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was assessed using a dual-energy X-ray absorptiometry 
scan.  Results:  Fasting insulin sensitivity (HOMA-S 103.2 
 8  78.6 vs. 193.9  8  93.5, p = 0.006) was lower in TS sub-
jects compared to controls as was whole-body insulin 
sensitivity (M value 2.9  8  1.9 vs. 5.5  8  2.6 mg/kg/min, 
p = 0.003). In a multiple regression analysis the Turner 
karyotype was signifi cantly related to insulin sensitivity 
(p = 0.008) independent of any differences in fat-free 
mass and percent whole-body fat mass.  Conclusion:  The 
increased insulin resistance in women with TS is inde-
pendent of measures of body composition and may rep-
resent an intrinsic defect related to their chromosomal 
abnormality. 

 Copyright © 2006 S. Karger AG, Basel 

 Introduction 

 Women with Turner’s syndrome (TS) have a fourfold 
increased relative risk of developing type 2 diabetes 
(T2DM) and a threefold increase in overall mortality, 
with diabetes mellitus contributing to 25% of the causes 
of death in adulthood  [1, 2] . Impaired glucose tolerance 
is reported with an increased frequency in adolescents 
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 Abstract 
  Background/Aims:  Turner’s syndrome (TS) is associated 
with increased insulin resistance and adiposity, which 
might be associated with type 2 diabetes in later life. We 
aimed to determine whether the defect in insulin sensi-
tivity is a primary intrinsic defect in TS or dependent on 
variation in body composition.  Methods:  Sixteen wom-
en with TS not on growth hormone replacement but re-
ceiving oestrogen replacement therapy [age (mean  8  
SD): 30.2  8  8.5 years; height-corrected fat-free mass: 
26.1  8  3.1 kg/height] and a control group of 16 normal 
healthy women (age: 30.1  8  8.2 years; height-corrected 
fat-free mass: 25.9  8  2.4 kg/height) were studied. Fasting 
blood samples were obtained for measurement of glu-
cose, insulin, IGF-I, IGFBP-1, IGFBP-3 and lipid levels. The 
hyperinsulinaemic euglycaemic clamp was performed 
to assess peripheral insulin sensitivity (M value), and the 
Homeostasis Model Assessment (HOMA-S) was used to 
estimate fasting insulin sensitivity. Body composition 
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 [3–5]  and adults with TS   [6, 7] , with one study suggest-
ing that insulin resistance may be the primary defect in 
the Turner metabolic phenotype  [8] . 

 Despite the increased incidence of glucose intolerance, 
the exact mechanism in these patients remains unclear, 
although an impaired insulin secretion in response to ex-
ogenous glucagon and tolbutamide  [9]  as well as a defect 
of insulin action, as assessed by the hyperinsulinaemic 
euglycaemic clamp, have been previously implicated  [5, 
8] . The development of T2DM in TS has been suggested 
to be due to defi cient insulin responses to oral and intra-
venous glucose loads  [10] ; however, insulin levels in non-
diabetic and diabetic women with TS have been reported 
to be high, normal, or low  [5, 11, 12] . Women with TS 
tend to demonstrate increased adiposity compared with 
age-matched controls  [6, 13] , and their hypogonadism 
and hormone replacement therapy may pose additional 
confounding effects in studies of glucose metabolism. In 
many studies there have been problems in obtaining well-
matched groups controlling for age, body mass and com-
position  [6, 9, 10, 14] . In particular, body mass index 
(BMI) fails to refl ect differences in adiposity as the phe-
notype of TS is characterised by short stature. The height 
and percent fat-free mass defi cit in women with TS has 
to be taken into consideration in order to increase the 
validity of the calculated difference in insulin resis-
tance. 

 The present study was therefore undertaken to mea-
sure fasting insulin sensitivity using the Homeostasis 
Model Assessment (HOMA) and peripheral insulin sen-
sitivity using the gold standard hyperinsulinaemic eugly-
caemic clamp technique in women with TS compared to 
age-matched normal healthy female controls, correcting 
data for differences in body composition and height. By 
controlling for these potentially confounding variables, 
we hoped to clarify whether the insulin resistance is an 
intrinsic defect per se or dependent on variation in body 
size. 

 Subjects and Methods 

 Subjects 
 Women with TS were recruited from the adult Turner clinics at 

Addenbrooke’s Hospital, Cambridge and Northampton General 
Hospital. The diagnosis of TS was verifi ed by peripheral leukocyte 
karyotype studies. Subjects with pre-existing renal disease, liver 
disease, cardiovascular disease and diabetes mellitus were excluded 
from the study. Out of the 16 adult women with TS, 10 had an XO 
and 4 a mosaic karyotype, while 2 had a ring chromosome pattern. 
Sixteen healthy women acted as controls. They were all volunteers 
recruited from staff at Addenbrooke’s Hospital. The demographic 

details are listed in  table 1 . All women with TS were not receiving 
growth hormone therapy, but 15/16 were on oestrogen/progester-
one replacement (one subject with a mosaic genotype had normal 
spontaneous menses). Study subjects were otherwise in good gen-
eral health and were euthyroid as determined by screening labora-
tory tests. The study protocol was approved by the Cambridge, 
Aylesbury and Northampton Local Research Ethics Committees, 
and all subjects provided written informed consent prior to study 
entry. 

 Study Design 
 Following a 12-hour overnight fast, patients with TS and control 

subjects were admitted to the Addenbrooke’s Wellcome Trust Clin-
ical Research Facility Investigation Ward. Height and weight mea-
surements were obtained using a wall-mounted stadiometer and 
electronic scales, and BMI was calculated as weight/height 2  (kg/m 2 ). 
Body composition was then assessed using a dual-energy X-ray ab-
sorptiometry scanner with a Prodigy Oracle Lunar Corp (Madison, 
Wisc., USA) coupled to Lunar Corps software. Absolute (kg) and 
relative (%) whole-body, truncal and abdominal (defi ned as: from 
the dome of the diaphragm to the top of the greater trochanter) fat 
content as well as fat-free mass were assessed  [15] . Fasting blood 
samples were collected for the determination of glucose, insulin, 
IGF-I, IGFBP-1, IGFBP-3 and lipid concentrations. A one-step 
hyperinsulinaemic, euglycaemic clamp was then performed be-
tween 08.00–10.00 h. At the start of each clamp, the basilic vein in 
the antecubital fossa of one arm was cannulated and an insulin bo-
lus (Actrapid; Novo Nordisk, Bagsvaerd, Denmark) of 2.3 mU/kg 
was administered followed by an insulin infusion of 0.5 mU/kg/min 
for 2 h. For blood sampling, the basilic vein of the other arm 
was cannulated and the arm was put into a heated sleeve (28   °   C) in 
order to arterialise blood samples. Blood glucose concentrations 
were measured 5-minutely and maintained at a concentration of 
4 mmol/l using a variable rate infusion of intravenous 20% dex-
trose. Throughout the clamp, 30-minutely blood samples were also 
collected for insulin analysis. 

 Assays 
 Blood glucose concentrations were measured using 25- � l whole 

blood samples on a Y.S.I. model 2300 stat plus analyser (Yellow 
Spring Instruments, Farnborough, UK). The intra-assay coeffi cient 
of variation (CV) at 4.1 mmol/l was 1.5%. The equivalent inter-
 assay CVs at this glucose concentration were 2.8 and 1.7% at 
14.1 mmol/l. Plasma insulin, IGF-I, IGFBP-1, IGFBP-3 concen-
trations were measured using DSL enzyme-linked immunosorbent 
assays (Oxford Bio-Innovations, Upper Heyford, UK) according to 
the manufacturer’s instructions. The sensitivity of the insulin assay 
was 1.56 pmol/l. Intra-assay CVs were 4.4% at 62 pmol/l and 5.1% 
at 215 pmol/l, and equivalent inter-assay CVs were 4.3 and 2.9%, 
respectively. For plasma IGF-I concentrations, the sensitivity of 
the assay was 0.03 ng/ml. Intra-assay CVs were 8.8 and 9.4% at 107 
and 262 ng/ml, respectively, and equivalent inter-assay CVs were 
6.1 and 8.0%. For IGFBP-1, the sensitivity of this assay was 
0.25 ng/ml. Intra-assay CVs were 6.1% at 7.0 ng/ml and 5.3% at 
48.4 ng/ml, and equivalent inter- assay CVs were 10.4 and 5.1%, 
respectively. For IGFBP-3, the sensitivity of this assay was 0.04 
ng/ml. Intra-assay imprecision CVs were 4.9 and 2.8% at 5.2 and 
34.7 ng/ml, respectively, and equivalent inter-assay imprecision 
CVs were 9.7 and 1.9%. Serum cholesterol, triglyceride and HDL 
cholesterol samples were assayed in singleton on the Dimension 
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RXL system (Dade Behring) using reagents and calibrants supplied 
by the manufacturer, whereas LDL cholesterol was calculated using 
Friedewald’s formula  [16] . 

 Calculations 
 As fasting glucose levels are largely determined by basal hepat-

ic glucose production  [17, 18] , HOMA  [19, 20] , calculated using 
the HOMA-CIGMA Calculator Program, was employed as a proxy 
for hepatic insulin sensitivity. A high HOMA score denotes in-
creased hepatic insulin sensitivity. HOMA has previously been 
validated against independent measures of insulin sensitivity, in-
cluding clamp-derived measures  [21–23] . Peripheral insulin sensi-
tivity was determined during the fi nal 30 min of the hyperinsulinae-
mic euglycaemic clamp from the mean rate of intravenous infusion 
of 20% dextrose required to maintain euglycaemia at 4 mmol/l (M 
value, mg/kg/min). The IGF-I/IGFBP-3 molar ratios were calcu-
lated by taking into account the molecular weights of IGF-I 
(7.6 kDa) and IGFBP-3 (50 kDa). 

 Statistics 
 All analyses were performed using SPSS version 10 (SPSS, Chi-

cago, Ill., USA). One-way analysis of variance (ANOVA) was used 
to compare differences between groups. Weight, IGF-I and IGF-
I/IGFBP-3 were logarithmically transformed to allow parametric 
testing, whereas for non-parametric testing of baseline plasma in-
sulin levels, the Mann-Whitney U test was applied. A multiple re-
gression model was used to investigate the effects of the Turner 
karyotype, fat-free mass (corrected for differences in height be-

tween cohorts) and percent whole-body fat mass on the glucose 
infusion rate during the clamp.   p  !  0.05 was considered statisti-
cally signifi cant. 

 Results 

 Demographics 
 There were no differences in age and weight between 

the women with TS and the normal healthy controls. 
However, subjects with TS were shorter, resulting in 
greater BMIs ( table 1 ). 

 Body Composition Data 
 TS women demonstrated higher relative (%) whole-

body, truncal and abdominal fat mass (p = 0.004, p = 
0.01, p = 0.02, respectively;  table 1 ). When corrected for 
differences in height, TS subjects had greater whole-body 
(p = 0.02) and truncal fat mass (p = 0.03;  table 1 ). Rela-
tive (%) but not absolute (kg) fat-free mass was increased 
in controls (p = 0.004), but TS women had more fat per 
kg fat-free mass (p = 0.004;  table 1 ). 

  Table 1.  Cohort characteristics 

 Controls Turners Signifi cance

Age, years 29.5 (20.7–43.2) 29.9 (16.5–46.4) NS
Height, cm 165.8 (6.5) 149.9 (6.8) <0.001
Weight, kg 60.9 (45.4–100.6) 62.2 (44.9–98.8) NS
BMI 22.8 (3.7) 27.9 (5.4) 0.004

Body composition (not corrected for height)
Whole-body fat mass/fat-free mass ratio 0.49 (0.04) 0.70 (0.05) 0.004
Whole-body fat mass, kg 20.1 (9.0) 26.5 (10.2) NS
Whole-body fat mass, % 30.6 (7.6) 39.3 (5.9) 0.004
Truncal fat mass, kg 9.3 (5.0) 13.1 (6.4) NS
Truncal fat mass, % 29.6 (9.1) 38.4 (6.7) 0.01
Abdominal fat mass, kg 6.7 (4.4) 9.3 (4.6) NS
Abdominal fat mass, % 31.8 (10.4) 41.2 (7.7) 0.02
Fat-free mass, kg 43.1 (5.5) 39.3 (5.1) 0.004
Fat-free mass, % 69.4 (7.6) 60.7 (5.9) NS

Body composition (corrected for height)
Whole-body fat mass, kg/height 12.0 (1.3) 17.6 (2.0) 0.02
Truncal fat mass, kg/height 5.6 (0.7) 8.7 (1.3) 0.03
Abdominal fat mass, kg/height 4.0 (0.6) 6.2 (0.9) NS
Fat-free mass, kg/height 25.9 (2.4) 26.1 (3.1) NS

Data are expressed as mean (SD) or median (range). NS = No signifi cance.
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 Fasting Data 
 Compared to control females, glucose levels were sim-

ilar, but subjects with TS had higher fasting insulin con-
centrations (p = 0.007) and decreased fasting insulin sen-
sitivity (HOMA-S %, p = 0.006). IGF-I and IGF binding 
protein levels did not differ signifi cantly ( table 2 ). 

 Insulin Sensitivity Assessed by Clamp Studies 
 Whole-body insulin sensitivity in subjects with TS was 

signifi cantly lower compared with control females (2.9  8  
1.9 vs. 5.5  8  2.6 mg/kg/min, p = 0.003;  fi g. 1  and  table 
3 ). This difference persisted after adjustment for the 
whole-body fat mass/fat-free mass ratio, fat-free mass (in-
cluding correction for variation in height between sub-
jects) and/or relative (%) whole-body fat mass ( table 4 ). 
There were no signifi cant correlations between insulin 
sensitivity and percent abdominal or percent truncal fat 
mass in the TS cohort, controls or the combined group. 

 Cardiovascular Risk Factors 
 No differences in cholesterol and LDL cholesterol lev-

els were observed, but subjects with TS had higher triglyc-
eride and cholesterol/HDL ratios (p = 0.03 and 0.025, 
respectively) and lower HDL levels (p = 0.01) compared 
to control females ( table 2 ). 

Fasting data Controls Turners Signifi cance

Glucose, mmol/l 4.5 (0.3) 4.6 (0.8) NS
IGF-I, ng/ml 218.3 (148.1–488.0) 210.1 (45.9) NS
IGFBP-1, ng/ml 26.2 (12.6) 25.6 (13.8) NS
IGFBP-3, �g/ml 4.1 (0.7) 4.3 (0.9) NS
IGF-I/IGFBP-3 molar ratio 0.2 (0.2–0.5) 0.2 (0.1–0.4) NS
Plasma insulin level, pmol/l 33.2 (18.0–80.5) 119.6 (18.4–578.7) 0.007
HOMA-S, % 193.9 (93.5) 103.2 (78.6) 0.006

Cardiovascular risk factors
Cholesterol, mmol/l 4.1 (0.5) 4.1 (1.2) NS
Triglycerides, mmol/l 0.7 (0.3) 1.0 (0.6) 0.03
HDL, mmol/l 1.7 (0.4) 1.3 (0.4) 0.01
LDL, mmol/l 2.2 (0.5) 2.4 (0.9) NS
Cholesterol/HDL 2.5 (0.7) 3.2 (1.0) 0.025

Data are expressed as mean (SD) or median (range). NS = No signifi cance.

  

  Table 2.  Baseline data 

  Fig. 1.  Glucose requirement for healthy women ( d ) and subjects 
with TS ( $ ) during the 2-hour one-step hyperinsulinaemic eugly-
caemic clamp. The steady state (fi nal 30 min) is indicated by the 
black bar. Symbols represent means  8  SEM. 

  Table 3.  Clamp parameters 

 Controls Turners Signifi cance

Glucose, mmol/l 4.2 (0.3) 4.4 (0.7) NS
Insulin, mU/l 30.8 (9.3) 37.2 (29.5) NS
Glucose requirement

mg/kg/min 5.5 (2.6) 2.9 (1.9) 0.003

Data are expressed as mean (SD). NS = No signifi cance.
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 Effect of Oestrogen Replacement on Insulin 
Sensitivity 
 No signifi cant differences were observed between 

those receiving natural (n = 8) or synthetic oestrogen 
(n = 7), and the subject that did not receive any supple-
mentation (n = 1). However, a trend towards a reduction 
in insulin sensitivity with synthetic compared to natural 
and no supplementation was evident (2.1  8  1.9 vs.
3.5  8  2.3 and 4.1 mg/kg/min; p = 0.3, ANOVA). 

 Discussion 

 In this study, we used the hyperinsulinaemic eugly-
caemic clamp technique and HOMA to compare tissue 
sensitivity to insulin in non-diabetic women with TS 
and healthy female controls. Our data demonstrated 
that women with TS, who have normal fasting glucose 
concentrations, are more insulin resistant than age-
matched controls. As the phenotype of TS is character-
ised by a short stature, BMI does not accurately refl ect 
differences in adiposity. The height and percent fat-free 
mass defi cit in women with TS has to be taken into con-
sideration in order to increase the validity of the calcu-
lated difference in insulin resistance. When corrected 
for differences in height, fat-free mass was similar in our 
TS and control subjects, yet women with TS were more 
insulin resistant. This relative low insulin sensitivity was 
also independent of the fact that TS subjects had more 
fat per kg fat-free mass as well as increased percent 
whole-body and percent abdominal fat mass when com-
pared to controls. 

 A number of earlier studies also came to the conclusion 
that there is a relative increase in insulin resistance asso-
ciated with TS. However, the height defi cit of TS women 
was not taken into account and subject numbers were 
smaller in the two studies that made use of the hyperin-
sulinaemic euglycaemic clamp  [5, 8] . Stoppoloni et al.  [5]  
included controls that were considerably older than the 
subjects with TS, and Caprio et al.  [8]  based their results 
on a study population of relatively young women. In con-
trast to our study, AvRuskin et al.  [9]  did not comment 
on the insulin sensitivity of subjects with TS but provid-
ed evidence for an impaired insulin secretion in response 
to exogenous glucagon and tolbutamide in a relatively 
young cohort (age range: 6.5–17 years). There is an inher-
ent diffi culty in fi nding height-matched controls for wom-
en with TS. However, our study provides evidence for an 
increased insulin resistance in TS that is independent of 
percent fat and height-corrected lean body mass, both of 

which have been shown to be signifi cant determinants of 
insulin sensitivity  [1, 6] . 

 The effect of sex hormone replacement therapy on in-
sulin sensitivity remains unclear  [6, 24] . However, 
Gravholt et al.  [1]  showed that insulin sensitivity was 
similar before and during replacement in a TS cohort. In 
our study, all but one woman with TS (mosaic karyotype, 
who had spontaneous menses) were receiving oestrogen. 
No difference in the degree of insulin resistance was ob-
served between those receiving synthetic or natural oes-
trogen, and the subject without any supplementation. 
Nevertheless, a trend towards a relative reduction in in-
sulin sensitivity with synthetic compared to natural and 
no oestrogen replacement therapy was evident; the anal-
ysis was restricted by small sample sizes. Growth hor-
mone poses a further potential confounding factor when 
investigating insulin sensitivity as replacement therapies 
have been shown to exacerbate insulin resistance in TS, 
but effects were reversed 6–12 months after treatment 
discontinuation  [25, 26] . Our subjects had stopped growth 
hormone therapy for more than 5 years before the study 
and hence this was unlikely to be confounding. 

 The role of IGF-I in regulating glucose homeostasis and 
insulin sensitivity has become increasingly recognised in 
recent years  [27, 28] . Recombinant human IGF-I en-
hances insulin sensitivity in insulin resistant states such 
as T2DM  [29, 30]  and insulin resistance syndromes  [31, 
32] . The growth retardation that characterises TS suggests 
a peripheral end-organ resistance to IGF-I  [33]  as these 
women generally require higher doses of GH in order to 
accelerate growth. It has also been proposed that IGF-I 
bioactivity is maintained primarily through free IGF-I 
 [34] , and that free IGF-I levels are reduced in TS despite 

  Table 4.  Multiple regression analysis 

B F Signif-
icance

Turner vs. controls –2.68 2.63 0.008
Whole-body fat mass/

fat-free mass ratio –15.48 NS
Fat-free mass, kg/height 0.18 NS
Whole-body fat mass, % 0.41 NS

Effect of the Turner karyotype, whole-body fat mass/fat-free 
mass ratio, fat-free (corrected for height) and relative whole body 
fat mass on glucose requirements during the clamp.

R2 = 0.27 (adjusted R2 = 0.14).
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normal total IGF-I  [35] . Thus, it could be hypothesised 
that decreased end-organ responsiveness and reduced lev-
els of free IGF-I may contribute to the reduction in insulin 
sensitivity in women with TS. 

 Apart from insulin resistance, dyslipidaemia also con-
fers an increased risk of cardiovascular disease  [36, 37] . 
Hypercholesterolaemia has been reported in adolescents 
with TS which was found to be independent of BMI and 
unrelated to the karyotype  [38, 39] . However, it has not 
been possible to confi rm that cholesterol levels differ from 
those of karyotypically normal women  [6, 25, 40] . We 
noted that women with TS had higher triglyceride levels, 
which may be a direct consequence of their obesity and 
hyperinsulinaemia  [41] . 

 Earlier studies have provided evidence that a putative 
intrinsic defect underlying the insulin resistance in TS 
may reside at the level of the muscle. Caprio et al.  [8]  used 
the indirect calorimetry technique to demonstrate de-
creased non-oxidative glucose disposal, which implies an 
early metabolic alteration in glucose metabolism. Grav-
holt et al.  [14]  found that women with TS have enlarged 
type IIa muscle fi bres, suggesting a decreased oxygen and 
substrate supply for glucose metabolism. Insulin resis-
tance has been reported from an early age in monosomic 
TS women compared to normal matched controls as well 

as in mosaic TS females, even before the commencement 
of growth hormone and sex steroid replacement  [42] . We 
were not able to confi rm that a monosomic karyotype con-
fers a more insulin-resistant state than a mosaic karyotype 
as there were only 6 subjects in the non-monosomic group. 
Genome-wide scans for genes involved in T2DM have not 
been consistent in showing linkage to the X chromosome. 
However one peak on the Xq region was detected with a 
logarithm of the odds score of 2.99 in US Caucasians  [43] . 
Also, the insulin receptor substrate 4 has been mapped to 
Xp22.3–23 and represents a putative candidate gene for 
an insulin-resistant phenotype; insulin receptor substrate 
1 and 2 knockout mice are already in use as experimental 
models of insulin resistance  [44] , and there is some evi-
dence for a role of these genes in humans  [45] . A larger 
study is required to investigate the precise infl uence of the 
karyotype on insulin sensitivity. 

 In conclusion, our fi ndings demonstrate an impaired 
peripheral and hepatic insulin sensitivity in TS. By ex-
cluding secondary causes, such as adverse body composi-
tion and sex steroid effects due to ovarian failure, our data 
implicate an intrinsic defect, which is related to the karyo-
type. A further study is warranted to identify the X-chro-
mosome locus and gene(s) involved in this distinct meta-
bolic phenotype. 
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