistance and hyperinsuline-
mia compared with normal adults. Compared with normal values

The presence of impaired glucose utilization in adults pa-
tients with end-stage renal disease has been recognized for over
80 y (1). This can present clinically as fasting hyperglycemia
and hyperinsulinemia, abnormal glucose tolerance tests, de-
creased insulin secretion in response to glucose loads, and
reduced peripheral sensitivity to insulin action (1, 2). Previous
studies have demonstrated glucose intolerance and inhibition
of insulin secretion in pediatric patients with preterminal
chronic renal failure not on dialysis (3, 4). There is no pub-
lished data on insulin sensitivity and insulin secretion in pedi-
atric patients on hemodialysis. Furthermore, a recent report
showed significant correlations between growth velocity and
indices of insulin metabolism in young children and adoles-
cents with preterminal chronic renal failure (5). The relation-
ship between growth failure and insulin abnormalities has not
been examined in pediatric patients on hemodialysis. The aim
of the present study is to examine glucose tolerance, insulin
sensitivity, and insulin secretion as well as their relationship
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of insulin sensitivity in adolescents, both groups of patients on
hemodialysis were still insulin resistant. The insulin secretion
values in group one was similar to reported values for normal
adolescents, whereas the values in group two were lower.
GVSDS correlated significantly only with insulin secretion and
not with glucose tolerance, insulin sensitivity, 1,25(OH),Dj, or
PTH. Normal adolescents demonstrate an increase in insulin
secretion as they go into puberty. It seems that the puberty
growth spurt in adolescents both with normal health and renal
failure may require increased insulin secretion as omne of its
hormonal requirements. (Pediatr Res 38: 379-383, 1995)

Abbreviations
IVGTT, i.v. glucose tolerance test
GVSDS, growth velocity SD score
1,25(0OH),D5, 1,25-dihydroxyvitamin D4
K, glucose tolerance index during IVGTT

with growth velocity in adolescents with end stage renal
disease on hemodialysis.

METHODS

Sixteen adolescents (aged 12-16 y) with end-stage renal
disease were studied. All patients were pubertal with Tanner
puberty stages between 2 and 4. They were maintained on
regular hemodialysis three times a week for at least 2 mo
before the studies. Medications included oral 1,25(0OH),D,,
calcium carbonate, sodium bicarbonate, and water-soluble vi-
tamins (Nephro-vite; R&D Labortabories, Inc., Marina Del
Rey, CA). 1,25(OH),D; was discontinued 2 d before each
study. Four patients from each group had previous renal trans-
plants. They had not been noted to have hyperglycemia with
corticosteroids after transplantation. None of the patients was
on corticosteroids at the time or had been on corticosteroids for
12 mo before the study. Their daily intake of carbohydrate was
more than 200 g, and their weight was stable for at least 2 mo
before the studies. Their dietary intakes of sodium (2 g/d),
potassium (2 g/d), and phosphorus (800 mg) were restricted.
Dietary intakes were verified by a 3-d dietary recall every
month and adjustments made if necessary. Height was mea-
sured with a Harpenden Stadiometer (Holtain Ltd. Crymych,
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Dyfel, UK) and growth velocity was calculated using height
measurements in the twelve months before the study. Growth
velocity was calculated from the height data over the previous
year. GVSDS = (height velocity — mean height velocity for
age)/SD of height velocity for age (6). All patients did not have
history of or family history of diabetes mellitus. Controls
consisted of eight young healthy adults (aged 18-25 y) con-
suming regular weight maintaining diets and taking no medi-
cations. They did not have history of any significant illness or
any family history of diabetes mellitus. All patients and con-
trols were within 20% of their ideal weight for height.

All studies were started approximately 0900 h after an
overnight fast of approximately 10-12 h just before a sched-
uled hemodialysis session. The patients sat comfortably in a
reclining chair and were not allowed to eat or drink apart from
water during the studies. Glucose tolerance was measured by
IVGTT. Two i.v. lines were started in contralateral arms. One
1.v. line was used for blood sampling and was kept patent by a
slow i.v. infusion of normal saline. The other i.v. line was used
for infusion of glucose. After obtaining at least two serum
samples for fasting glucose and insulin concentrations, a bolus
of 50% dextrose (0.5 g/kg) was given i.v. Thereafter blood
samples were obtained for determination of serum glucose
concentrations at S, 10, 15, 20, 30, 40, 50, 60, 70, 80, and 90
min. K values were measured using the formula: K = 0.693/¢
X 100% where ¢ was the time taken for serum glucose con-
centrations to decline from the peak concentration to half the
peak value (7).

Insulin sensitivity was measured by the euglycemic clamp
technique (8). All patients had arteriovenous fistulas as access
for hemodialysis. A dialysis needle was inserted into the
arteriovenous fistula for blood sampling and used later for
hemodialysis. This was kept patent by a slow normal saline
infusion. In the normal controls, the sampling line was inserted
in a vein on the dorsum of the hand. The hand was then placed
in a heated box (65°C) to arterialize the blood (9). An indwell-
ing catheter was placed in a vein in the opposite arm for
infusion of glucose and/or insulin. After obtaining at least three
fasting serum samples for glucose and insulin concentration, a
prime-continuous infusion of insulin was given i.v. to acutely
raise and maintain the serum insulin concentrations at approx-
imately 100 pU/mL above the basal level for 2 h. The serum
glucose concentration was measured at 10-min intervals, and a
variable infusion of 20% dextrose was adjusted to maintain the
glucose concentration at fasting levels. Under these steady-
state conditions of euglycemia, all of the infused glucose
(mg/m?/min) was taken up by cells and yielded a measure of
the body’s insulin sensitivity to the exogenously infused insu-
lin. Because of the ethical issues of radioactivity administration
in pediatric patients, tritiated glucose turnover studies to quan-
titate hepatic glucose uptake were not performed.

Insulin secretion was measured by the hyperglycemic clamp
technique (8). Patient preparation was similar to the euglyce-
mic clamp. A priming dose of 20% dextrose was given to
acutely raise blood glucose concentration at 125 mg/dL above
fasting glucose concentrations. Constant hyperglycemia at this
level was then maintained for 120 min by varying the infusion
of 20% dextrose and no exogenous insulin. Blood was taken
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every 10 min for measurement of serum insulin concentrations.
The mean insulin concentration (wU/mL) from 20 to 120 min
is an index of the insulin secretion in response to constant
hyperglycemia.

Serum glucose concentration was measured by the glucose
oxidase method using a Yellow Springs 23 AM glucose ana-
lyzer (Yellow Springs Instruments, Yellow Springs, OH). Se-
rum immunoreactive insulin concentration was measured by
double antibody RIA (Pharmacia, Uppsala, Sweden). Serum
PTH was measured by an immunoradiometric assay for the
intact molecule (Nichols, San Juan Capistrano, CA). Serum
1,25(0OH),D; was measured by a radioreceptor assay (Ni-
chols). This assay is specific for both 1,25(OH),D, and
1,25(0OH),D,. It involves a preliminary extraction and purifi-
cation of serum using a single column containing a C,3OH-
activated matrix. Once purified, the material was quantitated in
a radioreceptor assay using a calf thymus receptor and tritiated
1,25(0OH),D5. Separation of bound from free 1,25(OH),D; was
achieved by incubation with dextran coated charcoal. Serum
total calcium, phosphorus, potassium, magnesium, creatinine
and blood urea nitrogen were measured by standard methods
on a multichannel autoanalyzer. '

The study was approved by the Committee for Clinical
Investigations (Institutional Review Board) at Children’s Hos-
pital of Los Angeles. The Institutional Review Board did not
allow studies in normal healthy adolescents. The purpose and
potential risks of the study was carefully explained to all
patients, parents, and subjects, and written informed consent
was obtained before their participation. All values are ex-
pressed as mean = SEM. The data were tested for normality
using the x* method. The least square method of linear regres-
sion and one-way analysis of variance were used for analysis of
the results. Statistical significance was recognized at the 5%
level.

RESULTS

Constant euglycemia and hyperglycemia was achieved in all
insulin clamp and glucose clamp studies, respectively. The
mean intraassay coefficient of variation of serum glucose was
6.8 = 0.3% during the euglycemic clamp studies and 7.3 =+
0.3% during the hyperglycemic clamp studies. The interassay
coefficient of variation for glucose tolerance was 10.9% from
five repeated studies in one normal subject. The interassay
coefficient of variation for insulin sensitivity during the eugly-
cemic clamp studies was 8.2% from five repeated studies
performed monthly in the same normal subject. The interassay
coefficient of variation for insulin secretion during the hyper-
glycemic clamp studies was 4.7% from five repeated studies
performed monthly in another normal subject. The intraassay
and interassay coefficients of variation of the insulin assay
were 5.2 and 8.2%, respectively. The intraassay and interassay
coefficients of variation of the PTH assays were 7.2 and 9.3%,
respectively. The intraassay and interassay coefficient of vari-
ation of the 1,25(0OH),D5 assays were 8.2 and 9.9%, respec-
tively.

Mean GVSDS in the patients was —1.6 = 0.5. The patients
can be divided into two groups according to the GVSDS.
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Group 1 had GVSDS more than —2 and the group 2 had
GVSDS less than —2. The clinical and biochemical data in
these two groups of patients are presented in Table 1. Serum
PTH were higher and serum 1,25(0OH),D; were lower in the
second group (p < 0.02). Serum PTH was high in both groups
of patients, whereas serum 1,25(OH),D; was not different in
group 1 and lower in group 2 when compared with control
values. In other words, whereas both groups had evidence of
hyperparathyroidism, group 1 demonstrated normal
1,25(OH),D; status, whereas group 2 demonstrated
1,25(0H),D; deficiency. Serum 1,25(OH),D; was lower than
in group 2 than data in our laboratory in normal children.
Group 1 had normal fasting glucose but fasting hyperinsuline-
mia, whereas group 2 had fasting hyperglycemia but normal
fasting insulin concentrations. There were no significant dif-
ferences in other biochemical parameters between the two
groups. The indices of glucose metabolism in the two different
groups of patients are presented in Figure 1. Glucose tolerance
was normal in group 1 (p < 0.02) but was lower in group 2
compared with controls. Insulin sensitivity during the eugly-
cemic clamp studies was lower in both groups compared with
controls (p < 0.02). Insulin secretion was higher (p < 0.02) in
group 1 but not different in group 2 compared with controls.
GVSDS correlated with insulin secretion during the hypergly-
cemic clamp studies (Fig. 2; p < 0.02) but did not correlate
with glucose tolerance, insulin sensitivity, PTH or
1,25(0OH),D; concentrations.

DISCUSSION

The present study confirms the presence of abnormalities in
glucose and insulin metabolism in uremic children. El-Bishti ez
al. (10) demonstrated glucose intolerance in children on he-
modialysis using the IVGTT, but they did not study insulin
sensitivity or secretion using glucose clamp methodologies.
Studies in children with preterminal renal failure not on dial-

Table 1. Clinical data and serum biochemistry in hemodialysis

patients
Group 1 Group 2 Controls

Age (y) 15 = 2* 16 = 2* 22+2
Sex (M/F) 5/3 4/4 4/4
GVSDS —1.6 = 0.47 -27+03
1,25(0H),D, 29 + 2% 18 + 2% 35+3

(pg/mL)
PTH (pg/mL) 132 = 38%+ 320 = 68* 18*2
Glucose (mg/dL) 90 + 3% 101 + 3* 88 *3
Insulin (pU/mL) 15 = 1%} 12+1 11 =1
Calcium (mg/dL) 95*03 9203 9.7+ 04
Phosphorus (mg/dL) 6.8 £ 0.7* 7.1 = 1.0* 40=0.1
Bicarbonate 23+1 231 25*1

(mmol/L)
Creatinine (mg/dL) 12.8 £ 1.1* 13.0 = 1.0* 0.9 +0.1
Urea nitrogen 83 = 6* 80 +7 132

(mg/dL)
To convert to SI units: glucose, mg/dl X 0.055 = mmol/L; calcium, mg/dL
X 0.25 = mmol/L; phosphorus, mg/dL. X 0.3229 = mmol/L; bicarbonate,
same unit; Creatinine, mg/dL X 88.4 = mmol/L; and urea nitrogen mg/dL X
0.357 = mmol/L of urea.
* p < 0.01 vs control.
Tp < 0.01 vs group 2.
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*P <0.01 vs controls
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Figure 1. Glucose tolerance (K values during IVGTT); insulin sensitivity
index (M during euglycemic clamps) and insulin secretion index (I during
hyperglycemic clamps) in group 1, group 2, and controls.
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Figure 2. Correlation between growth velocity SD scores (GVSDS) and
insulin secretion index (I) during hyperglycemic clamps in adolescents on
hemodialysis.

ysis have previously demonstrated glucose intolerance and
insulin resistance, but lack of an appropriate hyperinsulinemic
response (4). This inhibition of insulin secretion in patients
with chronic renal failure is likely to be secondary to
1,25(0OH),D5 deficiency rather than secondary hyperparathy-
roidism. Acute i.v. administration of 1,25(OH),D5 to uremic
patients on hemodialysis, withdrawn from 1,25(OH),Ds, led to
a significant increase in insulin secretion and reversal of glu-
cose intolerance (11). IVGTT performed in these hemodialysis
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patients after cessation of their normal maintenance dose of
1,25(0H),D; supplements for 3 d showed the presence of
glucose intolerance. Acute i.v. 1,25(0OH),D5, 2 h before glu-
cose tolerance tests, led to correction of glucose intolerance.
Insulin secretion during the hyperglycemic clamp technique
showed significant increases during the vitamin D replacement
studies. These events occurred without any significant changes
in PTH concentrations. These results are consistent with the
hypothesis that 1,25(OH),D; deficiency contributes to the in-
duction of glucose intolerance in uremia by inhibiting insulin
secretion. This hypothesis is consistent with evidence of a
cytosolic receptor protein for 1,25(OH),D; in the pancreatic
cell (12) and that dietary vitamin D is essential for the normal
physiologic regulation of insulin secretion (13). Vitamin D
deficiency in rats with normal renal function inhibits insulin
but not glucagon secretion (14) and induces glucose intoler-
ance and hypoinsulinemia (15). Acute i.v. administration of
1,25(0OH),D; increased insulin secretion and corrected glucose
tolerance in vitamin D-depleted animals (15). Furthermore,
1,25(0OH),D, specifically, but no other vitamin D metabolite,
seems to play an essential role in modulating insulin secretion
(16).

In the present study, both groups of patients were insulin-
resistant. Group one, who demonstrated normal growth and
normal serum 1,25(OH),D5, were capable of increasing their
insulin secretion and maintaining normal glucose tolerance;
whereas group two, who demonstrated growth failure and
1,25(0H),D, deficiency, could not increase insulin secretion
with resultant glucose intolerance. The control group is less
than ideal with respect to insulin sensitivity and insulin secre-
tion because normal adolescents are insulin-resistant and hy-
perinsulinemic compared with normal adults (17-19). Com-
pared with published insulin sensitivity values in normal
adolescents (201 = 12 mg/m*/min) (15, 16), both groups of
patients (group 1, 165 * 17; group 2, 149 = 15) were still
insulin-resistant. Compared with published insulin secretion
values in normal adolescents (68 * 8 uU/mL) (19), insulin
secretion was normal in group 1 (70 % 6), whereas it was low
in group 2 (43 * 4). Thus, normal adolescents exhibit an
increase in insulin secretion as they go into their puberty when
they normally experience a growth spurt (19). Indeed, group
one, that exhibited insulin secretion that was not different from
normal adolescents, had relatively normal growth velocity.
Group two, who exhibited insulin secretion lower than normal
adolescents, had growth failure, as defined by GVSDS of less
than —2. GVSDS correlated significantly with insulin secretion
but not with glucose tolerance, insulin sensitivity,
1,25(0H),D5, or PTH. This is in agreement with recent data
showing similar correlations in children with preterminal renal
insufficiency not on dialysis (5). GVSDS correlated with insu-
lin secretion measured during the hyperglycemic clamp study
in predialysis adolescent children. Also, 13 children were
followed longitudinally during medical suppression of hyper-
parathyroidism with dietary phosphate restriction and high
dose phosphate binders. After effective suppression of hyper-
parathyroidism both GVSDS and insulin secretion increased
significantly. The changes in GVSDS correlated well with the
changes in insulin secretion but not with changes in PTH. It
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seems that the puberty growth spurt in adolescents both with
normal health and renal failure may require increased insulin
secretion as one of its hormonal requirements.

Insulin is an important hormone involved in the modulation
of growth in health and disease (20). Children with type I
diabetes mellitus are often growth-retarded. Rudolf et al. (21)
reported an acceleration in linear growth in type I diabetic
children when they were treated intensively with constant s.c.
infusion of insulin. Milman et al. (22) showed that growth
hormone and insulin but not growth hormone alone normalized
nitrogen retention in diabetic rats. Costin et al. et al studied
children with growth hormone deficiency after resection of
crainiopharyngioma. Postoperative growth rates in these chil-
dren correlated not with the growth hormone levels but rather
with the peak insulin levels in response to oral glucose and i.v.
tolbutamide (23). Salter and Best (24) treated hypophysecto-
mized rats with insulin and observed a marked increase in body
weight. These studies suggest that growth hormone may re-
quire the presence of insulin to implement its local target action
of anabolism and growth promotion.

In summary, data in the present study demonstrated glucose
intolerance and insulin resistance in adolescents on hemodial-
ysis. Those patients, who were not 1,25(0OH),D; deficient,
could develop a hyperinsulinemic response and also had nor-
mal growth velocity. GVSDS correlated with insulin secretion,
but not with insulin sensitivity, glucose tolerance, PTH, or
1,25(0OH),D,. Normal adolescents usually demonstrate an in-
crease in insulin secretion as they go into puberty (19). The
absence of this increase in insulin secretion in adolescents on
hemodialysis with 1,25(OH),D, deficiency may be a signifi-
cant factor in the pathogenesis of their growth failure. Hyper-
insulinemia may be involved in the important mechanism of
normal growth in children with or without renal failure. Further
research should be directed at identifying the underlying mech-
anism.
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