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INTRODUCTION

Leptin is a protein coded by the ob gene and re-
leased by adipose tissue into the circulation. Leptin
depresses appetite and influences energy homeostasis,
thus leading to a decrease in body weight. The concen-
tration of leptin in plasma is closely correlated with the
amount of body fat and body mass index1. Leptin mole-
cules bind to a hypothalamic receptor, which triggers
changes of gene expression (downregulation of neuro-
peptide Y and upregulation of corticotropin-releasing
factor) and increases sympathetic nervous activity. Leptin
also acts on peripheral tissues, regulating leptin gene
expression, fatty acid synthesis and triacyglycerol oxida-
tion. The opposite effects, i.e. increased food intake,
conservation of energy and storage of body fat, are
associated with a decline of circulating leptin or with a
leptin resistance. In general, obese human subjects have
high leptin levels and their obesity is associated with
insensitivity to leptin2.

Prepubertal girls and boys show a similar pattern of
serum leptin increase in parallel to increased body weight
and BMI until the age of nearly 10 years3. Girls have

slightly higher absolute leptin concentrations than boys
even in this prepubertal period, which can reflect the
gender differences of body composition and fat distri-
bution4. In boys serum leptin decreases at the moment
of testosterone increase, in girls the pubertal increase of
serum leptin values is followed by rising estrogen levels.
Peripheral administration of leptin accelerated onset of
puberty in female mice5.

Insulin plays a distinct role in the regulation of leptin
synthesis6, 7, 8. A chronic increase in the plasma insulin
level results in increased leptin production in man9. In
turn, leptin stimulates insulin secretion in pancreatic B-cells10.
In adipose tissue leptin diminishes insulin effect on
glucose transport, glycogen synthesis, and lipid synthe-
sis, while increasing lipolysis11. In liver, leptin enhances
glycogene storage and gluconeogenesis while suppres-
sing glycogen breakdown and diminishing flux through
glucose-6-phosphatase. In some respect, its hepatic ac-
tions contribute to insulin resistance12. In muscles, leptin
stimulates glucose uptake and glycogen synthesis inde-
pendent on insulin action13.

Serum leptin levels were higher in diabetic than in
healthy children14. These differences were not attribu-
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In a group of randomly selected 29 healthy prepubertal children (16 boys, mean age 9.56±0.7 years, 13 girls,
mean age 9.96±0.9 years) fasting serum leptin and leptin receptor concentrations were measured by ELISA and
compared with insulin parameters (homeostatic model of assessment insulin resistance = HOMA IR, insulin,
intact proinsulin, C-peptide) and some metabolic parameters and factors that contribute to insulin resistance:
triacylglycerols, high density lipoprotein cholesterol (HDL cholesterol), low density lipoprotein cholesterol, body
mass index, tumor necrosis factor, heart fatty acid binding protein, and IgG fraction of anticardiolipin. Statistical
analysis was performed using SAS/STAT software and included analysis of normality, analysis of variance, Spearman’s
correlations, linear and multiple regression analysis with insulin parameters as dependent variables. The subgroups
of boys and girls did not differ significantly in any of parameters studied. Serum concentrations of insulin, intact
proinsulin, HOMA IR, C-peptide and triacylglycerols appeared to be primarily influenced by serum leptin
concentration. Serum leptin concentrations were tightly correlated with body mass indexes and negatively corre-
lated with leptin receptor concentrations, probably as a manifestation of down regulation. The role of other factors
studied appeared to be complementary or less significant (hFABP, ACL IgG), or absent (TNF�). We concluded
that in healthy prepubertal children of both genders serum leptin concentration contributes to insulin resistance
and to insulin resistance-related metabolic changes.
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table to age, adiposity or stage of pubertal development,
and were probably conditioned by the metabolic pertur-
bation intrinsic to the diabetic state, or by the chronic
hyperinsulinemia.

Some authors at the 59thAnnual Scientific Sessions
of the American Diabetic Association, held in June
1999, focused on changing demographics of type 2 dia-
betes and the metabolic syndrome. There is an epi-
demic of this syndrome in young children, associated
with a marked increase of insulin resistance, obesity and
hypertension in these children15, 16, 17, 18. In order to un-
derstand the role of leptin and to reveal possible early
symptoms of these alterations we measured serum leptin
and leptin receptors in prepubetral children and corre-
lated them with insulin parameters, body mass indexes
and some other factors that are connected with insulin
resistance and its metabolic consequences: tumor necro-
sis factor � (TNF�), heart muscle fatty acid binding
protein (hFABP) and IgG anticardiolipin (ACL IgG).
In this paper, results from healthy children are pre-
sented.

SUBJECTS AND METHODS

Subjects. The study was carried out on 29 randomly
selected healthy children, l6 boys with a mean age of
9.56± 0.7 years, and 13 girls with a mean age of 9.96 ± 0.9
years. None of the children had clinical or laboratory
signs of a disease, they were taking no drugs. Body mass
indexes (BMI) defined as weight in kilograms divided
by the square of height in meters (kg/m2) were calcu-
lated. A written informed consent was obtained from
the parents of the children. Blood samples were ob-
tained in the morning after overnight fasting by veno-
puncture. After clotting the serum was separated and
stored at –20 °C until assay.

Leptin and leptin receptor assays. Serum leptin levels
were measured by ELISA commercial test kits, which is
an enzyme-linked immunosorbent assay based on the
sandwich principle (Human Leptin ELISA, BioVendor
Laboratory Medicine, Inc, Czech Republic). The limit
of sensitivity was 0.2 ng/ml, the intra-assay CV was 6.1 %
at the level of 7.5 ng/ml, and the inter-assay CV was 8.5 %
at the level of 4.8 ng/ml. Serum leptin receptor concen-
trations were measured by a newly developed set (Hu-
man Leptin Receptor ELISA, BioVendor), which is a
double sandwich method using a pair of mice monoclonal
antibodies. The limit of sensitivity was 1.8 ng/ml, the
intra-assay CV was 4.6% at the level of 30.4 ng/ml and
the inter-assay CV was 7.8 % at the level of 32.1ng/ml.
In both methods, TMB was used as a substrate, recom-
binant leptin receptor as a standard and quality controls
were human serum based. In a previous study, per-
formed with this set, the serum leptin receptor concen-
trations in the adult population ranged within 40–50 ng/ml21.

Other methods. Several other hormones and peptides
were estimated by routine double sandwich ELISA sets:
insulin (CLIA-IMMULITE, DPC), intact proinsulin

(DAKO Intact Proinsulin), C-peptid (IMMULITE,
DPC), Tumor Necrosis Factor � (TNF�, IMMULITE,
DPC), antikardiolipin IgG antibodies (ACL-IgG, IMMCO
Diagnostics), and heart fatty acid binding proteins
(H-FABP, Hbt HUMAN H-FABP, HyCult Biotechnolo-
gy b.v.). At the same time, the concentrations of glu-
cose, cholesterol, triacyglycerols, HDL-cholesterol,
LDL-cholesterol, Apoprotein B and uric acid were meas-
ured on ILAB-600 biochemical analysator using
BioVendor sets. All samples were processed and exam-
ined according to principles of correct laboratory prac-
tice.

The homeostatic indexes of insulin resistance (HOMA
IR) and homestatic indexes of B-cells secretory activity
(HOMA � cell) were calculated as follows19, 20:
HOMA IR = Fasting insulin (�U/ml) * Fasting glucose
(mmol/l) / 22.5;
HOMA � cell = 20 * Fasting insulin (�U/ml) / Fasting
glucose ( mmol/l) – 3.5.

Statistics. Statistical analyses were performed using
the Version 6 SAS/STAT software (SAS Institute Inc.,
Cary, NC, USA). In testing the normality of distribution
the Shapiro-Wilk’s test was used instead of Kolmogorov’s
test, because the sample size for data was less than 80.
Most of the data obtained were not normally distribu-
ted. Sperman’s rank-order correlation was therefore
used for correlation analysis. Linear regression and multiple
regression analyses were performed using the insulin-
resistance parameter (HOMA IR) and insulin-secre-
tion parameters (fasting serum insulin, and C-peptide)
as dependent variables, and various other hormonal
and metabolic factors (leptin, leptin receptors, TNF�,
hFABP, ACL IgG, BMI and lipid papameters) as inde-
pendent variables. The so called 2 Step-down regres-
sion model was used to select dominant independent
variables. First, a multiple regression was performed
using a group of explanatory variables. This group should
not include too many variables, because the relation-
ships become too complex to interpret. Variables were
then dropped, one at a time (At each stage, the variable
chosen for exclusion is that which makes the least con-
tribution to the explained variation). The process con-
tinued until remaining variables were significant. The
coefficient of determination R2 can be viewed as a
pecentage explaining the total variance. A great drop in
simultanously calculated R2 enabled us to select the
most dominant determinant of the dependent variable.

RESULTS

Table 1 shows the characteristics af all subjects un-
der study. Normal distribution, proved by Shapiro-Wilk’s
study, could not be excluded only in a minority of data
sets, i.e. in uric acid, glucose, total cholesterol, HDL-
cholesterol, LDL-cholesterol and leptin receptor serum
concentrations. In the remaining characetristics, includ-
ing all insulin parameters, TAG, leptin, TNFa, ACL IgG
and hFABP, the normal distribution was excluded.
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We compared the data between the groups of boys
and girls using the t test in normal distributed data sets,
and Kolmogorov-Smirnov’s test in comparing data when
at least in one of the data sets compared the normal
distribution was excluded. The differences between all
parameters studied were insignificant, including serum
leptin concentration (The usually described higher con-
centration of leptin in girls even in the prepubertal age
was probably abolished by the presence of one boy with
somewhat higher BMI and leptin concentration among
our probands). Because we wanted to study the com-
mon mechanisms of insulin resistance and associated
metabolic changes, we decided to analyze the results of
both genders together.

Table 2 shows Spearman’s correlations between in-
sulin characteristics and metabolic variables. The posi-
tive correlations between BMI on the one side and
leptin, C-peptide and HOMA IR on the other side are
higly statistically significant. So are also the correlations
between TAG and C-peptide, and between leptin on the
one hand, and HOMA IR, C-peptide and insulin on the
other hand. A highly significant negative correlation
exists between TAG and HDL-cholesterol. Somewhat
less significant positive correlations exist between TAG
on the one side and HOMA IR, leptin and BMI on the
other side, and between hFABP on the one side and
HOMA IR and C-peptide on the other side. There
exists a significant positive correlation between TNF�
and hFABP. Significant negative correlations were found
between HDL cholesterol and C-peptide, and between
leptin receptors on the one side and BMI and leptin on
the other side. The p values of correlation coefficients
between leptin receptor and a group of insulin param-
eters (insulin, HOMA IR, proinsulin) give reason to
suspect some tendency to a negative corrrelation be-
tween these parameters. Only the serum concentration

of proinsulin and of ACL- IgG did not correlate with
any of the parameters studied. However, a tendency to
negative correlation between ACL-IgG and C-peptide
seemed to be present (p = 0.06).

Table 3 shows the results of linear regression analysis
between most metabolic factors, taken as independent
variables, and HOMA-IR, proinsulin, and C-peptide,
taken as dependent variables. In the presence of HOMA
IR as a dependent variable only the BMI and leptin R2

was sufficiently high, leptin being the dominant inde-
pendent variable. In the presence of proinsulin as a
dependent variable none of the independent variables
was sufficiently high; leptin, leptin receptor and BMI
were the dominant independent variables. In relation to
C-peptide as a dependent variable, BMI, leptin and
TAG seemed to play a certain role in explaining this
variable.

We attempted to apply logistic multiple regression
analysis to our results with insulin resistance-related
parameters as dependent variables. In a model with
HOMA IR, leptin exerts a statistically high significance
in influencing this variable (see upper part of Table 4).
By step-by-step omission of individual independent vari-
ables (and simultaneous evaluation of the drop of R2)
we could conclude, that ACL IgG but not the remaining
variables (TNF�, hFABP) could play some role in ex-
plaining the HOMA IR changes. Among metabolic vari-
ables (HDL cholesterol, TAG, LDL cholesterol, BMI),
only body mass index related significantly to HOMA
IR; omission of HDL-cholesterol, TAG, and LDL-cho-
lesterol did not markedly decrease R2 (see Table 4,
bottom).

Table 2.  Spearman correlations between insulin parameters and
metabolic variables
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Table 1. Characteristics of subjects under study; normal distribution
of data was proven by Shapiro-Wilks test
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Table 5 shows some results of other models of multi-
ple regression analysis. C-peptide was again significantly
influenced by serum leptin concentration and by BMI.
hFABP and TAG could play also a certain role while the
influence of TNFa, ACL IgG, HDL-cholesterol and
LDL was clearly insignificant. Serum concentration of
proinsulin depended significantly on serum leptin con-
centration and ACL IgG (note a drop of R2 in bottom
part of Table 5), while hFABP and TNFa seem not to
play a significant role.

Leptin receptors did not play a significant role in any
model of multiple regression analysis when insulin re-
sistance-related parameters were taken as dependent
variables (data not shown).

DISCUSSION

In 1988, Reaven suggested that insulin resistance
may underlie a number of diseases, including hyper-
triglyceridemia accompanied by lowering of HDL lipo-
protein level, hypertension, impaired glucose tolerance
leading to type 2 diabetes mellitus, and hyperinsu-
linemia22. In nondiabetic subjects the increased insulin
concentrations reflect insulin resistance23. The meta-
bolic consequences of hyperinsulinemia tend to cluster
forming “syndrome X”. Even in non-diabetic indivi-
duals, both insulin resistance and compensatory hyper-
insulinemia are associated with increases in hepatic
VLDL-triacylglycerol secretion and elevated plasma
TAG concentration, followed by lowering of plasma
HDL levels and by increased forming of smaller denser
atherogenic LDL particles. These changes are the most
common manifestation of insulin resistance and com-
pensatory hyperinsulinemia, responsible for the in-
creased risk of CHD in these individuals24, 25.

In the present study, we attempted to analyse the
possible role of leptin and leptin receptors and several
other factors in regulating insulin secretion and insulin
resistance in healthy prepubertal children of both gen-
ders. Insulin secretion was judged by measuring serum
insulin, proinsulin and C-peptide concentration. Insulin
resistance was quantified on the basis of the homeostatic
model of assessment (HOMA IR), which was proven as
a method to assess insulin resistance from the fasting
insulin and glucose concentrations20 and which was cor-
related with hyperinsulinemic euglycemic clamp19. Reli-

Table 4.  Multiple regression analysis  of data when homeostatic index
of insulinoresistance HOMA IR was considered as dependent vari-
able, and leptin, TNFa, hFABP, ACL Ig, BMI and lipid parameters as
independent variables
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Table 3. Linear regression between  HOMA IR, proinsulin and
C-peptide, taken as dependent variables, and various indvidual meta-
bolic factors, taken as independent variables

,QW� ������ ������ ������ ������� ������ ������ ������� ������� �������

3DU� ������ ������ ������ ������� ������ ������� ������� ������� �������
3
U
R
�

L
Q
V
X
O
L
Q

5
�

������ ������ ������ ������� ������ ������ ������� ������� �������

Int. = intercept. Par. = parameter. R2 = coefficient of determination (proportion of
explained variations). Dominant independent variables are denoted by thick num-
bers. Other abbreviations are the same as in Table 1.

��+'/ ��7$* ��/'/ ��%0, /HSWLQ
/HSWLQ

UHFHSWRU
�71)�α �+)$%3

�$&/

,J*

,QW� ������� ������ ������� ������� ������ ������� ������� ������ �������

3DU� ������� ������ ������� ������� ������ ������� ������� ������ �������

+
2
0
$

,5

5
�

������� ������ ������� ������� ������ ������� ������� ������ �������

Table 5.  Multiple regression analysis of selected  data when C-peptide
and proinsulin were taken as the dependent variables
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able assessing of insulin secretion by the homestatic
model (HOMA �cell) required a second blood speci-
men obtained 30 min after the 75-g oral glucose load
and was therefore not used in the correlations in ac-
cordance with our endeavour to achieve maximal sim-
plicity and minimal invasivity of the whole procedure.

Serum leptin concentrations were positively corre-
lated with insulin, C-peptide, HOMA IR, BMI, TAG
and negatively correlated with leptin receptors (See
Table 2). Increased leptin production that paralles the
quantity of adipose tissue (see the very high correlation
between BMI and leptin) is accompanied by a tendency
to increased insulin resistance and its metabolic conse-
quences, and to compensatory insulin production (high
insulin and C-peptide). The inverse correlation between
leptin and leptin receptors may be a consequence of
down regulation.

Linear regression analyses between these variables
showed also the prominent role of serum leptin concen-
tration (and BMI) in explaining insulin resistance and
secretory activity of � cells, while the role of serum TAG
concentration and leptin receptors seems to be less
important or secondary (see Table 3). The results of
multiple regression analysis of our data must be conside-
red very cautiously regarding the relatively low number
of observations. Nevertheless, the important role of
leptin and BMI in explaining HOMA IR, C-peptide and
intact proinsulin is indubitable (See Tables 4 and 5).
The role of ACL-IgG in influencing HOMA IR and
intact proinsulin, and the role of hFABP and TAG in
influencing C-peptide seems to be also significant.

These results support the concept of an important
physiological role of leptin as an inhibitor of insulin
secretion; a failure of this inhibitory function, accompa-
nied by hyperleptinemia, may explain – at least in ani-
mal experiments with ob/ob and db/db mice – the
development of hyperinsulinemia, insulin resistance, and
the progression glucose intolerance26. In humans, hyper-
leptinemia is an early sign of juvenile obesity (it is not a
chronic adaptation to the obese state) and is closely
linked to subcutaneous fat mass27. Changes in leptin
concentration in individuals with impaired glucose tole-
rance were best explained by changes in fat mass among
both adult males and females28. However, results of
studies dealing with interrelationships between plasma
insulin and leptin are controversial. Some studies have
found increases of leptinemia over 3–4 h of hyper-
insulinemia and during insulin resistance-related meta-
bolic changes29, 30, 31 while others have found no relation
of leptin concentration to hyperinsulinemia and its con-
sequences32, 32. These variable findings could be explained
by studying groups of probands of different age and
gender, suffering with different metabolic alterations,
and by application of various research methods. The
individual differences in plasma leptin during hyper-
insulinemia may be also related to the relative lipolytic
or lipogenic state of certain subcutaneous adipose tis-
sue depots. Mechanisms for regulation of leptin expres-
sion in this tissue may share some of the pathways that

regulate lipolysis34. In prepubertal healthy children the
sex hormones and corticoids don’t play a dominant role
as in pubertal or adult subjects and physiological meta-
bolic and regulatory pathways prevail. According to our
results, the leptin expression in adipose tissue plays a
dominant role in these mechanisms and is related to
such important metabolic parameters as the degree in-
sulin sensitivity (insulin resistance) and insulin secre-
tion.

The cytokine TNF� is also expressed primarily in
adipose tissue, where it is an important modulator of
gene expression. Its expression increases with increas-
ing adiposity in rodents and humans35, 36 and correlates
strongly with hyperinsulinemia37. TNF� has been re-
ported to increase the circulating leptin concentration
in humans38. TNF� inhibits insulin receptor signalling
by decreasing the insulin receptor autophosphorylation
and subsequent phosporylation of insulin receptor sub-
strate-139, 40 In this study we could not confirm the corre-
lations between insulin resistance-related metabolic
parameters and serum TNF� concentration. Serum
TNF� concentrations in healthy prepubertal children
are very low and seem not to participate significantly in
regulating insulin and metabolic parameters. Only one
significant correlation between TNF� and ACL Ig was
found. Perhaps higher concentrations accompanying
adiposity are needed for the expression of the above
mentioned role of TNF� in constituting more pro-
nounced insulin resistance.

Equally important determinants of insulin sensiti-
vity that interact with insulin signalling pathways such
as TNF� and leptin are free fatty acids (FFA) released
by adipocytes on activation of hormone sensitive lipase
and during lipolysis of TAG-rich lipoproteins by lipo-
protein lipase41, 42. The fatty acids are taken up by the
cells via specific fatty acid transport proteins (fatty acid
transport protein, fatty acid binding protein, and others).
Most of these functions, including adipocyte differen-
tiation from preadipocytes, are triggered by peroxisome
proliferator-activated receptors (in particular PPAR �2),
that act through transactivation of adipose specific genes,
including those that encode for proteins involved in
lipid storage and metabolism43. PPAR�2 gene expression
was increased as a function of BMI in obese humans
and decreased in patients losing weight44. FFA are prob-
ably involved in the pathogenesy of obesity, acting
through the induction of two important genes: coding
PPAR�2 and coding leptin45.

From the group of lipid metabolism regulatory fac-
tors, that are under control of PPAR transcription fac-
tors, we were able to investigate only the heart fraction
of fatty acid binding protein (hFABP). This is one of the
membrane long chain fatty acid (LCFA) transporters
(along with fatty acid transport protein, faty acid trans-
locase, and others), that facilitate a quick transfer of
LCFA into the muscle cells during increased muscle cell
activity, and are increased in hyperlipemias caused by
diabetes46. In our study, some role of hFABP in explai-
ning serum C-peptid concentration could be suspected
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from results of multiple regression analysis (Table 5),
along with a significant role of triacylglycerols. These
two factors could be more closely connected with a raise
of �-cells insulin secretion than other factors studied.

Antibodies against cardiolipin (ACL), a phospholipid
localized exclusively in the mitochondria of mammalian
cells, are increased in the so called antiphospholipid
syndrome, associated with thrombosis and atheroscle-
rosis47. The hypothesis was established, that these anti-
bodies are directed not only toward endothelial cells,
monocytes, and thrombocytes, but also toward phospho-
lipids and oxidized lipoproteins of LDL and HDL, which
could explain some early mechanisms of atherosclero-
sis48. In 50-year-old men, raised levels of both IgG and
IgA ACL were positively correlated with the incidence
of myocardial infarction 10 to 20 years later49. High
levels of ACL may be involved in vascular complications
of type 1 diabetes mellitus. In our study, multiple re-
gression analysis showed a certain dependence of
HOMA IR and intact proinsulin on the serum concen-
tration of ACL-IgG.

In conclusion: Most of the parameters studied, i.e.:
a) HOMA IR, derived from fasting serum concentra-
tions of glucose and insulin, b) serum C-peptide and
intact proinsulin concentration, c) metabolic events as-
sociated with insulin resistance, seem to depend pri-
marilly on serum leptin concentration, which is in turn
highly correlated with body mass index and inversely
correlated with leptin receptor serum concentration. In
this group of healthy prepubertal children the serum
leptin concentrations contribute to insulin resistance
and insulin resistance-related metabolic changes. The
role of other factors studied was mostly not significant
or absent. TNF� did not influence insulin and meta-
bolic parameters with exception of hFABP. But the role
of hFABP and of ACL IgG in regulating insulin sensitiv-
ity and insulin secretion seems to be not dominant.

The possibly role of all these factors in the pathoge-
nesis, diagnosis and prognosis of marked insulino-
resistance in obese children of comparable age will be
the aim of our next study.
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