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Abstract

Leptin -  a risk marker for cardiovascular disease

Stefan Söderberg, Department of Public Health and Clinical Medicine, Medicine,
Umeå University, SE-901 85 Umeå, Sweden

A major cause of morbidity and early death in the Western societies is cardiovascular 
disease (CVD) secondary to atherosclerotic disease. Metabolic aberrations have been linked 
to CVD. Particular combinations of these so-called risk markers are common and (central) 
obesity, Type 2 diabetes, impaired glucose tolerance, hypertension, dyslipidemia, 
dysfibrinolysis and hyperinsulinemia are often associated. This has been entitled the Insulin 
Resistance Syndrome (1RS), due to underlying insulin resistance. Moreover, aberrations in 
circulating levels of androgens and IGF-binding proteins are associated with 1RS.

The main hypothesis in this thesis was that increased levels of leptin, the recently 
discovered adipocyte derived hormone in combination with obesity may be an important 
factor in the link between 1RS and the development of CVD.

The association between leptin levels and variables associated with the Insulin Resistance 
Syndrome was studied in a healthy sample (n=163) of middle-aged men and women from the 
northern Sweden MONICA health survey. Central obesity was associated with high levels of 
leptin and insulin in men and women. In contrast, central obesity was linked to low 
testosterone levels in men, whereas in women, central obesity was associated with high 
testosterone but low SHBG levels. Furthermore, in males and postmenopausal women central 
obesity was a major determinant for circulating leptin. Leptin levels were associated with 
biochemical androgenicity in non-obese men and women. The direction of this association 
was dependent on gender and body fat distribution. Specifically, testosterone was inversely 
associated to leptin in non-obese men and in normal weight women whereas testosterone was 
positively associated to leptin in non-obese women. In contrast, adiposity and insulin levels, 
but not testosterone, were associated to leptin in obese men and women. Similarly, leptin was 
associated to IGFBP-1 and proinsulin in non-obese men and premenopausal women. 
Hyperleptinemia was significantly associated to high PAI-1 levels in men and in centrally 
obese women. In a multivariate model, high leptin levels predicted PAI-1 levels in men but 
not in women. Finally, leptin levels were related to blood pressure in obese men.

The impact of hyperleptinemia on future risk for development of CVD was tested in a 
nested case-referent study based on the MONICA and the Västerbotten Intervention Program 
surveys. It was found that hyperleptinemia and high total cholesterol levels were associated 
with increased risk for development of myocardial infarction whereas high levels of 
apolipoprotein A-l were protective. Hyperleptinemia together with hypertension remained as 
significant risk markers for hemorrhagic stroke whereas hypertension alone predicted 
ischemic stroke. The combinations of hyperleptinemia on one hand and low apolipoprotein A- 
1 and high blood pressure on the other were associated with a pronounced increased risk for 
myocardial infarction and hemorrhagic stroke, respectively.

In conclusion, hyperleptinemia is independently associated with several risk markers for 
CVD included in the insulin resistance syndrome. Furthermore, high leptin levels predict the 
development of CVD.

Keywords: leptin, testosterone, dysfibrinolysis, hyperinsulinemia, insulin resistance 
syndrome, menopause, cardiovascular disease, MONICA, epidemiology.



Umeå University Medical Dissertations
New Series No 614 - ISSN 0346-6612

From the Department of Public Health and Clinical Medicine, Medicine, 
Umeå University, Umeå, Sweden

Leptin -  a risk marker for cardiovascular disease

Stefan Söderberg

ta
■V

*
CP

i

Umeå 1999



ISBN 91-7191-673-3 
© Copyright: Stefan Söderberg

Department of Public Health and Clinical Medicine, Medicine, 
Umeå University, SE-901 85 Umeå, Sweden



Table of contents
Table of contents ............................................................................................................. 1
Abstract  3
Original papers .............................................................................................................4
Abbreviations .............................................................................................................5

1. Introduction.............................................................................................................7
2. The Insulin Resistance Syndrome........................................................................... 8

2.1. Insulin action................................................................................................ 8
2.2. Insulin resistance.......................................................................................... 8
2.3. Clinical assessment...................................................................................... 8
2.4. Mechanisms of insulin resistance................................................................. 9
2.5. Insulin resistance, obesity and Type 2 diabetes........................................... 9
2.6. Insulin resistance and hypertension.............................................................10
2.7. Insulin resistance and dyslipidemia.............................................................10
2.8. Insulin resistance and fibrinolysis...............................................................11
2.9. Insulin resistance and CVD.........................................................................11

3. Leptin ........................................................................................................... 12
3.1. History........................................................................................................ 12
3.2. Animal models........................................................................................... 12
3.3. The leptin (ob) gene................................................................................... 13
3.4. The leptin protein....................................................................................... 14
3.5. Characterization of circulating leptin..........................................................14
3.6. The leptin receptor (Ob-R)..........................................................................14
3.7. The leptin producing adipocyte...................................................................16
3.8. Leptin and adiposity................................................................................... 16
3.9. Leptin and regional fat distribution.............................................................17
3.10. Leptin and obesity.................................................................................... 18
3.11. Leptin and eating disorders.......................................................................19
3.12. Leptin and changes in body weight.......................................................... 20
3.13. Leptin and energy expenditure................................................................. 21
3.14. Leptin and the brain.................................................................................. 22
3.15. Regulation of leptin levels........................................................................ 24

3.15.1. Gender and sex-steroids................................................................. 25
3.15.2. Reproduction................................................................................. 26
3.15.3. Diet................................................................................................27
3.15.4. Diurnal rhythm.............................................................................. 27
3.15.5. Insulin............................................................................................ 28
3.15.6. Leptin and ß-cell function............................................................. 29
3.15.7. Insulin sensitivity........................................................................... 30
3.15.8. Growth hormone............................................................................ 32
3.15.9. Glucocorticoids.............................................................................. 33
3.15.10. Sympathetic system..................................................................... 36
3.15.11. Thyroid hormones........................................................................ 38
3.15.12. Cytokines..................................................................................... 39
3.15.13. Exercise.......................................................................................40
3.15.14. Smoking.......................................................................................41
3.15.15. Heritability................................................................................... 41

3.16. Leptin, immunology and hematopoietic cells.......................................... 41
3.17. Leptin, blood vessels and endothelium.................................................... 42
3.18. Fibrinolysis...............................................................................................43
3.19. Why leptin?..............................................................................................43

4. Risk factors...........................................................................................................45
5. Hypothesis and aims of this study......................................................................... 46
6. Materials and methods.......................................................................................... 47

1



6.1. Study populations....................................................................................... 47
6.1.1. The WHO MONICA study.............................................................. 47
6.1.2. The Västerbotten Intervention Program.......................................... 48

6.2. Case definition........................................................................................... 49
6.3. Case finding............................................................................................... 49
6.4. Anthropometry and blood pressure............................................................ 50
6.5. Blood sampling.......................................................................................... 51
6.6. Laboratory procedures................................................................................ 51

6.6.1. Lipids............................................................................................... 51
6.6.2. Glucose, proinsulin and specific insulin.......................................... 51
6.6.3. IGF-1 and IGFBP-1......................................................................... 52
6.6.4. Testosterone and SHBG.................................................................. 52
6.6.5. Fibrinogen and fibrinolytic variables.............................................. 53
6.6.6. Leptin............................................................................................... 53
6.6.7. Oral glucose tolerance test............................................................... 53
6.6.7. Calculation of insulin resistance...................................................... 53

6.7. Definitions.................................................................................................. 54
6.8. Study design............................................................................................... 54
6.9. Statistics..................................................................................................... 54
6.10. Ethical considerations.............................................................................. 54

7. Results ........................................................................................................... 55
7.1. Baseline characteristics...............................................................................55
7.2. Leptin and adiposity indices (paper m ) ..................................................... 58
7.3. Leptin, glucose and lipids (paper III)......................................................... 58
7.4. Leptin and androgens (paper I ) .................................................................. 58
7.5. Leptin, proinsulin and specific insulin (paper H)....................................... 59
7.6. Leptin, IGF-1 and IGFBP-1 (paper II)....................................................... 60
7.7. IGFBP-1, proinsulin and specific insulin (paper II)................................... 60
7.8. Leptin, fibrinogen and fibrinolytic variables (paper ID)............................ 60
7.9. Leptin and AMI (paper IV)........................................................................ 61
7.10. Leptin and stroke...................................................................................... 63

8. Discussion ........................................................................................................... 65
8.1. Methodological considerations.................................................................. 65
8.2. Determinants of leptin levels...................................................................... 66

8.2.1. Adiposity......................................................................................... 66
8.2.2. Androgens........................................................................................ 67
8.2.3. Proinsulin and insulin...................................................................... 68
8.2.4. Insulin resistance............................................................................. 68
8.2.5. Blood pressure and lipids................................................................ 68
8.2.6. IGF-1 and IGFBP-1......................................................................... 69
8.2.7. Menstrual status........................................  69

8.3. Determinants of PAI-1 levels..................................................................... 69
8.4. Determinants of IGFBP-1 levels................................................................ 69
8.5. Leptin and cardiovascular disease.............................................................. 70

9. Implications and future research........................................................................... 72
10. General conclusions............................................................................................ 73
11. Acknowledgements............................................................................................. 75
12. References........................................................................................................... 77

Paper I-V

2



Abstract
A major cause of morbidity and early death in the Western societies is cardiovascular 
disease (CVD) secondary to atherosclerotic disease. Metabolic aberrations have been 
linked to CVD. Particular combinations of these so-called risk markers are common 
and (central) obesity, Type 2 diabetes, impaired glucose tolerance, hypertension, 
dyslipidemia, dysfibrinolysis and hyperinsulinemia are often associated. This has been 
entitled the Insulin Resistance Syndrome (1RS), due to underlying insulin resistance. 
Moreover, aberrations in circulating levels of androgens and IGF-binding proteins are 
associated with 1RS.
The main hypothesis in this thesis was that increased levels of leptin, the recently 
discovered adipocyte derived hormone in combination with obesity may be an 
important factor in the link between 1RS and the development of CVD.
The association between leptin levels and variables associated with the Insulin 
Resistance Syndrome was studied in a healthy sample (n=163) of middle-aged men 
and women from the northern Sweden MONICA health survey. Central obesity was 
associated with high levels of leptin and insulin in men and women. In contrast, 
central obesity was linked to low testosterone levels in men, whereas in women, 
central obesity was associated with high testosterone but low SHBG levels. 
Furthermore, in males and postmenopausal women central obesity was a major 
determinant for circulating leptin. Leptin levels were associated with biochemical 
androgenicity in non-obese men and women. The direction of this association was 
dependent on gender and body fat distribution. Specifically, testosterone was inversely 
associated to leptin in non-obese men and in normal weight women whereas 
testosterone was positively associated to leptin in non-obese women. In contrast, 
adiposity and insulin levels, but not testosterone, were associated to leptin in obese 
men and women. Similarly, leptin was associated to IGFBP-1 and proinsulin in non- 
obese men and premenopausal women. Hyperleptinemia was significantly associated 
to high PAI-1 levels in men and in centrally obese women. In a multivariate model, 
high leptin levels predicted PAI-1 levels in men but not in women. Finally, leptin 
levels were related to blood pressure in obese men.
The impact of hyperleptinemia on future risk for development of CVD was tested in a 
nested case-referent study based on the MONICA and the Västerbotten Intervention 
Program surveys. It was found that hyperleptinemia and high total cholesterol levels 
were associated with increased risk for development of myocardial infarction whereas 
high levels of apolipoprotein A-l were protective. Hyperleptinemia together with 
hypertension remained as significant risk markers for hemorrhagic stroke whereas 
hypertension alone predicted ischemic stroke. The combinations of hyperleptinemia on 
one hand and low apolipoprotein A-l and high blood pressure on the other were 
associated with a pronounced increased risk for myocardial infarction and 
hemorrhagic stroke, respectively.
In conclusion, hyperleptinemia is independently associated with several risk markers 
for CVD included in the insulin resistance syndrome. Furthermore, high leptin levels 
predict the development of CVD.

Keywords: leptin, testosterone, dysfibrinolysis, hyperinsulinemia, insulin resistance 
syndrome, menopause, cardiovascular disease, MONICA, epidemiology.
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1. Introduction
A major cause of morbidity and early 
death in the Western societies is 
cardiovascular disease (CVD) secondary 
to atherosclerotic disease. Although the 
knowledge about the atherosclerotic 
lesion per se is rather good,13 the exact 
mechanisms initiating and enhancing the 
underlying atherosclerotic process are 
still not established.
The Framingham study in the USA has 
generated a considerable amount of 
knowledge about risk markers, and 
smoking, hypertension, dyslipidemia 
and Type 2 diabetes were the first risk 
markers for CVD to be defined.4 The list 
of risk markers has grown since then 
and there are at least 200 defined risk 
markers for CVD today.5 For clinicians 
working with patients affected by CVD, 
it is obvious that many of these markers 
cluster suggesting the presence of 
common denominator(s). There is thus 
strong epidemiological evidence for a 
close association between (central) 
obesity, Type 2 diabetes, impaired 
glucose tolerance (IGT), hypertension, 
dyslipidemia and hyperinsulinemia.6 It 
was suggested by Reaven, that this 
combination of aberrations be 
appreciated as a clinical syndrome 
entitled “Syndrome X”.7 Other 
aberrations such as high levels of 
plasminogen activator inhibitor 1 (PAI- 
1) were later included in the syndrome,

and the appropriate name for this cluster 
of risk markers is now suggested to be 
the Insulin Resistance syndrome.8 
Although the interactions between these 
conditions are incompletely understood, 
it has been suggested that insulin 
resistance (IR) and ensuing 
hyperinsulinemia may be a common 
causative link.7 Many, perhaps all, 
manifestations of the IR syndrome are 
linked to a Westernized lifestyle and the 
incidence of CVD will probably 
increase in developing countries 
adopting this lifestyle. If we could 
understand the biochemical factors that 
are altered by a change in lifestyle, we 
could possibly understand why the IR 
syndrome is linked to CVD and, more 
importantly, be able to prevent the 
development of CVD.
Leptin, the recently discovered 
adipocyte derived hormone, may be one 
of these biochemical factors.9 In this 
thesis, I will summarize actual 
knowledge about this hormone and 
emphasize the mechanisms in which this 
hormone may induce CVD.
Furthermore, I will evaluate the 
associations between circulating levels 
of leptin and some of the manifestations 
of the IR syndrome. Finally, I will 
present data linking hyperleptinemia 
with CVD.

7



2. The Insulin Resistance Syndrome
2.1. Insulin action
Insulin is a key anabolic and 
anticatabolic hormone. These effects are 
directed to target tissues and organs 
after binding to and activation of 
specific membrane receptors.10 Upon 
receptor activation, insulin increases 
glucose uptake and glycogen formation 
in combination with inhibition of 
hepatic glucose production in the liver. 
Moreover, degradation of fat, lipolysis, 
and of protein is inhibited by insulin.
The main target tissues for the metabolic 
effects of insulin are skeletal muscle, 
liver and adipose tissue. In addition, 
insulin has multiple effects besides 
direct regulation of metabolism; for 
example, insulin also activates the 
sympathetic nervous system (SNS), 
possible through direct hypothalamic 
effects, and stimulates cell growth, to 
name a few.

2.2. Insulin resistance
IR is defined as a subnormal biological 
response to a given insulin 
concentration.11 Himsworth introduced 
this concept in 1936 and the term was 
used over the years, when patients with 
Type I diabetes needed extremely high 
insulin doses due to antibodies to the 
insulin preparation used at that time.
This is no longer a clinical problem and 
the term now refers to a wide range of 
conditions where glucose tolerance is 
normal, impaired or diabetic but where 
the tissue response to insulin is 
subnormal. The normal ß-cell senses the 
reduced response and hyperinsulinemia 
ensues in order to maintain a normal 
glucose tolerance. The term “insulin 
resistance” usually refers to insulin- 
mediated effects on glucose

homeostasis, although the sensitivity to 
insulin may not be uniform in other 
insulin-mediated functions.

2.3. Clinical assessment
With the exception of features seen in 
rare syndromes including profound IR, a 
clinical diagnosis of IR can not be 
made.11 In a healthy population with 
normal glucose tolerance there is a 
considerable variability in insulin 
sensitivity.7 Assessing fat distribution by 
indices such as waist to hip ratio (WHR) 
helps to identify insulin resistant 
individuals.12
High levels of fasting insulin is a good 
marker for IR in epidemiological 
studies, but the relationship is too 
variable to be used in the individual 
patient.13 The oral glucose tolerance test 
(OGTT) can be used to indirectly assess 
sensitivity by measuring glucose and 
insulin following a standard 75 g oral 
glucose load.14 The lower the 
glucose/insulin ratio, the greater the IR. 
Matthews et al. proposed a computer 
model (homeostatic model assessment 
or HOMA) to estimate insulin 
sensitivity from fasting plasma levels of 
insulin and glucose concentrations.15 
The estimate of insulin sensitivity 
obtained by this model closely 
correlated with estimates obtained by 
the euglycemic hyperinsulinémie 
clamp.15 However, insulin sensitivity 
estimated by HOMA should not be used 
in patients with defects in insulin 
secretion such as patients with Type 2 
diabetes.14 The glucose clamp developed 
by DeFronzo et al. involves a constant 
insulin infusion while maintaining 
euglycemia by infusing a variable 
amount of glucose.16 The glucose
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infusion rate provides a measure of the 
biological effect of insulin. In the 
minimal model developed by Bergman, 
frequent measurements of plasma 
glucose and insulin follow an 
intravenous (i.v.) glucose injection.17 A 
computer program allows the 
calculation of the insulin sensitivity 
index (Si) from the dynamic relationship 
of plasma glucose and insulin 
concentration curves. However, 
measurements of insulin sensitivity 
based on clamp or minimal model 
studies are too complicated and 
laborious to be used outside the research 
laboratory.

2.4. Mechanisms of insulin resistance
A number of uncommon defects causing 
impaired receptor binding of insulin 
have been described. Their importance 
has been to reveal the mechanisms of 
insulin signaling as they account for 
only a minor fraction of IR in humans.11 
The insulin signaling cascade is not 
known in detail, and more specific 
defects in downstream signaling will 
certainly be found in the future.
A wide variety of factors can affect 
insulin sensitivity, as reviewed by 
Gudbjömsdottir.18 A genetic basis for 
inherited IR in Type 2 diabetes is 
suggested by family studies showing 
that individuals with a positive family 
history of Type 2 diabetes are more 
insulin resistant than those without close 
relatives with Type 2 diabetes. Also 
acquired factors like, hyperglycemia as 
such, and increased levels of free fatty 
acids (FFA) can induce IR. Central fat 
distribution is associated with reduced 
insulin sensitivity, probably due to 
increased lipolytic rate in abdominal 
subcutaneous and visceral adipose tissue 
thereby increasing FFA levels in portal 
blood. High levels of FFA in portal

blood reduce hepatic insulin uptake, 
stimulate gluconeogenesis, and 
accelerate synthesis of very-low-density 
lipoprotein (VLDL) triglycerides. In 
skeletal muscle, high levels of FFA 
induce IR by decreasing oxidation of 
glucose.
Other factors of importance for IR are 
hyperinsulinemia, which by itself can 
attenuate the insulin response by down- 
regulation of its own receptors, and high 
levels of glucagon, growth hormone 
(GH), glucocorticoids and adrenaline. 
Aging is also associated with decreased 
insulin sensitivity and physical training 
reduces while cigarette smoking 
increases IR. Also patients with Type I 
diabetes are often insulin resistant to 
some degree. IR is in general a feature 
of poor metabolic control and likewise 
improved control is associated with 
reduced IR.

2.5. Insulin resistance, obesity and 
Type 2 diabetes
IR is a characteristic feature of Type 2 
diabetes and it affects both hepatic and 
peripheral tissues, as reviewed by Bell.11 
Multiple abnormalities in insulin 
signaling, glucose transport and enzyme 
activities have been reported in Type 2 
diabetes. However, specifying which 
defect is responsible for increased IR is 
not possible.
There is close relationship between 
obesity and Type 2 diabetes. Both are 
insulin resistant states and many, though 
not all, Type 2 diabetes patients are 
obese. Obesity commonly precedes 
Type 2 diabetes and increased WHR is 
associated with a higher incidence of 
subsequent diabetes.19 
IR is thus a characteristic feature of both 
(central) obesity and Type 2 diabetes.20 
In the former, it is acquired due to 
excessive calorie intake, whereas the
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diabetic patient inherits a gene(s) that 
confers IR. The normal ß-cell is able to 
recognize the presence of IR and to 
increase the insulin secretion 
accordingly. In the obese non-diabetic 
person, this compensatory response is 
nearly perfect, and glucose tolerance 
remains perfect. If, however, the ß-cell 
response is less than perfect, glucose 
intolerance and Type 2 diabetes follow. 
Therefore, in most subjects with obesity 
and Type 2 diabetes, inability of the ß- 
cell to adequately adapt with a sufficient 
hyperinsulinemia in relation to the 
ambient IR is the immediate cause of 
the deterioration of glucose intolerance. 
The islet dysfunction may be caused by 
genetic defects in the ß-cells and/or 
acquired ß-cell failure, possibly induced 
by hyperglycemia, hyperlipidemia 
and/or intra islet amyloid formation. 
Notably, both obese and diabetic 
subjects are exposed to daylong 
hyperinsulinemia and absolute 
insulinopenia develops only in those 
with fasting plasma glucose >10-11 
mmol/L.
Also, aberrations in circulating levels of 
glucocorticoids and androgens are 
probably an important component in the 
IR syndrome as reviewed by 
Bjömtorp.21 Specifically, elevated 
secretion of cortisol and/or testosterone 
may induce IR in muscle. This also 
seems to be the case for low testosterone 
concentrations in men. In addition, 
hepatic gluconeogenesis is increased by 
glucocorticoids while glucocorticoids 
and testosterone have “permissive” 
effect on adipose lipolysis. Furthermore, 
high levels of FFA and glucocorticoids 
together with low testosterone levels 
have additive effects, resulting in IR and 
increased hepatic gluconeogenesis. In 
addition, endocrine aberrations may 
promote visceral fat accumulation,

probably due to regional differences in 
steroid hormone receptor density.

2.6. Insulin resistance and 
hypertension
An association between raised blood 
pressure (BP) and IR has been 
demonstrated in many epidemiological 
studies.11 Notably, several other studies 
have not found any association between 
BP and IR, which may be associated to 
difficulties in sorting out confounding 
factors.22
Much evidence supports that 
hyperinsulinemia induces hypertension 
through increased renal sodium/water 
reabsorption, increased SNS activity, 
enhanced fluxes of sodium and calcium 
ions into vascular smooth muscle cells 
leading to increased vascular tonus, and 
proliferation of arteriolar smooth muscle 
cells.20

2.7. Insulin resistance and 
dyslipidemia
Increased VLDL triglycerides, 
decreased high-density lipoprotein 
(HDL) cholesterol, and less commonly, 
increased low-density lipoprotein (LDL) 
cholesterol characterize a subject with 
Type 2 diabetes.20
Hyperinsulinemia and increased portal 
flux of FFA enhance synthesis of VLDL 
triglycerides whereas clearance by 
lipoprotein lipase is inhibited by insulin. 
LDL is synthesized from hepatic- 
derived VLDL by progressive 
elimination of lipids and apolipoproteins 
(apo A-land apo A-2) and the 
accumulation of apo C and apo E. The 
mechanism behind the reduced HDL 
levels in IR individuals is probably 
increased Apo A-l/HDL degradation, 
which exceeds an enhanced rate of apo 
A-l/HDL synthesis.
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2.8. Insulin resistance and fibrinolysis
Fibrinolysis may be defined as the 
proteolytic degradation of fibrin in order 
to prevent thrombus formation.23 This 
breakdown of fibrin takes place when 
plasminogen is converted to plasmin by 
the action of the tissue plasminogen 
activator (tPA). tPA is in turn controlled 
by the fast-acting inhibitor PAI-1. An 
independent association between high 
levels of PAI-1 and insulin resistant 
states is supported by some, but not all, 
studies.22 PAI-1 production in 
endothelial cells and in adipocytes is 
enhanced by insulin and its precursors 
via direct effects,24*25 but also indirectly 
through increased triglyceride levels.26 
Furthermore, visceral adipocytes 
produce more PAI-1 than subcutaneous 
adipocytes, which also may explain the 
association between central obesity and 
high PAI-1.27

2.9. Insulin resistance and CVD
Three longitudinal studies from Finland, 
France and Australia have shown a 
significant association between 
increased insulin levels and future 
development of CVD, notably only in 
men.22 However, many other studies 
have not shown any association between 
insulin levels and atherosclerotic 
disease, possibly due to factors related 
to population, sampling, fasting, etc. 
Furthermore, it is tempting to speculate 
that major confounding factors were not 
known and thus not controlled for.
There are experimental data suggesting 
a direct role(s) of insulin in the 
atherosclerotic process. For example, 
insulin stimulates proliferation of 
smooth muscle cells and production of 
collagen in combination with direct 
effects on lipid accumulation in the 
plaque.20

It is, however, questionable to isolate 
hyperinsulinemia from its context in the 
IR syndrome where most of the 
components have more or less firmly 
been associated with CVD, as reviewed 
by Reaven.28 For example, CVD is the 
leading cause of morbidity and mortality 
among patients with Type 2 diabetes. 
The risk for CVD is increased in those 
with high glucose levels after an OGTT. 
Low HDL cholesterol is related to CVD 
in non-diabetics while the combination 
of hypertriglyceridemia and a low HDL 
cholesterol is a significant risk factor for 
CVD in patients with Type 2 diabetes. 
Furthermore, hypertriglyceridemic 
subjects tend to have smaller and denser 
LDL particles in combination with 
prolonged postprandial lipemia, changes 
related to increased risk of CVD.
The importance of hypertension as a risk 
factor is well recognized, but the modest 
effects of antihypertensive therapy on 
cardiovascular mortality could possibly 
be attributed to concomitant metabolic 
aberrations. Prospective studies have 
shown that central obesity is related to 
the development of both Type 2 diabetes 
and CVD, 19,29-31 while dysfibrinolysis, 
e.g. high levels of PAI-1 and/or low 
levels of tPA, are significantly 
associated with ischemic heart disease.32* 
33 Finally, alterations in androgenicity 
are related to CVD. For example, 
hypoandrogenicity in obese men and 
hyperandrogenicity in obese women are 
risk markers for coronary artery 
disease,34*35 and low levels of sexual- 
hormone-binding-protein (SHBG) 
predict development of Type 2 
diabetes.36 Therefore, the relation 
between IR and CVD includes 
aberrations of a variety of factors.
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3. Leptin
3.1. History
Body weight regulation has long been 
considered a question of “to eat or not to 
eat”, thus subject to free will. However, 
the relatively constant weight during an 
adult lifetime suggests that body weight 
must be subject to mechanisms, which 
balance energy intake and expenditure 
in a finely tuned manner.37 More than 40 
years ago, Kennedy hypothesized a 
hormonal factor to be involved in the 
regulation of body weight, and 
particularly the amount of adipose 
tissue.38 He reasoned that this factor was 
produced in the adipose tissue and 
circulated in the blood in proportion to 
the amount of adipose tissue. A 
metabolic control center located in the 
hypothalamus compared the amount of 
the adipose tissue factor to an 
established set point. If the signal from 
the adipose tissue and the set point did 
not correspond, appropriate changes in 
energy intake or energy expenditure 
would re-establish a steady state. This 
was the theoretical framework behind 
the so-called lipostatic theory. 
Physiological experiments including 
cross-circulation (or parabiosis) on 
genetically obese mice, by Coleman, 
provided evidence for the presence of 
such a factor,39 since crossing the blood 
stream of the obese mice with its lean 
sister reduced the obesity in the obese 
mouse. However, the identity of this 
factor which was thought to be lacking 
in the obese mouse remained a mystery 
for many years until modem techniques 
of molecular genetics became available, 
and in December 1994, Friedman and 
colleagues were able to report that the 
gene producing this factor was 
identified.9 This factor was initially

named the ob gene product as the 
identification was done in the ob/ob 
mouse (see below), but from 1995 and 
onwards it was named leptin referring to 
the Greek word leptós meaning thin.40 
Similarly, the gene producing the factor 
was initially named the ob gene. This 
name is still used, although alternately 
with the leptin gene.

3.2. Animal models
The history of leptin is closely linked to 
the discovery of single gene mutations 
causing obesity in mice and rats. In 
mice, four recessive (ob/ob, db/db, 
fat/fat, tub/tub) and one dominant 
(agouti) mutation have been known for 
many years.41 In contrast, only one 
single gene mutation is known in rats, 
although in two different versions (fa/fa 
or Zucker a n d / o r  Koletsky).41 
In the early 1950s, the ob/ob mouse was 
described.42 Extensive studies have 
shown that the syndrome of this mouse 
consists of massive obesity in 
conjunction with hyperphagia, IR, 
hyperinsulinemia, development of Type 
2 diabetes, cold intolerance and 
infertility.43 The db/db mouse has a 
phenotype, which is nearly identical to 
the ob/ob mouse, when the mutations 
are expressed on the same genetic 
background. Cross-circulation 
experiments between ob/ob and db/db 
mice revealed however that the ob/ob 
partner reduced its food intake and body 
weight whilst the db/db partner 
maintained both food intake and body 
weight.39 Accordingly, Coleman 
concluded that the ob/ob mice failed to 
produce the adipose tissue factor, which 
is produced by the db/db mice, and that 
the brain of the ob/ob mice could
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respond to the signal, which is not 
detected by the db/db brain. This 
hypothesis has been proven correct by 
the findings of the ob protein pathway 
(see below).
The other genetic animal obesity models 
have other molecular explanations.
Thus, agouti mice are characterized by 
ectopic expression of the agouti protein, 
which interferes with leptin signaling in 
the hypothalamus (see below). 
Furthermore, decreased levels of 
carboxypeptidase E, an enzyme 
involved in the conversion of 
prohormones into active hormone (e.g. 
proinsulin to insulin), characterize the 
fat/fat mice.41 Finally, the tubby gene 
mutated in the tub/tub mice is identified 
and leptin signaling seems to be affected 
also in this strain.44 45

3.3. The leptin (ob) gene 
The leptin gene, or ob gene, was first 
identified in the ob/ob mice by the 
positional cloning technique.9 The gene 
was subsequently demonstrated to 
consist of 3 exons separated by 2 introns 
in both rodents and humans.46 The 
coding region of the leptin gene is 
contained in exons 2 and 3 which are 
separated by an intron of ~2 kb. Exon 1, 
consisting of only 26 bp of noncoding 
sequence, and is located ~ 7.5 kb 
upstream from exon 2. The gene has 
been localized to chromosome 6 in mice 
and to chromosome 7q31.3 in humans. 
The leptin gene promoter region spans a 
region of ~ 3 kb and the TATA box is 
located at position -26 to -30. The 
promoter is responsive to several 
transcription factors, including C/EBPa 
and peroxisome proliferator-activated 
receptor-y (PPAR-y), two transcription 
factors controlling adipocyte 
differentiation. Leptin gene expression 
is induced by C/EBPa, an effect

mediated by a C/EBPa-binding site in 
the proximal leptin gene promoter. By 
contrast, antidiabetic thiazolidinediones, 
and activators of PPAR-y decrease 
leptin expression, via a direct effect on 
the leptin promoter. Furthermore, 
several cAMP binding sites have been 
identified in the promoter region. Only 
the first 217 base pairs are required for 
basal adipose tissue expression of the 
leptin gene.47 52
Two mutations in the ob gene blocking 
the synthesis of leptin have been 
identified in the ob/ob mice. In the first 
mutation, a T to C substitution in the 
first position of codon 105 changes 
arginine-105 to a premature stop codon 
preventing any leptin to be expressed. 
Consequently, there is no circulating 
leptin despite high ob mRNA levels.9 
Another ob/ob strain is characterized by 
an insertion of a ~5 kb retroviral-like 
transposon into the first intron which 
prevents synthesis of mature ob 
mRNA.53 Administration of 
recombinant leptin to the ob/ob mice 
restore normal body weight and reverse 
at least some of the associated 
abnormalities.40’54 57 In contrast, 
administration of leptin to db/db mice 
has no effect due to an abnormality in 
the leptin receptor (see below) whereas 
normal mice lost some weight but not in 
the magnitude of the ob/ob mice after 
leptin.40
Expression of leptin mRNA has been 
demonstrated in differentiated white and 
brown adipocytes, but not in 
preadipocytes or stroma cells.58 59 
Furthermore, leptin mRNA is also found 
in human trophoblasts (placenta, 
hydatiform mole, and 
choriocarcinoma),60 human mammary 
epithelial cells,61 and in gastric 
epithelium from rats.62 Interestingly, a
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recent study suggests that leptin may be 
produced within the human brain.63

3.4. The leptin protein
Leptin, the protein product of the ob 
gene, is a 167 amino acid protein with 
an amino-terminal secretory signal 
sequence of 21 amino acids, which is 
removed before secretion.9 Molecular 
weight is estimated to 16 kDa.64 Leptin 
thus circulates as a protein of 146 amino 
acids. Human leptin is 84% homologous 
to mouse,9 and 83% homologous to rat 
leptin.65 There is no apparent sequence 
similarity with other proteins, but 
structure modeling has revealed a 
striking similarity with long-chain 
helical cytokines, which include 
granulocyte colony-stimulating factor 
(G-CSF), leukemia inhibitory factor 
(LIF), and growth hormone (GH).66 
Leptin consists of four antiparallell a- 
helices (A, B, C and D), connected by 
two long crossover links (AB and CD) 
and one short loop (BC), arranged in a 
left-hand twisted helical bundle.67 The 
four-helix bundle is folded as a two- 
layer packing of antiparallell helix pairs 
A and D against B and C, and a 
disulfide bound between the C-terminus 
of the protein and the beginning of the 
CD loop is important for stability and 
biological activity.66

3.5. Characterization of circulating 
leptin
Leptin circulates bound to binding 
proteins, of which there are at least 2 
different in humans and 3 different in 
rodents. The relative amount of free 
leptin is higher in obese humans 
compared to lean subjects.68«69 The 
nature of these proteins is not fully 
established but the soluble leptin 
receptor may be important (see below). 
These binding proteins may also

facilitate transport of leptin over the 
blood-brain barrier, as suggested for 
cytokine-binding proteins.70 
In humans, circulating leptin has an 
estimated half-life of 25 minutes71 
whereas unbound leptin may have a 
shorter half-life.68 In rodents, leptin half- 
life has been shown to vary from 6 to 70 
minutes in different studies.72«73 Leptin 
is mainly cleared from the circulation by 
renal elimination through glomerular 
filtration followed by metabolic 
degradation in the renal tubules.74 
Consequently, patients with end-stage 
renal disease have markedly elevated 
leptin levels.75«76
Methods for measuring circulating 
leptin in both humans and rodents based 
on immunoprécipitation,77 
radioimmunoassays (RIA),78«79 and 
enzyme-linked immunosorbent assays 
(ELISA)80«81 have been developed and 
some of them are now commercially 
available. These assays measure total 
amount of leptin82 and other methods 
must be used for separating leptin in 
bound and unbound fractions.69

3.6. The leptin receptor (Ob-R)
Recombinant leptin soon became 
available after the discovery of the 
leptin gene, which made it possible to 
identify central binding cites for labeled 
leptin.83«84 The identification of the 
choroid plexus as a specific binding site 
for leptin provided the basis for isolation 
of a 5.1 kb cDNA from a choroid plexus 
expression library corresponding to the 
leptin binding site.85 This choroid plexus 
leptin receptor or Ob-Ra, consists of a 
long, non-folded chain of extracellular 
894 amino acids with a hydrophobic 22- 
amino acid secretory signal sequence, a 
23-amino acid transmembrane domain, 
and a short cytoplasmic domain of 34 
amino acids. Although the Ob-Ra
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isoform is expressed in the choroid 
plexus and many other tissues its 
significance is unknown. Thus, Ob-Ra 
only weakly activates gene expression 
and signal transduction in cultured 
cells86 and it is unknown if this occurs in 
vivo. It is possible that Ob-Ra functions 
as a transport protein over the blood- 
brain barrier.47’87
A second leptin receptor cDNA was 
subsequently identified in mouse 
hypothalamus.88 The hypothalamic 
leptin receptor or Ob-Rb, is molecularly 
identical to that in the choroid plexus, 
except that the intracellular domain 
contains an additional 269 amino acids. 
This receptor, which is frequently called 
the long receptor, closely resembles the 
gpl30, the common signal transducing 
subunit of a group of cytokine receptors, 
which include interleukin-6 (IL-6) and 
LIF, to name a few.85’89 The signaling 
mechanism following activation of the 
long leptin receptor has emerged from 
several studies.90 The receptors do not 
possess enzymatic motifs in their 
intracellular domain but instead 
associate with tyrosine kinase proteins 
called Jak 2 (Janus kinase). Activation 
of Jak 2 secondary to ligand binding to 
the receptor phosphorylates cytoplasmic 
transcription factors that are named 
STATs. These STATs dimerize and 
translocate to the nucleus to activate or 
initiate transcription of specific genes.91 
The changes in the activity of these 
genes then express the effects of leptin. 
Ob-Rb is normally expressed at high 
levels in hypothalamic neurons and in 
other cell types including T cells and 
vascular endothelial cells.89’92 94 Leptin 
administration was followed by 
activation of STAT3 and expression of 
fos, a STAT3 target, in hypothalamic 
nuclei,95’96 indicating that Ob-Rb is 
involved in leptin signaling.

Furthermore, following binding to 
leptin, both Ob-Ra and Ob-Rb mediate 
leptin internalization by a coated-pit 
dependent mechanism, leptin 
degradation by a lysosomal pathway, 
and ligand-induced receptor 
downregulation.97
Three additional leptin receptor cDNAs 
have been identified in the mouse 
brain.89 Two of these are identical in 
sequence to the long and short leptin 
receptor cDNA from position 1 until 
lysine-889, at which point they diverge 
to contain an additional 3 (Ob-Rc) or 11 
amino acids (Ob-Rd). The third 
additional receptor (Ob-Re) is identical 
to the others up to histidine-796, after 
which only 9 additional amino acids are 
present. Ob-Re lacks transmembrane 
domain and may represent a soluble 
leptin carrier.98
Positional cloning of the db (Ob-R) gene 
has shown that one single gene produces 
all receptor forms by alternative 
splicing.85’89 The Ob-R gene, which 
consists of 18 coding exons, is located 
to mouse chromosome 485»88’89 and to 
chromosome lp31 in humans.99 In db/db 
mice, a G to T substitution generates a 
new splice donor within the exon of the 
short receptor.88’89 This new donor 
interferes with the formation of the Ob- 
Rb and a truncated long receptor will be 
synthesized which is unable to activate 
STATs.92 Notably, the production of 
Ob-Ra, Ob-Rc, Ob-Rd and Ob-Re is 
normal in the db/db mouse. In contrast, 
the Zucker fa/fa rat is characterized by 
an A to C substitution within codon 269 
leading to an amino acid substitution 
which is found in all receptor 
variants.100«101 The result is probably 
reduced ligand-binding and signal 
transduction.102 The KoletskyjSjf rat has 
a similar mutation resulting in non
functional Ob-R.103 Accordingly,
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administration of leptin to the db/db 
mouse has no effect on the phenotype, 
in contrast to the dramatic effects when 
given to the ob/ob mouse (see above).40

3.7. The leptin producing adipocyte
Adipose tissue is now recognized as a 
biologically active and dynamic tissue 
with major endocrine roles in addition to 
the “traditional” function as an energy 
storage depot.104’105 A diverse range of 
metabolic signals are produced in 
adipose tissue, and besides leptin,106 also 
tumor necrosis factor alfa (TNF-a),107 
IL-6,108 and their respective soluble 
receptors,105 PAI-1,109 
angiotensinogen110 and possibly insulin
like growth factor-1 (IGF-1)111 are 
adipocyte-derived.
Adipose tissue has the unique capability 
of enormous volume and mass change, a 
process that includes changes in 
adipocyte size by lipolysis and 
lipogenesis in addition to cell 
acquisition. Insulin, glucocorticoids and 
PPAR-y ligands stimulate replication 
and differentiation of preadipocytes 
whilst TNF-a inhibits differentiation. 
Furthermore, human adipose cell 
number can decrease by 
dedifferentiation and adipocyte 
apoptosis. From studies on leptin 
deficient ob/ob mice and humans, it can 
be concluded that leptin has an 
important role in regulation of fat 
mass.56*112 This is mainly achieved by 
effects on central signaling with ensuing 
neuroendocrine responses.47 However, 
leptin may also act locally by inhibiting 
adipocyte differentiation while 
stimulating osteoblast differentiation.113 
Notably, a recent study demonstrated 
that leptin levels were positively 
associated with total body bone area in 
pubertal girls.114 Furthermore, the role of 
leptin in the periphery is supported by a

relation between leptin levels and 
number of adipocytes.115 
The amount of leptin gene expression 
per cell correlates with the lipid content 
and the corresponding size of the 
individual adipocyte.116 The signal 
system by which fat cells sense their 
lipid content and adjust the level of 
leptin gene expression is unknown.47 
However, it was recently shown that 
leptin exerts a tissue-specific 
autoregulation of leptin mRNA 
expression; for example, in healthy rats, 
a moderate increase in leptin levels 
considerably decreased leptin expression 
in adipose tissue while it induced leptin 
expression in skeletal muscle.117 These 
effects were mediated by Ob-R as leptin 
expression was not affected in fa/fa 
rats.117
Immunohistochemical analyses show 
that leptin is present in the cytoplasm of 
white and brown adipocytes, but not in 
the lipid droplets or in nuclei.118 
Secretion of leptin appears to be 
constitutive, as no significant amount of 
leptin storage in the adipocyte has been 
reported.46 Therefore, secretion of leptin 
from the adipocytes is mainly regulated 
by degree of expression of mRNA and 
mainly influenced by transcription 
factors (see above), metabolic activity of 
the adipocyte, insulin and 
glucocorticoids.

3.8. Leptin and adiposity
Gene expression and circulating levels 
of leptin are highly correlated with 
adipose tissue mass in both humans and 
rodents.77 In humans however, only 
indirect measures of adiposity mass are 
available. Numerous studies have 
established a firm correlation between 
leptin levels and these measures such as 
BMI,106’119 hydrodensitometry,120’121 
dual-energy X-ray absorptiometry,122’123
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skin-folds124*125 and impedance 
measurements.126’127 Direct measures of 
fat mass are usually strongly associated 
to leptin levels.120’128 Nevertheless, BMI 
is a good proxy for fat mass129’130 and, 
due to its simplicity, used in most 
studies with a population approach. 
Notably, an exponential regression 
model has provided the best fit between 
leptin and adiposity in some studies.127’ 
131 Interestingly, the close association 
between leptin levels and adiposity 
might be lost in both cases of extreme 
underweight or overweight.132’133 
Furthermore, leptin production rate in 
humans is directly related to the degree 
of adiposity.71 Obese subjects have thus 
high leptin levels due to both greater 
production per unit of body fat and 
increased production from the increased 
size of body mass.71’134 
Leptin levels may not only reflect actual 
fat mass and recent energy balance, but 
also future weight gain, although results 
are inconsistent. Relatively high leptin 
levels predicted increases in BMI and 
total fat over 5 years in a Japanese 
American cohort,135 whereas low leptin 
levels where associated with future 
weight gain in a small group of Pima 
Indians.136 However, leptin levels did 
not correlate to future weight changes 
on Mauritius.137 Difference in basal 
metabolism due to ethnicity may partly 
explain these differences.138

3.9. Leptin and regional fat 
distribution
Subjects with abdominal obesity are 
more prone to develop CVD than those 
with lower body obesity, possibly due to 
the association between abdominal 
obesity and IR.21 It is therefore of 
interest to evaluate whether body fat 
distribution in humans is of importance 
for circulating leptin.

Leptin expression is higher in 
adipocytes from subcutaneous adipose 
tissue than from visceral adipose tissue 
in non-obese and obese men and 
women.139 142 In one study, measurement 
of abdominal adipose tissue with MRI 
revealed that visceral fat area was 
significantly associated with leptin 
levels in male identical twins discordant 
for general obesity,143 but other studies 
have not shown any independent 
association between visceral fat area 
estimated by CT and leptin levels.128’144’ 
145 Waist circumference, which is a good 
proxy for visceral adipose tissue,146 was 
strongly associated to leptin levels in 
men but not in women after adjustment 
for BMI.125 Similarly, in a large 
population-based study of Caucasians, 
waist circumference was the strongest 
determinant of leptin in men, whereas 
BMI was the strongest determinant in 
women.147 In contrast, hip 
circumference but not waist 
circumference was significantly 
correlated to leptin in women, but not 
men, of African origin after adjustment 
for fat mass.132 WHR was inversely 
associated to leptin in grossly obese men 
and women,148 but not after adjustment 
for % body fat in men and women with 
“normal” BMI.149 Available data thus 
support that adiposity indices reflecting 
central obesity, such as waist 
circumference, are related to leptin 
levels in men whereas indices reflecting 
general adiposity such as BMI may be 
more important in women.
The consistent overexpression of leptin 
mRNA in subcutaneous adipocytes 
compared with visceral adipocytes, 
could be a consequence of site-specific 
differences in adipocyte exposure to 
neural, hormonal or metabolic regulators 
of leptin gene expression, or of intrinsic 
properties of the adipocytes
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themselves.141 Visceral adipocytes are 
more responsive to the effects of 
glucocorticoids and catecholamines, 
whereas insulin effects on lipolysis are 
impaired.150 152 Possibly, these metabolic 
alterations could affect leptin expression 
as well.
The association between leptin levels 
and age and ethnicity has been studied 
mostly in the context of fat distribution. 
In rats, expression and serum levels of 
leptin increase with age independent of 
fat distribution and increasing 
adiposity.153 In humans, circulating 
levels of leptin decrease with age in both 
men and women.149 Furthermore, it is 
possible that the association between fat 
mass and leptin is lost in older subjects, 
independently of changes in fat 
distribution.154
Most studies comparing races have been 
performed in the USA. African- 
American girls had higher leptin levels 
than Caucasian girls, partly due to 
higher fat mass;155 a finding which could 
explain earlier menarche in African- 
Americans compared to Caucasians (see 
below). In contrast, postmenopausal 
African-Americans had lower leptin 
levels than age and fat mass matched 
Caucasians, possibly due to different 
regulation of resting energy 
expenditure.138 In one study however, all 
differences due to both age and ethnicity 
between African-Americans and 
Caucasians could be explained by age 
related changes in fat mass and body 
composition.156 Leptin levels do not 
differ between Non-Hispanic and 
Hispanic whites after adjustment for 
body composition.157*158 Thus, ethnicity 
does not seem to be of any major 
importance in determining leptin levels.

3.10. Leptin and obesity
Obesity is the result of a disorder in the 
energy balance that occurs when energy 
intake chronically exceeds energy 
expenditure. This excess in energy is 
stored in the adipocyte. Expression and 
circulating levels of leptin are increased 
in all rodent models of obesity, except 
the ob/ob mice.159 The dramatic effects 
of leptin administration to ob/ob mice56 
raised expectations that human obesity 
might also be a leptin-deficient state. 
However, most humans with obesity 
have increased levels of leptin in 
relation to the degree of adiposity, 
irrespective of method of measure (see 
above), which would suggest that leptin 
deficiency is not a major cause of 
obesity. There is a considerable 
variation in leptin levels (up to 12-fold) 
for a certain degree of adiposity47 and a 
small proportion of obese persons (5 to 
10%) may thus have too little leptin in 
relation to their fat mass. Theoretically, 
leptin administration could be the 
treatment of choice in these subjects and 
clinical studies addressing this issue are 
ongoing.160 In addition, leptin 
administration might help to prevent the 
hunger induced by diet-induced 
reduction in body weight and therefore 
could aid in preventing return to initial 
body weight.
Although the first humans with extreme, 
early-onset obesity due to an inactivated 
ob gene have been identified and 
clinically characterized,112’161 several 
studies have failed to demonstrate such 
mutations in obese humans in 
general.162 164 Leptin administration has 
dramatic and specific adipose tissue 
reducing effect in these rare cases of 
leptin deficiency.160
In contrast, resistance against the effects 
of leptin has been suggested as a 
mechanism behind human obesity as
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most obese persons have elevated leptin 
levels.127 If leptin resistance is involved 
as a mechanism behind human obesity, 
subjects with high BMI should have a 
higher ratio of leptin to BMI, since they 
need to “overcompensate” the leptin 
production. This was recently shown by 
Ahrén et al.106 The resistance of leptin 
could reside at various places in the 
chain of events from leptin secretion 
through leptin action and signaling.165 
For example, leptin resistance might 
occur in the transportation of leptin in 
the circulation or across the blood-brain 
barrier. Interestingly, the ratio between 
leptin levels in the cerebrospinal fluid 
(CSF) and in the circulation is higher in 
obese than in non-obese persons,166*167 
suggestive of a saturable transport 
system over the blood-brain barrier. 
Furthermore, as the CSF: serum ratio 
increased after weight loss, saturation of 
the transport mechanism might be 
related to obesity.168 
A mutation affecting the leptin receptor 
in humans has recently been 
described.169 Patients, who are 
homozygous for this mutation are 
characterized by early-onset morbid 
obesity, no pubertal development, and 
dysfunction of the sympathetic system 
and the GH and thyroid axes. However, 
the frequency of leptin receptor 
mutations is probably very low in the 
population.160 Downstream signaling 
could be affected leading to a similar 
phenotype; in fact, a mutation affecting 
the pro-opiomelanocortin (POMC) 
system resulting in early-onset obesity 
and adrenal insufficiency has recently 
been described.170 Furthermore, there 
are reports linking extreme obesity to 
markers flanking the leptin gene171*172 
while markers near the POMC gene are 
related to leptin levels.173

Defective hypothalamic leptin signaling 
could possibly induce obesity in patients 
with Prader-Willi syndrome174 and in 
patients treated with cranial irradiation 
in childhood.175 However, concomitant 
insufficiency in GH and gonadotropin 
axes may influence leptin levels in these 
patients.
To conclude, the overwhelming majority 
of humans with obesity are 
characterized by high leptin levels and 
possibly leptin resistance and, 
accordingly, leptin will not be the magic 
treatment for these persons except for 
the rare cases of leptin deficiency.160 As 
an adjunct to food restriction to prevent 
hunger, however, leptin may still be a 
potential modality.

3.11. Leptin and eating disorders
Circulating leptin levels in patients with 
anorexia nervosa, bulimia, and 
nonspecific eating disorders are similar 
to those in healthy persons with 
comparable BMI.176*177 Moreover, 
variations in the leptin gene have not 
been linked to these disorders.178 
However, leptin levels seem to 
dysregulate from body weight in a 
nonlinear relationship in emaciated 
patients, possibly representing a 
threshold effect.133*179 Another 
explanation could be that BMI is not an 
appropriate measure of body fat at the 
extremes.180 Furthermore, a longitudinal 
study suggested a relatively higher 
transport of leptin to the CSF at lower 
leptin levels.181 During weight recovery, 
patients with anorexia appear to 
normalize their CSF and serum leptin 
levels before their BMI returns to 
normal.181 This could possibly explain 
the difficulty these patients have in 
regaining weight.
Amenorrhea is a cardinal manifestation 
of anorexia nervosa.182 Increased leptin
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levels after weight recovery is a 
necessary, but not sufficient factor for 
the resumption of menses.183 Intact 
pulsatility and diurnal variation in leptin 
levels are probably important for 
adequate hypothalamus-pituitary-gonad 
axis.184 Accordingly, the diurnal 
variation was attenuated in patients with 
anorexia nervosa185 and absent in 
amenorrheic athletes,186 although normal 
in functional hypothalamic 
amenorrhea.187

3.12. Leptin and changes in body 
weight
During short-term energy restriction, 
plasma leptin decreases much more than 
the amount of adipose tissue lost. For 
example, lean and obese adults who 
fasted for 52 to 96 h lost less than 4% of 
body weight but the leptin concentration 
decreased 54 to 72%.188 190 In long-term 
studies of lean and obese persons who 
were either losing weight or maintaining 
a defined weight loss, leptin levels were 
lower during the period of weight loss 
than the period of weight 
maintenance.191 After a 4 day fast 
followed by an additional 6 days of 
fasting during which intravenous 
glucose was given, leptin increased 80% 
within the first 24 h.189 Furthermore, 
when subjects were refed after a 3 day 
fast, leptin returned to baseline within 
12 h.190
Discordant values between weight loss 
and leptin levels are also observed 
during energy restriction. Energy 
restriction to -70% of daily 
requirements for 7 days resulted in a 4% 
weight decrease but a leptin decrease of 
36%, which correlated independently to 
the decrease in glucose and the increase 
in ß-OH-butyrate.192 Ketones by 
themselves do not seem to be the 
mediator of reduced leptin levels, since

infusion of ß-OH-butyrate did not affect 
leptin levels.193 Furthermore, changes in 
the levels of glucose, insulin and FFA 
did not associate to the change in leptin 
levels.193 However, long-term weight 
reduction in women induced by energy 
restriction was characterized by reduced 
leptin levels in those who lost more than 
7% of body mass, whereas in women 
who lost less than 7% of body mass, 
leptin did not change.119 In women 
succeeding in losing weight, changes in 
leptin levels did not correlate to the 
content of fat in the diet, but rather to 
the reduction in body weight.119 
There is also a discrepancy between the 
decrease in circulating leptin levels and 
the changes in leptin gene expression. 
For example, expression of leptin 
mRNA did not change after a 6 day fast 
even though serum levels of leptin 
decreased 40%. Restricted diet for 5 
days did not change leptin mRNA 
despite a -4% weight loss, circulating 
levels were not reported.194 These 
findings suggest that changes in leptin 
levels are regulated by changes in leptin 
clearance or by post-transcriptional 
control of leptin production.195 
When normal adults were overfed for 12 
h at 120 kcal/kg, glucose increased 
minimally, fasting insulin doubled and 
the increase in nocturnal leptin persisted 
until the following morning instead of 
declining.196 Overfeeding, which 
resulted in a 10% weight gain, increased 
leptin levels threefold.196 
In summary, available data suggest that 
serum leptin is regulated by recent 
energy availability. This is not an 
immediate regulation and changes in 
circulating leptin levels are not entirely 
mediated by changes in insulin, fatty 
acids and ß-OH-butyrate. During energy 
restriction or fasting, leptin does not 
reflect level of adiposity, but rather
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available energy sufficient for 
triglyceride synthesis or glucose uptake 
by fat cells.195

3.13. Leptin and energy expenditure
A main effect of leptin is to increase the 
energy expenditure. Consequently, the 
ob/ob mice have been shown to exhibit 
decreased 0 2 consumption, body 
temperature and locomotor activity 
compared with controls. These 
parameters were all normalized after 
chronic leptin treatment.56 Furthermore, 
administration of leptin i.c.v. was 
followed by increased energy 
expenditure while reducing the 
respiratory quotient in a dose dependent 
manner;197 findings suggestive of 
increased utilization of energy derived 
from fat metabolism. However, leptin 
did not induce energy expenditure in 
non-mutant mice.56 
Little is known about the mechanisms 
underlying the leptin-induced increase 
in energy expenditure. In lean mice, 
increased whole-body glucose 
utilization and glucose uptake in skeletal 
muscle and brown adipose tissue 
followed a 5 h leptin infusion, while 
circulating levels of glucose remained 
unchanged.198 However, these effects 
may not be specific for leptin as pair- 
feeding induced similar changes in 
glucose metabolism.199 Chronic 
exposure to leptin led to a specific and 
dramatic reduction of white adipose 
tissue.200 The expression of uncoupling 
protein 1 (UCP-1) in brown adipose 
tissue and the heat produced in this 
tissue is increased after leptin-induced 
activation of the SNS.201 202 Notably, 
mice with deficiency of brown adipose 
tissue are extremely resistant to the 
effects of leptin, despite high doses 
given over a long time.203

In brief, as reviewed by Jezek,204 UCPs 
are so called facilitative transporters, 
that lower the proton gradient across the 
inner mitochondrial membrane by 
increasing the permeability to protons. 
UCP-mediated entry of protons to the 
matrix of the mitochondria bypasses 
adenosine triphosphate (ATP) synthase 
and, therefore dissipates the energy 
obtained from oxidative processes by 
producing heat. UCP-1 is a protein 
specific for brown adipose tissue and 
UCP-2 and UCP-3 were recently 
identified on the basis of their extensive 
homologies with UCP-1. These proteins 
may play a significant role in energy 
expenditure, as they are more widely 
expressed than UCP-1. Most tissues 
express high levels of UCP-2, while 
UCP-3 is expressed in skeletal muscle 
and brown adipose tissue. 
Noradrenaline, thyroid hormones and 
leptin regulate expression of UCPs. The 
UCP-2 and UCP-3 genes reside on 
human chromosome 11 in regions that 
have been linked to hyperinsulinemia 
and obesity. Notably, expression of 
UCP-3 was significantly reduced in 
patients with Type 2 diabetes compared 
with control subjects.205 
In lean rats, continuous leptin 
administration for 4 days was 
accompanied by reduced glucose 
utilization in white adipose tissue in 
combination with high expression of 
UCPs in adipose tissue and skeletal 
muscle. This was in contrast to 
markedly reduced levels of UCPs in 
pair-fed rats.199 Similarly, 
overexpression of leptin increased 
expression of UCP-2 in white adipose 
tissue and of enzymes involved in free 
fatty acid metabolism in normal rats, but 
not in fa/fa  rats.206 UCP-3 is upregulated 
in ob/ob rats during leptin treatment207 
and hypothyroidism decreases while

21



hyperthyroidism increases UCP-3 
levels.208 Leptin may thus have an 
independent effect on UCP-3 or it may 
affect UCP-3 expression indirectly via 
the normalization of thyroid levels in 
ob/ob mice. Conversely, leptin infusion 
for 5 h was followed by reduced 
expression of UCP-2 in white adipose 
tissue and of UCP-3 in skeletal muscle 
in combination with reduced expression 
of mitochondrial enzymes participating 
in the respiratory chain in lean mice.209 
This discrepancy may be related to the 
different situations created by acute 
versus chronic treatment with leptin. 
Acute treatment with leptin produces a 
marked increase in brown adipose tissue 
thermogenesis similar to short exposure 
to cold.204 Hence, expression of UCP-2 
and UCP-3 may decrease in white 
adipose tissue and in skeletal muscle 
under the increased energy demands in 
white adipose tissue. With chronic leptin 
treatment, lipid depots become depleted 
and thermogenesis may be 
compromised. Compensatory 
upregulation of UCP-2 and UCP-3 
follows, which is further stimulated by 
increased availability of FFA.
Attempts to correlate energy 
expenditure to leptin levels in humans 
have been disappointing. Energy 
expenditure did not correlate 
significantly with circulating leptin 
levels in healthy children210 and in 
adults.191 In contrast, leptin was 
associated with energy expenditure in 
Pima children211 and in older African- 
American women,212 whereas the 
association was inverse in obese Finnish 
men.213 Furthermore, leptin was related 
to both total and resting energy 
expenditure in patients with heart 
failure, but not in healthy controls.214 
Difficulties in normalizing energy 
expenditure and leptin for body

composition are not straightforward, and 
the choice of covariates may affect the 
outcome as reviewed by Nagy.210 It is 
thus suggested that careful matching 
must be done for both fat-free mass and 
fat mass.

3.14. Leptin and the brain
Because peripherally administered leptin 
rapidly affects hypothalamic signal 
transduction, and low doses of leptin 
given centrally affects both appetite and 
metabolism, the brain is likely a primary 
target for leptin action.54 
The leptin peptide is too big to permeate 
the blood-brain barrier by itself through 
diffusion, but the localization of 
receptors indicate that leptin gains entry 
to the CNS. This is probably exerted 
through carrier proteins which may be 
the Ob-R in the choroid plexus. In situ 
hybridization has shown that Ob-Rb, the 
long receptor, is expressed mainly in 
hypothalamic nuclei such as the arcuate 
nucleus, the dorsomedial hypothalamic 
nucleus (DMH), the paraventricular 
nucleus (PVN), the ventromedial 
hypothalamic nucleus (VMH) and the 
lateral hypothalamic nucleus (LH).47 
A simplistic division of these nuclei in 
feeding and satiety centers could be 
done from the outcome of targeted 
lesions as destruction of the PVN and 
VMH produced hyperphagia and obesity 
while lesions to the LH resulted in 
anorexia.215 Furthermore, many of these 
nuclei modulate activity in the 
parasympathetic and sympathetic 
systems whereas the PVN controls 
secretion of peptides from both the 
anterior and posterior pituitary.47 
Some areas in the brain lack blood-brain 
barrier and one of them, the median 
eminence is surrounded by the above 
mentioned nuclei.216 Alternatively, 
leptin may cross the blood-brain barrier
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by a saturable transport system 
involving short forms of the Ob-R (see 
above). Accordingly, systemically 
administered labeled leptin is detected in 
the choroid plexus, the arcuate nucleus 
and the median eminence.217 
Nueropeptide Y (NPY) neurons in the 
arcuate nucleus were the first target of 
leptin to be identified. NPY is a potent 
stimulator of food intake,218 and 
expression of NPY mRNA is increased 
in response to fasting and in ob/ob and 
db/db mice. Administration of leptin 
suppresses NPY overexpression in 
fasted rodents and in ob/ob mice.219 221 
Receptors for NPY and Ob-Rb 
colocalize in arcuate nucleus neurons.222 
Suprisingly, “knockout” mice lacking 
NPY eat and grow normally,223 which is 
suggestive of redundancy in the 
neuronal systems involved in food 
control. NPY neurons are nevertheless 
important targets for leptin, as ob/ob 
mice rendered NPY deficient by 
“knockout” are less obese than ob/ob 
mice with intact NPY system.224 
The melanocortins, a-melanocyte 
stimulating hormone (a-MSH), 
adrenocorticotropic hormone (ACTH), 
together with opiod peptides, are 
derived from a common precursor, 
POMC, which is synthesized in neurons 
in the arcuate nucleus projecting mainly 
to other hypothalamic nuclei.215 POMC 
mRNA and Ob-Rb colocalize within the 
arcuate nucleus.225 Leptin regulates the 
levels of POMC mRNA, as ob/ob mice 
and fasting rodents have lower levels of 
POMC in the arcuate nucleus than 
controls, and administered leptin 
elevates POMC mRNA levels.226 228 a- 
MSH probably mediates the effects of 
leptin trough activation of the 
melanocortin receptor subtype MC4- 
R.216 Interestingly, it has recently been 
shown that the agouti protein acts as a

MC-4R antagonist in hypothalamus 
leading to the obesity syndrome 
characterizing the agouti mice.229 A 
novel hypothalamic peptide, the so- 
called agouti-related peptide (AGRP), 
has recently been isolated. Its expression 
is limited to the arcuate nucleus where it 
is overexpressed in the ob/ob mice. 
Induced expression of AGRP or 
“knockout” of the MC-4R induces 
obesity and leptin resistance, thus 
resembling the agouti mice.230 232 a- 
MSH or NPY are not the only 
downstream mediator of leptin actions, 
as genetic cross of ob/ob and agouti 
shows additive effects on obesity 
development.233 Interestingly, it was 
recently suggested that MC-4R is the 
pivotal receptor for leptin effects on the 
reproductive axis.234 
Other neurotransmitters and 
neuropeptides also function in this 
system.235 Leptin may stimulate the 
action of appetite depressing (or 
anorexigenic) agents and antagonize the 
action of appetite suppressing (or 
orexigenic) agents. Cholecystokinin 
(CCK) potentiates the appetite 
depressing effects of leptin236 and it is 
plausible that leptin increases the 
sensitivity of CCK pathways that inhibit 
feeding, thus providing a link between 
short-term and long-term regulation of 
appetite.216 In addition, CCK-8 
decreases stores of leptin in the rat 
stomach.62 Glucagon-like peptide-1 
(GLP-1) may regulate immediate 
changes such as satiety following a 
meal. GLP-1 inhibits the effects of NPY 
on food intake237 and Ob-Rb are 
expressed in GLP-1 expressing neurons 
in the solitary tract.238 These neurons 
project to the PVN where specific GLP- 
1 receptors are found.239»240 
The orexins and the melanin- 
concentrating hormone (MCH) are

23



expressed in the LH, which is associated 
with stimulation of food-intake. This 
area has wide connections with cortex as 
well as with the arcuate nucleus. Both 
orexin and MCH expressing neurons in 
the LH receive innervation of NPY, a- 
MSH and AGRP containing fibers,241 
and recent data suggest that leptin 
administration reduces levels of orexins 
in the LH.242
Leptin also increases levels of 
corticotropin-releasing hormone (CRH) 
mRNA in the PVN and stimulates 
release of CRH from perfusion slices of 
both amygdala and the PVN.221 243 
Administration of CRH to the PVN 
resulted in reduced food intake and 
increased energy expenditure244 and 
pretreatment with anti-CRH antibodies 
reduced the effects of leptin.245 
Cytokines may be important mediators 
of central leptin effects. For example, 
leptin induces expression of SOCS-3 in 
the hypothalamus, a protein that belongs 
to a family of proteins called 
suppressors-of-cytokine-signaling 
proteins (SOCSs),246 and intact leptin 
signaling probably depends on 
interleukin-1.247 Furthermore, SOCS-3 
may mediate central leptin resistance.246 
Brain serotonin contributes to the 
regulation of feeding and energy 
expenditure. Mice with targeted 
mutation of the serotonin 5-HT2c 
receptor are hyperphagic, despite normal 
response to leptin administration, which 
leads to obesity of “middle-age” onset 
associated with leptin resistance of 
“late-onset”.248 Serotonin- and leptin- 
signaling is thus dissociated in the 
regulation of feeding. 
Electrophysiological studies show that 
leptin does affect neuronal activity. 
Leptin rapidly modulates synaptic 
activity by reducing excitatory 
postsynaptic currents in the arcuate

nucleus in rat hypothalamic slices.249 In 
addition, leptin hyperpolarizes glucose- 
sensitive hypothalamic neurons in the 
rat brain by activating an ATP-sensitive 
potassium channel.250 This response was 
not observed in Zucker (fa/fa) rats.250 
Consistent with different leptin effects 
in different hypothalamic nuclei, it is 
shown that neurons in the VMA 
increase their firing rate in response to 
leptin, whereas arcuate nucleus neurons 
are inhibited by leptin.216 
In summary, leptin concentrations are 
sensed by a group of neurons in the 
hypothalamus where a complex array of 
systems with different thresholds for 
leptin is involved in downstream 
signaling.251
During starvation leptin levels fall 
which activates a combined behavioral, 
hormonal and metabolic response which 
is adaptive when food is available. 
Weight gain increases plasma leptin and 
elicits a different response, leading to a 
state of negative energy balance. It is 
not yet known whether the same 
neurons respond to both increasing and 
decreasing leptin levels.47*252 
Finally, data from arterio-venous studies 
indicate that the human brain is 
possisble source of leptin, but site- 
specific leptin mRNA expression has yet 
to be demonstrated.63

3.15. Regulation of leptin levels
The regression between adiposity, 
irrespective of measure (see above), and 
leptin is strongly positive with r-values 
in the range of 0.7-0.8. This means that 
r2 is around 0.5-0.6, indicating that 
adiposity may explain only -50% of 
circulating leptin levels.106 Therefore, 
other factors must be involved in its 
regulation.
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3.15.1. Gender and sex-steroids
A gender difference exists both in 
humans and in mice, in that females 
have higher leptin mRNA expression 
and circulating levels than males.121’141> 
253,254 in humans, this difference was 
independent of BMI and age.255 
Interestingly, newborn males had lower 
leptin levels than newborn females 
despite similar concentrations of 
testosterone and estradiol256 and similar 
birth weight.257 Boys have lower leptin 
levels than girls in corresponding stage 
of puberty and this holds true even in a 
prepubertal stage when levels of sex 
steroids and gonadotropins are very 
low.258 This gender difference, which 
remained after adjustment for BMI or 
percent body fat, increased towards the 
end of puberty and paralleled the 
changes in sex steroids.131 
There is a growing bulk of evidence 
suggesting that testosterone may 
influence leptin levels. Testosterone 
administration reduced leptin levels in 
hypogonadal259’260 and eugonadal 
men,261 in adolescents with delayed 
puberty262 and in female-to-male 
transsexuals.263 On the other hand, 
testosterone suppression, by 
gonadotropin-releasing hormone 
(GnRH) agonist treatment of central 
precocious puberty in boys, increased 
leptin levels.264 Furthermore, increasing 
levels of testosterone parallels a decline 
in leptin levels during puberty.258’265 
Experimental data support that 
testosterone acts directly on the 
adipocyte as expression and secretion of 
leptin were reduced in cultured 
adipocytes after coincubation with 
testosterone or dihydrotestosterone.266’ 
267 Furthermore, orchidectomy was 
followed by hyperleptinemia in rats, 
which was abolished by testosterone 
replacement.268 As this treatment was

given together with an estrogen 
antagonist, it was concluded that 
testosterone was responsible for the 
effect on leptin levels.
An inverse association between 
androgens and leptin has been shown 
repeatedly in healthy middle aged269 271 
and in older men.261 272 273 However, 
some of these studies have reported 
crude correlations between testosterone 
and leptin without adjustments,274 and 
others have failed to show any 
significant correlation after adjustments 
for BMI,270 272 273 whilst others do so.271’ 
275 A similar inverse association was 
found in pubertal children and 
adolescents124«131»258’266’276 and in men 
with diabetes277 and hypogonadism.259 
Interestingly, men included in studies, 
which fail to report a significant 
association between androgenicity and 
leptin after adjustments, have in 
common a mean BMI level of ~26.5.270’ 
272,273 in contrast, Paolisso et al. reported 
a significant testosterone-leptin 
association in subjects with a mean BMI 
of 23.3.275 Therefore, the varying results 
in the literature may be explained by an 
important effect of fat mass/distribution 
on the testosterone-leptin association.
A crude positive correlation association 
between testosterone and leptin in 
women has been reported by some,131’
156 , 271 , 276 , 278  but not all,272’275
investigators. Furthermore, it has been a 
matter of controversy whether a positive 
correlation between leptin and various 
measures of androgenicity is present 
among women with the polycystic ovary 
syndrome (PCO).278 279 
The SHBG-leptin association has been 
evaluated with conflicting results, 
mostly due to the effects of adiposity.269’
271

The adrenal produced steroid 
androstenedione (A-4) is converted to 
testosterone in adipose tissue and is an
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important source for circulating levels of 
testosterone in women.105 An adiposity- 
independent association has not been 
established between A-4 and leptin in 
healthy postmenopausal women272 and 
in PCO women279; or between 
dehydroepiandrostenedionesulfate and 
leptin in healthy adults,270 in PCO 
women280 and in children.276 
Available data concerning the 
association between circulating levels of 
leptin and estradiol is confusing, 
especially in men, showing both positive 
and negative associations.131 275 Studies 
in female adolescents and adults have 
shown a more consistent picture with a 
positive association between levels of 
estradiol and leptin.131266 275’281 A 
tentative stimulating effect of estradiol 
on leptin production in females is 
supported by increasing levels of leptin 
during puberty,131 258 the menstrual 
cycle282’283 and pregnancy.282’284 
Furthermore, bilateral ovariectomy is 
followed by decreasing leptin levels in 
both rodents and humans.267’285 286 
Notably, the expression of leptin mRNA 
increased in mesenteric adipose tissue 
while it decreased in subcutaneous 
adipose tissue following ovariectomy.286 
Postmenopausal women have lower 
levels of leptin after correction for fat 
mass in some,120 286 but not all,281 287 288 
studies. Estrogen replacement in 
postmenopausal women has, however, 
not been associated with increased leptin 
levels.287 289 In contrast, leptin increased 
significantly in male-to-female 
transsexuals treated with high doses of 
estrogen in combination with an 
antiandrogen.263
In vitro data support a direct effect of 
estradiol on leptin production as 
adipocytes from women spontaneously 
produced more leptin than adipocytes 
from men, and coincubation with

estradiol resulted in increased leptin 
release from female,267’290 but not 
male,290 adipocytes.
In conclusion, adipose tissue contains 
enzymes that are able to convert 
androgens to estrogens and vice versa, 
in addition to the conversion of A-4 to 
testosterone.105 It is thus possible that 
the inconsistent findings concerning 
leptin and estradiol may mirror the more 
direct association between androgens 
and leptin. In fact, aromatase, the 
enzyme that converts androgens to 
estradiol, may be stimulated by leptin in 
obese women.291 Another possibility is 
that the estradiol-leptin interaction is 
more complex with possible interaction 
both in the adipocyte and in the 
ovary.292-294
The profound gender difference could 
thus be the consequence of mainly 
androgen-mediated effects on the leptin- 
producing adipocyte. Furthermore, 
appropriate measures must be taken to 
handle this gender difference 
statistically.

3.15.2. Reproduction
Leptin administration to normal and 
ob/ob mice shows that leptin has 
important effects on reproductive 
function. This has led to the hypothesis 
of a permissive role of leptin in 
initiating puberty and ovulation.295 This 
is supported by peaking leptin levels 
before the rise in gonadotropins in both 
boys and girls,258’265 and by an inverse 
relation between leptin levels and 
menarche.114 High circulating leptin 
binding activity due to high expression 
of the soluble leptin receptor (Ob-Re) 
characterize prepubertal boys and 
girls.296 Reduced expression of Ob-Re 
possibly initiates puberty by rendering 
leptin available to the Ob-Rb.296
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One of the main effects of leptin may be 
to ensure that the female body has a 
sufficient amount of adipose tissue for 
successful ovalutory cycles. Notably, 
girls with mutated Ob-R do not develop 
puberty.169

3.15.3. Diet
Studies of diets with changed fat and 
carbohydrate have yielded mixed results 
regarding the influence of dieting on 
leptin levels. Rodents have varying 
susceptibility to diet composition 
depending on the strain investigated. 
One study in rats of different strains 
could not establish any difference in 
leptin levels after 2 days with high fat 
diet.297 Weaning rats to high fat diet or 
high carbohydrate diet resulted in 
fourfold higher leptin levels in the high 
fat group despite no differences in 
adiposity.298 Furthermore, the short 
leptin receptor was upregulated 11-fold 
in the blood brain barrier after high fat 
diet.299 Most studies in humans have 
failed to show any effect of food 
administration300 or of diet composition, 
neither with high nor with low fat 
content,119 301 although using diet history 
recall, leptin levels are inversely 
correlated with total energy intake and 
with total amount of carbohydrate and 
fat intake in postmenopausal women.302 
Similar results were obtained in a cohort 
of obese men and women.213 Notably, 
these studies have used morning 
measurements of leptin, which may 
have underestimated or missed dietary 
effects on leptin levels as one study has 
shown considerable difference in the 
effect of isocaloric high and low fat diet 
on the nocturnal leptin rise.303 
Little is known about the effect of 
specific nutrients or fibre on leptin 
levels. Sucrose, amino acids, hydrolyzed 
guar gum had no effect under a short

follow up304’305 whereas zinc 
supplementation increased leptin levels, 
possibly through the effect of cytokines 
(see below).306 Data concerning alcohol 
intake and leptin are conflicting as the 
amount of alcohol has been associated 
with both high307 and low308 leptin 
levels. Population-related differences in 
drinking habits and cirrhotic-induced 
elevation of leptin levels309 could 
perhaps explain this discrepancy.
Leptin was initially identified as a 
satiety hormone, but recently it has been 
hypothesized that leptin functions to 
prevent the effects of starvation and to 
maintain reproductive capacity.310 In 
fact, in humans there is no evidence that 
leptin influences satiety,195 although 
leptin levels may be associated to the 
perception of palatability.311

3.15.4. Diurnal rhythm
Circulating levels of leptin follow a 
diurnal rhythm in both rodents and 
humans.52’312 In humans, leptin levels 
are highest between midnight and early 
morning hours and lowest around noon 
to mid-afternoon. This pattern has been 
confirmed in adolescents,313 young 
men314 and in lean and obese adults.315* 
316 This rhythm is entrained to meal 
timing but not to the circadian rhythm or 
sleep cycle, thus suggestive of insulin or 
glucose induced changes in leptin 
secretion.52*317 In addition, leptin levels 
are pulsatile with at least 30 pulses or 
more per 24 hours.315 Pulse 
characteristics are correlated to gender 
and degree of obesity318 but not to 
pulsatile hormones from the anterior 
pituitary.319 However, recent data 
suggest a close synchronicity between 
leptin and gonadotropin pulsatile 
patterns184 which could possibly explain 
disturbances in menstrual function in
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conjunction with eating disorders (see 
above).
A morning measurement of fasting 
leptin is highly correlated with the 
average 24-h leptin despite these 
changes over time.316 However, an 
average leptin measure of leptin levels 
at 0900, 1800, and 0200 h is preferable 
as a measure of the average 24-h leptin 
level.

3.15.5. Insulin
Leptin concentration appears to be 
regulated by insulin since insulin 
stimulates the expression of leptin.106 
However, there are still questions 
regarding doses, time-course and 
mechanisms to be answered. In humans, 
surgical removal of an insulinoma was 
followed by declining levels of insulin 
and leptin despite fairly constant 
BMI.300’320 In diabetic pregnancies, 
placenta leptin mRNA and protein 
increased substantially after 
commencement of insulin treatment. 
These studies strongly support a role for 
insulin in the long term regulation of 
leptin secretion from both adipocytes 
and placenta.321
Further support for the importance of 
insulin in leptin regulation can be drawn 
from studies in rodents and humans with 
low insulin levels. Rats made diabetic 
by streptocotozin,322 children with 
untreated Type I diabetes,323 and adults 
with poorly controlled Type 2 
diabetes,324 all have lower leptin levels 
compared with control subjects.
Several studies have been done using 
the euglycemic hyperinsulinémie clamp 
to determine if rapid changes in 
circulating insulin are reflected in 
changes in leptin levels. The results 
from these studies are however, not easy 
to interpret: First, insulin doses are 
supraphysiological (by definition);

secondly, leptin values have usually 
been compared with an initial value 
which does not reflect the diurnal 
changes.195
Insulin-stimulated glucose uptake and 
leptin levels did not correlate 
significantly, either before or after a 6 
day fast in obese women. When the 3 h 
hyperinsulinémie clamp (serum insulin 
1.4 nmol/L) was done without a 
preceding fast, leptin levels did not 
change. Following the 6 day fast, 
however, leptin increased with 25%.194 
These data suggest that the effect of 
insulin on leptin levels depends on the 
nutritional status.195
Hyperinsulinémie clamp studies support 
that leptin synthesis and secretion are 
regulated by insulin in humans. There 
are, however, disagreements on how 
much insulin is needed and for how 
long. In lean and obese adults with Type 
2 diabetes, leptin levels did not change 
after an insulin infusion given for 5 h 
with various rates (serum insulin 0.5-86 
nmol/L).325 With the hyperglycemic 
clamp, leptin levels doubled after 50 
h.325 In contrast, leptin levels increased 
with 25% after an overnight fast 
followed by a 4 h euglycemic clamp 
(serum insulin -600 pmol/L) in control 
subjects, but not in patients with Type I 
diabetes.277 Leptin levels fell 30% 
during an 9 h saline infusion, but insulin 
infusion leading to a serum 
concentration of -  140 pmol/L showed a 
prompt effect preventing the fall.326 
Leptin levels rose earlier and reached 
higher levels following higher amounts 
of insulin.326 In non-obese men and 
women, an euglycemic 
hyperinsulinémie clamp increased leptin 
5, 26 and 62%, compared with a control 
saline infusion, during sequential 2 h 
increasing insulin infusions (serum 
insulin -380, -820, and -2800
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pmol/L).327 With an euglycemic 
hyperinsulinémie clamp (serum insulin 
-600 pmol/L), leptin did not change for 
up to 2 h in lean an obese subjects.126 328 
With a hyperinsulinémie clamp (serum 
insulin -480 pmol/L), leptin rose 37% at 
6 h compared with a control saline 
infusion.329
Coleman et al. suggest that the diurnal 
variation should be taken into account 
when interpreting these studies.195 
Leptin levels normally fall -20% 
between 0800 and 1200 hours, and then 
level off. Most clamp studies have been 
initiated after an overnight fast, and 
leptin levels which remained stable 
compared with the initial value suggest 
that hyperinsulinemia does have an 
immediate effect, even though the actual 
rise in leptin is not observed until 6 h 
after start of infusion. Furthermore, the 
overnight fast followed by saline 
infusion reflects changes in leptin levels 
due to fasting.
Although hyperinsulinemia increases 
leptin levels after -6  h, the responding 
adipocyte leptin mRNA has not been 
well studied. Following a 3 h 
euglycemic clamp (serum insulin -850 
pmol/L) glucose transporter 4 (GLUT4) 
increased significantly, but leptin 
mRNA did not.330
Long exposure to insulin is required 
before leptin mRNA increases in 
isolated human adipocytes. High levels 
of insulin did not increase leptin mRNA 
and secretion in abdominal adipocytes 
until 72 h of incubation.325 In adipocytes 
from visceral adipose tissue, leptin 
mRNA decreased and leptin secretion 
remained unchanged after 48 h of 
coincubation with insulin.331 Human 
preadipocytes contain little mRNA, but 
after differentiation insulin increased 
leptin secretion after 24 h, while cortisol 
increased the insulin effect threefold.

These effects were reversed when the 
hormones were removed.332 
The mechanism by which insulin exerts 
its effect on leptin mRNA expression 
and protein secretion is unknown, but 
probably involves enhanced glucose 
uptake and metabolism.322 Leptin 
production was increased in rat 
adipocytes in the presence off glucose, 
while drugs that inhibited glycolysis or 
glucose transport, inhibited insulin- 
dependent leptin mRNA expression and 
secretion.333 It is possible that the 
hexosamine pathway mediates leptin’s 
response to glucose as glucosamine 
induces leptin expression in 
preadipocytes and even in myocytes.334 
In addition, insulin may directly 
influence leptin mRNA expression 
through transcriptional control.335 
Epidemiological studies examining 
leptin and insulin levels have shown an 
adiposity independent association in 
some,254 but not all,127 studies. As 
fasting insulin is a good proxy for 
insulin sensitivity,13 it is possible that 
these discrepancies are due to the 
influence of adiposity and insulin 
sensitivity in peripheral tissues (see 
below).
The association between leptin and 
proinsulin has been evaluated in two 
reports with divergent results. A 
significant association was found in 
Caucasians,157 whereas no association 
was found in South Asian Indians.336 
This discrepancy could be due to 
differences in adiposity. There is no 
known experimental data concerning the 
effects of proinsulin on leptin 
production.

3.15.6. Leptin and ß-cell function
The association between leptin and 
insulin described in cross-sectional 
studies may indicate that leptin exerts
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influence on ß-cell function, directly or 
indirectly. Indeed, a feedback loop, or 
an adipoinsular axis possibly exists 
between leptin and insulin.337 In 
perfused pancreas from rats338 and 
mice,339 in isolated islets from rats,340 
mice341 and humans,337’342 leptin inhibits 
glucose-induced insulin secretion.
In human islets, leptin inhibited insulin 
secretion at normal levels of glucose, 
and was associated with reduced 
intracellular calcium response, and with 
reduced GLP-1 mediated proinsulin 
mRNA expression.337 The Ob-Rb 
receptor is expressed on the ß-cells and, 
as expected, leptin blocked insulin 
secretion in ob/ob mice but not in fa/fa 
rats.339 These effects may involve 
acetylcholine signaling343 and ATP- 
sensitive potassium channels.341344 
However, the influence of leptin on 
insulin secretion is complicated since 
also stimulatory and indifferent effects 
of leptin on the ß-cell have been 
reported.345’346 To conclude, the net 
influence of leptin may be dependent on 
the condition of the ß-cell.347 348 Recent 
findings thus suggest that leptin reduces 
the triglyceride content in diabetic ß- 
cells, which may be beneficial for 
insulin secretion.349 Notably, intact ß- 
cell function is dependent on a well- 
controlled intracellular pool of 
triglycerides and both fat-excess and fat- 
depletion impair normal insulin 
secretion.350»351
Insulin is only one of many hormones 
produced in the pancreatic islets. There 
are few reports concerning the relation 
between leptin and these hormones. 
Briefly, leptin correlated with glucagon 
secretion but not with levels of 
pancreatic polypeptide during an 
arginine test.352 Furthermore, 
somatostatin reduced leptin secretion 
from cultured adipocytes.353

By using the glucose-dependent arginine 
stimulation test in postmenopausal 
women, it was shown that various 
parameters of insulin secretion were 
positively associated with leptin levels, 
even after adjustment for adiposity.126 
Besides a direct effect on the ß-cell, it is 
possible that leptin regulate insulin 
secretion via central pathways. For 
example, it was recently reported that 
NPY given as an i.c.v. infusion was 
followed by hyperinsulinemia and 
muscle IR, alterations that were 
prevented by bilateral vagotomy.354 
Finally, since circulating leptin 
correlates to insulin secretion, it is of 
interest to examine whether leptin levels 
are altered in subjects with glucose 
intolerance and overt diabetes. A study 
comparing circulating leptin levels in 
postmenopausal women with normal or 
impaired glucose tolerance showed no 
difference.126 Similarly, in fully 
developed Type 2 diabetes, leptin levels 
do not differ between well-treated 
patients and control subjects.324’355

3.15.7. Insulin sensitivity
Since circulating leptin correlates with 
total fat mass and since BMI is inversely 
associated with insulin sensitivity, it has 
been of interest to examine whether 
leptin levels correlate with insulin 
sensitivity. Moreover, the dramatic and 
reversible effects on IR induced by 
leptin substitution in ob/ob mice,356 
suggest that leptin deficiency may in 
fact cause IR. Notably, the antidiabetic 
effect of leptin was seen at doses not 
sufficient for altering food intake and 
body weight.56 These effects could be 
mediated by increased glucose turnover, 
as seen in both lean and ob/ob mice, and 
by stimulated glucose uptake in skeletal 
muscle, as seen in lean mice, and in 
brown adipose tissue, brain and heart, as
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seen in ob/ob mice.198 357 Moreover, 
leptin enhanced the effects of insulin on 
hepatic gluconeogenesis whereas there 
were no effects on insulin actions in the 
periphery.358 In rats with insulin- 
deficient diabetes, leptin restored 
euglycemia and normalized glucose 
turnover.359
In contrast, there are accumulating data 
suggesting that leptin may attenuate 
insulin-mediated effects; for example, 
increased partitioning of long-chain 
fatty acids toward oxidation as opposed 
to estérification in pancreatic islets349 
and in soleus muscle of normal rats,360 
inhibition of glucose incorporation into 
glycogen in soleus muscle of ob/ob 
mice,361 and stimulation of lipolysis362 
and counteraction of the metabolic 
actions of insulin in adipocytes.363 
However, others have found that leptin 
stimulated glycogen storage in 
hepatocytes from normal rats,364 
whereas others have failed to find any 
insulin-mimetic or insulin-desensitizing 
effect of leptin on adipocytes or skeletal 
muscle from healthy rats and mice.361’ 
3 6 5 ,3 6 6  in hepatoma cell lines, leptin has 
been reported to counteract insulin 
action367 or to exert cytokine-like 
effects,368 whereas in other cell lines, 
insulin-like effects have been 
reported.369 In conclusion, insulin 
signaling may be attenuated by leptin 
and reported discrepancies can possibly 
be attributed to strain-specific 
differences, concomitant effects of 
cytokines on insulin signaling,370 and of 
triglyceride accumulation in non
adipocytes.371 In humans, intact insulin 
signaling is indeed related to leptin 
levels as it has been shown that a 
common polymorphism in the insulin 
receptor substrate-1 (IRS-1), which is 
more frequent in patients with Type 2 
diabetes,372 was associated with

significantly lower leptin levels 
compared to controls.373 In human 
adipocytes, leptin significantly reduced 
insulin-mediated glucose uptake 
whereas basal glucose uptake was not 
affected.374 Notably, leptin’s effect on 
glucose uptake was rapid and sustained 
and the dose-response curve was U- 
shaped, indicating that the insulin- 
antagonizing effect was most 
pronounced at leptin levels seen in 
conjunction with human obesity.374 
Fasting levels of insulin used as a proxy 
for insulin sensitivity13 and estimates of 
insulin sensitivity such as the HOMA 
index,15 are validated and suitable 
methods for epidemiological studies. 
Some studies using these measures have 
shown an adiposity independent 
association between leptin and insulin 
sensitivity,254’375 whereas others have 
not.127’336
Several papers have focused on the 
association between insulin sensitivity 
and leptin using more sophisticated 
techniques, as the euglycemic- 
hyperinsulinemic clamp,126 376 or the 
minimal model technique.377’378 Various 
groups such as adolescents,379 healthy 
adults,126’376 377 380 and adults with 
IGT378 and Type 2 diabetes381382 have 
been studied. In summary, these reports 
do not fully support an independent 
association between leptin and insulin 
sensitivity due to the confounding effect 
of adiposity. In fact, only a few of them 
show an independent inverse association 
between the measure of insulin 
sensitivity and leptin levels.376’377 
Troglitazone, a member of the 
thiazolidinediones group, suppressed 
leptin expression in an animal model, 
probably by affecting the PPAR-y.48’383 
In humans, troglitazone reduced leptin 
secretion from adipocytes, but leptin
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levels did not change despite improved 
insulin sensitivity in vivo.384 
Evidence against an adiposity 
independent association between leptin 
levels and insulin sensitivity can be 
found in patients with various diseases 
associated with increased IR. Patients 
with Type 2 diabetes324’355 or PCO279 280’ 
385 did not have higher levels of 
circulating leptin than controls.
Increased body weight and hunger often 
follow the usage of clozapine, an 
atypical neuroleptic drug. During the 
first 2 weeks of treatment with 
clozapine, leptin levels at least doubled, 
possibly due to altered insulin levels and 
increased IR (this was however not 
properly assessed).386 
Dyslipidemia is a characteristic feature 
of the IR syndrome.28 Leptin deficient 
ob/ob mice have increased expression of 
FFA transporters and enzymes related to 
estérification; changes that contribute to 
triglyceride synthesis and VLDL 
production.387 Massive lipid 
accumulation in adipocytes and non
adipocytes follows with deleterious 
effects in the latter, as suggested by 
Unger et al.311 For example, ß-cell 
function deteriorates due to lipotoxicity 
and lipoaptosis with ensuing diabetes.371 
Interestingly, leptin gene therapy in 
healthy rats was followed by 
disappearance of white adipose tissue 
and low circulating levels of 
triglycerides and insulin, while levels of 
FFA and glucose were similar to pair- 
fed controls, suggesting enhanced 
insulin sensitivity in the hyperleptinemic 
group.200
There is epidemiological support for an 
independent correlation between levels 
of triglycerides and leptin. Levels of 
leptin and triglycerides were positively 
associated in a large population-based 
study of Caucasians.147 However,

multiple studies have failed to show any 
independent association after 
adjustments for adiposity.375’381 
Furthermore, leptin was independently 
associated to HDL triglyceride 
concentration and HDL size in one 
study.388
Thus, insulin sensitivity as such, does 
not seem to influence circulating leptin 
levels in humans according to 
epidemiological data, although in vitro 
data support that leptin and insulin 
signaling are related. Needless to say, IR 
is possibly the end result of multiple 
changes in leptin and insulin signaling. 
Defective lipid control in non
adipocytes and the influence of 
cytokines should also be included as 
possible confounding factors.

3.15.8. Growth hormone
In a large cohort of adult patients with 
GH deficiency, leptin did not 
significantly differ from the reference 
range when adjusted for BMI and 
gender. However, as abnormal 
correlations between leptin and various 
measures of body fat (lower than 
controls) improved after GH 
replacement, it was concluded that 
leptin and the GH axis do interact.37 
This is supported by studies showing 
that intracerebroventricular (i.c.v.) 
administration of leptin antiserum 
reduced GH-secretion in rats.389 
Furthermore, GH-releasing hormone 
(GHRH) antiserum blocked leptin- 
induced GH secretion, and leptin 
administration was followed by 
increased levels of GHRH mRNA in the 
arcuate nucleus and reduced levels of 
somatostatin mRNA in the PVN.390 In 
humans with critical illness, GHRH- 
mediated activation of the GH axis was 
followed by increased leptin levels 
within 12 h, initially related to a
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concomitant increase in insulin levels 
and later to increased IGF-1 levels.391 
These findings suggest a role for GHRH 
and somatostatin as mediators of leptin- 
induced GH secretion. Humans with 
mutated Ob-R have low levels of GH in 
combination with abnormal diurnal 
rhythm, which support that an intact 
leptin system is important for normal 
function of the GH axis.169 
In GH-deficient humans, GH 
administration is followed by reduced 
leptin levels, probably due to reduced fat 
mass.269 392-394 Furthermore, GH- 
replacement caused a transient increase 
in the nocturnal leptin peak, which had 
normalized after 4 weeks of treatment.37 
Leptin could also influence GH effects 
in the periphery through association 
with the GH-binding protein and the 
IGF-binding proteins (IGFBPs).395’396 It 
is possible that this association could 
explain the strong correlation between 
pre-treatment leptin levels and the 
growth response following GH- 
treatment in children.394 
Studies in both healthy and GH- 
deficient humans have not established 
any independent association between 
circulating levels of leptin and IGF-1.272’ 
392 However, leptin and IGF-1 were 
highly correlated in patients with 
anorexia nervosa.133*177 In contrast, there 
are studies in both humans and rats 
reporting a sustained decrease in leptin 
levels after treatment with IGF-1, 
probably due to decreased circulating 
levels of insulin.397’398 IGF-1 treatment 
did not however, reduce leptin levels in 
patients with GH-receptor defect (Laron 
syndrome).37
The regulation of the IGFBPs will affect 
circulating levels of IGFs. The IGFBPs 
maintain adequate levels of IGFs 
through protection from degradation, 
and also function as regulators of IGFs

at the cellular level.399 IGFBP-1, which 
is mainly produced in the liver, is 
thought to be a direct regulator of free 
IGFs, and thus reflects the biologically 
active fraction of IGFs.400 Insulin 
regulates the hepatic production of 
IGFBP-1 through insulin responsive 
elements in the promoter region.401 
Accordingly, it was recently reported 
that the reduction in leptin during 
fasting is associated with increased 
IGFBP-1 levels, but this relation could 
also be dependent on the concomitant 
reduction in insulin.37

3.15.9. Glucocorticoids
The relation between leptin and 
glucocorticoids has been the subject of 
several studies. In the leptin treated 
ob/ob mice, circulating levels of 
corticosterone were reduced with 60%, 
whereas leptin did not affect 
corticosterone levels in the db/db 
mice,220 thus suggesting that leptin 
regulates glucocorticoid release.
Notably, leptin administered i.c.v., in 
doses which should not affect normal 
rats, produced a potent and sustained 
effect in decreasing body weight and 
food intake in adrenalectomized rats.402 
Thus, it has been hypothesized that 
leptin and the hypothalamic-pituitary- 
adrenal (HPA) axis interact and that 
glucocorticoids act as counter-regulatory 
hormones of leptin.402 In contrast, the 
HPA axis is intact in grossly obese 
humans with leptin deficiency or leptin 
receptor defect.112*169 
In rodents, elevated levels of 
glucocorticoids and overresponsiveness 
of the HPA axis often accompany 
obesity.403*404 Furthermore, 
adrenalectomy and glucocorticoid 
antagonists blunt the obesity evident in 
ob/ob, db/db and other obese mice47 
while low doses of glucocorticoids
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restore the obese phenotype.405 The 
obesity-inducing effect of 
glucocorticoids may be related to 
hypothalamic NPY signaling as i.c.v. 
injection of NPY produced obesity in 
combination with
hypercorticosteronemia, changes that 
were prevented by adrenalectomy.406 
Chronic stress, such as starvation, 
markedly stimulates the HPA axis. 
However, intraperitoneal injections of 
leptin in mice fasted for 48 h, partly 
reversed the fasting-induced elevation of 
circulating levels of ACTH and 
corticosterone.219 In hypothalamus, 
expression of NPY decreased whereas 
the expression of CRH increased after 
leptin administration.221 Similarly, i.c.v. 
injection of leptin inhibited food intake 
and increased levels of hypothalamic 
CRH in fasting rats, notably without 
changes in circulating corticosterone 
levels.407 Also, simultaneous i.c.v. 
injection of leptin and a CRH antagonist 
(a-hCRH) attenuated the anorexic effect 
of leptin, whereas the antagonist alone 
did not have any effect on food 
intake.407 Furthermore, leptin attenuated 
restraint stress-induced increase in 
ACTH and corticosterone in mice.408 
This inhibition took place at the 
hypothalamic level as leptin blocked 
hypoglycemia-induced CRH secretion 
from isolated rat hypothalami, whereas 
ACTH secretion from cultured rat 
pituitary cells were not altered.408 In 
contrast, one study using slices of 
hypothalamus and pituitary from mice 
demonstrated leptin-mediated CRH and 
ACTH release from hypothalamic and 
pituitary slices, respectively.409 
Similarly, circulating levels of leptin 
and corticosterone increased in normal 
rats following i.c.v. infusion of leptin at 
the time for intensive feeding.410

This discrepancy could be explained if 
leptin exerts both stimulatory and 
inhibitory effects on the HPA axis.410 
This would occur if the mechanism 
underlying the activated HPA axis 
differs from chronic stress such as 
starvation and from those mechanisms 
that cause activation at the circadian 
peak. For example, NPY transmission 
may be the primary drive for activation 
of the HPA axis during starvation,411 
whereas CRH is important for the 
circadian activation of the HPA axis.412 
Also, it is possible that leptin influences 
the readily releasable pool of 
hypophysiotropic CRH independently of 
the effect on hypothalamic CRH 
mRNA.408 Moreover, the PVN is 
functionally divided into several 
divisions. The lateral part projects 
toward autonomic centers, and the 
medial part is connected to the median 
eminence. Both subdivisions contain 
CRH expressing neurons, but only those 
in the lateral part were activated by i.v. 
leptin injection.243 Finally, i.c.v. 
injection creates a completely different 
model compared with i.v. injection. 
Glucocorticoids stimulate leptin mRNA 
expression and secretion in adipocytes 
from both humans and rodents,332 413 
probably through transcriptional 
effects.413 Coincubation with insulin 
potentiates this effect is some,332 414 but 
not in all studies.413 415 Dexamethasone 
induced leptin mRNA expression and 
secretion in human visceral adipose 
tissue and this effect was more 
pronounced in samples from obese 
subjects compared to samples from lean 
subjects.331 Notably, dexamethasone- 
induced effects on leptin secretion were 
inhibited by insulin in that study. 
Furthermore, omental adipose tissue 
from women, but not from men,
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released leptin after coincubation with 
dexamethasone.290 
Repeated studies have shown time- 
dependent elevations of circulating 
leptin levels in humans after exposure to 
pharmacological doses of 
dexamethasone.272 416-421 These studies 
used high doses of dexamethasone (1-15 
mg) over periods of 1-14 days. Elevated 
leptin levels persisted for up to 24 h 
after the last dose. In addition, treatment 
with dexamethasone may induce 
changes in the diurnal rhythm.421 
Hyperinsulinemia for 4 h (euglycemic 
hyperinsulinémie clamp) did not 
potentiate the dexamethasone effect in 
one study.416 In another study, 
dexamethasone had no independent 
effect on leptin levels in the absence of 
food intake.422 Two reports on the effect 
of methylprednisolone in humans gave 
conflicting results,423 424 whereas 
hydrocortisone in rats induced leptin 
mRNA expression rapidly.425 
Patients with chronic endogenous 
hypercortisolism due to Cushing's 
syndrome had elevated leptin levels in 
one,417 but not in other studies.426 427 
This discrepancy is probably due to 
difficulties in separating the effects of 
increased cortisol levels from those due 
to concomitant increase in BMI and 
visceral fat mass. Accordingly, leptin 
levels did not decrease 10 days after 
curative surgery426 whereas both leptin 
and BMI were lower 3 months after 
surgery.417 427 In patients with marked 
elevations in cortisol levels due to 
sepsis, on the other hand, elevated leptin 
levels were found.428 However, other 
factors such as cytokines might be 
responsible for this elevation. 
Interestingly, those who survived the 
septic episode had markedly higher 
leptin levels than non-survivors.

In addition, the mild hypercortisolism 
following i.v. administration of CRH (1 
pg/kg), CRH + argenine-vasopressine 
(100 jig + 0.3 IU) or ACTH (250pg) 
was not accompanied by an elevation of 
leptin in healthy adults or in patients 
with Cushing’s disease.426 429 430 
Similarly, activation of the HPA axis by 
imipramin-blocked serotonin uptake or 
by naloxone-induced blockade of the 
opoid receptor did not alter leptin levels 
despite increased levels of ACTH and 
cortisol.429 431 However, the ACTH 
response to naloxone was strongly 
associated to adiposity adjusted leptin 
levels.429 Also, there is a highly 
significant negative correlation between 
rapid fluctuations in leptin and ACTH 
levels and between leptin and cortisol 
levels.432 Interestingly, this 
synchronicity is lost in patients with 
sepsis,428 Alzheimer’s dementia,433 and 
following acute stroke,434 possibly due 
to altered levels of cytokines within the 
central nervous system.
Divergent results emerge from 
epidemiological studies measuring 
circulating levels of leptin and cortisol 
in humans. In conjunction with a mixed 
meal, premeal and peak cortisol levels 
were inversely related to leptin levels in 
obese subjects.300 Conversely, mean 
levels of leptin and cortisol showed a 
strong positive correlation in lean 
subjects.421 Other studies have failed to 
show any association between 
circulating levels of leptin and 
cortisol.270’272
Emerging data suggest that the adrenals 
might be an important target for leptin. 
For example, the functional leptin 
receptor (Ob-Rb) is expressed in cortical 
and medullary tissue from humans.435 
ACTH-induced adrenal aldosterone, 
cortisol and dehydroepiandrosterone 
secretion were inhibited by leptin in a
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dose-dependent manner,435 436 whereas 
leptin had no effect on catecholamine 
release from cultured adrenal 
chromaffin cells.435 Moreover, leptin led 
to a 50% decrease in ACTH-stimulated 
cytochrome P450i7ot mRNA 
expression.435 436 Leptin thus exerts a 
major effect on adrenal steroidgenesis as 
17a-hydroxylase is a major regulatory 
enzyme, which responds rapidly to 
ACTH.437
In conclusion, leptin has the potential to 
inhibit the HPA axis at several levels, 
although the effect on CRH release in 
hypothalamus is not fully understood. It 
is possible that leptin inhibits stress- 
induced activation of CRH neurons, 
whereas it distinctly stimulates different 
CRH neurons that mediate the anorectic 
effects of leptin. Moreover, a feedback 
loop between the adipocyte and the 
adrenals is plausible and insensitivity in 
the Ob-R would thus increase cortisol 
levels resulting in a visceral fat 
syndrome.438 To that end, it is 
hypothesized that cortisol can 
downregulate the effects of leptin thus 
generating a state of leptin 
insensitivity.439

3.15.10. Sympathetic system
Accumulating lines of evidence suggest 
that increased SNS activity plays a 
major role in the development of 
hypertension, as reviewed by Hall et 
al\uo for example, high caloric intake 
increases noradrenaline turnover and 
amplifies the plasma adrenaline 
response to various stimuli, obese 
hypertensive subjects have increased 
SNS activity in comparison with lean 
subjects, adrenergic blockade blunts the 
pressure-rising effect of high-fat diet, 
and renal sympathetic denervation 
attenuates the sodium and water 
retention associated with diet-induced

obesity. Furthermore, it has recently 
been shown that weight loss reduces 
sympathetic nerve activity.441 
The discovery of leptin and its effects on 
the central nervous system has provided 
a possible link between obesity and 
sympathetic activation. Multiple studies 
have shown that short-term i.v. or i.c.v. 
infusion of leptin increases SNS activity 
in the kidneys, adrenals, and brown 
adipose tissue.442̂ 44 The short-term 
effect of leptin on SNS activity is dose 
dependent and occurs in the absence of 
changes in circulating insulin or glucose 
levels.442 443 Furthermore, the increase in 
SNS activity is slow in onset and may 
not be fully developed after 3 h of leptin 
administration.442 Leptin administration 
has little effect on arterial pressure,442 
although small increases were observed 
when leptin was injected i.c.v..443 445 The 
lack of short-term effects on arterial 
pressure may be due to opposing 
depressor effects, such as leptin-induced 
stimulation of endothelial-derived nitric 
oxide (NO)446 and decreased production 
of aldosterone.435 Alternatively, leptin’s 
effects on the SNS may be too weak to 
cause peripheral vasoconstriction, but 
modest renal sympathetic stimulation 
could increase arterial pressure by 
causing renal tubular sodium 
reabsorption and volume expansion.
This may at least partly be mediated by 
the POMC -  MC4-R pathway.447 
Notably, MC4-R blockade did not 
prevent increased SNS activity in brown 
adipose tissue.447 Accordingly, leptin 
may activate SNS through multiple 
central pathways.
In contrast to short-term effects, long
term elevation in leptin levels increases 
BP in rats, as i.v. or i.c.v. infusion of 
leptin for 12 days significantly increased 
mean arterial pressure and heart rate.448 
The increase in arterial pressure was
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slow in onset and occurred despite 
reduced food intake, which would tend 
to reduce arterial pressure. The 
mechanisms by which leptin causes 
long-term increase in arterial pressure 
and heart rate seems to involve 
activation of SNS. Accordingly, it has 
been shown that combined a- and ß- 
adrenergic blockade together with leptin 
infusion abolished the effects on BP and 
heart rate without attenuating the effects 
on food-intake or insulin and glucose 
levels.440
Short-term studies have shown that high 
circulating levels of leptin caused 
natriuresis and diuresis in non-obese 
rats.449 450 These effects are probably 
mediated by inhibition of tubular 
reabsorption. Interestingly, 
spontaneously hypertensive rats and 
obese Zucker rats did not respond to 
leptin administration.449 However, renal 
plasma flow was reduced and renal 
vascular resistance was increased, 
whereas sodium excretion and urine 
volume did not change at leptin levels 
similar to those found in obesity.448 
In humans, numerous studies have 
shown a positive correlation between 
leptin levels on one hand and BP and 
heart rate on the other. BMI adjusted 
leptin levels correlated to mean BP and 
heart rate in obese Japanese 
adolescents.451 In a large group of 
adults, leptin levels adjusted for body 
weight correlated with systolic BP in 
women and in non-hypertensive men.452 
In a large population-based study of 
Caucasians, hypertension (defined as 
current treatment with antihypertensive 
drugs or an elevated BP, i.e. diastolic 
>95 mmHg or systolic >160 mmHg) 
was associated to high leptin levels in 
men.147 Low-to-high frequency ratio, 
which is an indirect index of 
sympathovagal balance derived by heart

rate spectral analysis, was inversely 
correlated to leptin levels in one study, 
although not after adjustments for 
BMI.453 Most of these data suggest that 
the strong association between leptin 
levels and adiposity confounds the 
correlation between leptin levels and BP 
in humans.
Finally, the effect of leptin on BP and 
heart rate may be mediated by the renin- 
angiotensinogen system, however there 
are few reports published exploring this 
association. Angiotensin II did not 
increase leptin production in cultured 
adipocytes.454 In hypertensive subjects, 
circulating leptin levels were associated 
to renin, angiotensinogen and 
aldosterone.452 455 In contrast, leptin has 
the potential to inhibit aldosterone 
production by its effect on the 
adrenals.435
The interaction between leptin and the 
SNS is bidirectional. The inhibitory 
effect of ß-adrenoreceptor agonists on 
leptin expression and secretion has been 
shown repeatedly; for example, 
administration of a ß3-adrenoreceptor 
agonist was followed by reduced leptin 
mRNA expression in rats,456 another ß3- 
agonist reduced both leptin mRNA 
expression and leptin levels in mice,457 
and administration of noradrenaline 
reduced leptin mRNA expression in 
mice.458 These observations were 
confirmed by in vitro studies showing 
that isoprenaline and ß3-adrenoreceptor 
agonists reduced leptin mRNA 
expression in cultured adipocytes.459 
Furthermore, cyclic adenosine 
monophosphate (cAMP) mimicked this 
effect459 as the inhibition of leptin 
release occurred parallel to the 
activation of cAMP dependent protein 
kinase.460 Also, acute cold exposure 
activates thermogenesis in brown 
adipose tissue via activation of the SNS,

37



which is accompanied by decreased 
leptin expression.456 
The ß3-adrenoreceptor is the 
predominant adrenoreceptor subtype in 
rodent brown and white adipocytes,461 
but recent data suggest that all subtypes 
are involved in SNS-mediated effects on 
leptin production.462 The ß3- 
adrenoreceptor mRNA is expressed at a 
low level in human white adipose tissue 
but the receptor itself seems to play an 
important role in the control of lipolysis 
in human omental and subcutaneous 
fat.463»464
In humans, isoprenaline infusion for 3 h 
reduced leptin levels to -20% of 
preinfusion levels, which was reached 
within 1 h after stopped infusion.465 
Also, a patient with pheochromocytoma 
had very low leptin levels, which 
increased considerably 1 month after 
curative surgery.466 However, leptin 
levels did not correlate with a ß3- 
adrenoreceptor polymorphism in Type 2 
diabetes patients467 or in an elderly 
population.468
In summary, leptin activates the SNS 
via central mechanisms. This activation 
is followed by ß3-adrenoreceptor 
mediated lipolysis in white adipose 
tissue, and thermogenesis in brown 
adipose tissue. The sympathetic 
stimulation in turn inhibits leptin 
expression. Therefore, leptin exerts an 
inhibition of its own expression via the 
SNS. Hypothetically, downregulation of 
ß-adrenoreceptors in adipose tissue 
should thus be followed by unopposed 
leptin production. However “knockout” 
of the ß3-adrenoreceptor in mice is not 
followed by hyperleptinemia,457 
suggesting “cross-talk” between 
subtypes of ß-adrenoreceptors.
The finding of increasing BP with 
increasing leptin levels is consistent 
with the hypothesis that leptin is an

important link between obesity, SNS 
activation, and hypertension. However, 
if obesity is associated with leptin 
resistance, why should not leptin’s 
effects on the SNS be similarly reduced? 
There is some support for this 
possibility: for example, obesity in 
humans is associated with impaired 
transport of leptin across the blood-brain 
barrier;166 mice fed a high-fat diet show 
resistance to the satiety effects of 
peripherally, but not centrally, 
administered leptin;469 and i.c.v. leptin 
increases lumbar SNS activity in non- 
obese rats but has minimal effects in 
obese rats fed a high-fat diet.470 An 
alternative explanation could be that 
basal sympathetic activity is already 
elevated in obese rodents due to 
elevated leptin levels, and that further 
increase in leptin levels may not cause 
additional activation of SNS.440 
Furthermore, resistance to leptin effects 
in the periphery (inhibition of 
aldosterone production and release of 
endothelial NO) may be more important 
in causing elevated BP.
Finally, recent findings of Ob-R 
immunoreactivity in sympathetic 
prevertebral ganglion neuron471 and of 
leptin-induced activity in sympathetic 
fibers from white adipose tissue472 are 
suggestive of a bi-directional feed-back 
loop between leptin and the SNS.

3.15,11. Thyroid hormones
Patients with thyroid disease usually 
have disturbances in body weight, food 
intake and thermogenesis. While a high 
percentage of hyperthyroid patients 
present characteristic features such as 
decreased body weight, increased 
appetite and increased thermogenesis, 
the opposite is characteristic for 
hypothyroidism. As both thyroid 
hormones and leptin have similar effects
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on body and energy homeostasis, it has 
been of interests to study the 
relationship between these systems.473 
Data from animal studies support that 
leptin regulates thyroid hormones. 
Prolonged fasting initiates a profound 
neuroendocrine response characterized 
by inhibition of the reproductive axis, 
decreasing thyroid hormone levels and 
increasing activity in the HPA axis.219 
The injection of leptin in fasting animals 
restores most of these changes including 
normalization of circulating thyroid 
hormone levels and expression of 
hypothalamic proTRH mRNA.219474 
The ob/ob mouse is characterized by 
low levels of thyroid hormones.473 
Similarly, humans with leptin deficiency 
or leptin receptor defect have signs of 
hypothalamic hypothyroidism.112’169 
Reciprocally, thyroid hormones may 
also affect leptin homeostasis, although 
the results in different studies are not 
consistent. T3 stimulated leptin 
expression and secretion from fully 
differentiated adipocytes.475 
Thyroidectomized rats infused with 
placebo or with high doses of thyroid 
hormones showed elevated and 
suppressed leptin levels, respectively, 
compared to intact animals infused with 
placebo.476 In another study, 
hypothyroid rats showed elevated leptin 
mRNA which normalized after thyroid 
hormone replacement.477 Human data 
also show inconsistent results. 
Hypothyroidism has been associated 
with low,478 479 normal480’481 and high 
leptin levels.482 483 Leptin levels were 
not altered in patients with 
hyperthyroidism478-483 or in volunteers 
with induced short-term 
hyperthyroidism.484 However, two 
recent studies suggest that 
hyperthyroidism is related to relatively 
low leptin levels,483 which increase with

treatment.485 Moreover, administration 
of thyreotropin releasing factor (TRH) 
to critically ill patients did not alter 
leptin levels.391
Thyroid dysfunction is associated with 
changes in body composition.473 
Hyperthyroidism is characterized by 
loss of lean cell body mass and by a 
relative preservation of body fat whereas 
increased body fat characterizes 
hypothyroidism. Incomplete estimation 
of body composition could possibly 
account for most of these discrepancies. 
Furthermore, thyroid hormones could 
affect leptin levels indirectly through 
altered activity in the SNS.
In summary, the presence of thyroid 
dysfunction in humans with leptin 
deficiency and leptin receptor defects 
suggests that leptin and the 
hypothalamus-pituitary-thyroid axes are 
related. However, descriptive studies 
have not been able to create a clear 
picture of this relation due to complex 
interactions at several levels.

3.15.12. Cytokines
Adipose tissue produces cytokines as 
well as their soluble receptors (see 
above) while obesity induced high levels 
of TNF-a are related to features of the 
IR syndrome such as IR, dyslipidemia, 
and dysfibrinolysis, as reviewed by 
Halle.486
The resemblance in structure and 
function between cytokines and leptin is 
obvious. It could thus be hypothesized 
that the TNF-a system may regulate, or 
even act through, the leptin system.
High levels of both leptin and TNF-a 
are associated with manifestations of the 
IR syndrome.254 487 Furthermore, 
activation of leptin and TNF-a is 
associated with altered neuroendocrine 
function and it is possible that leptin
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could be regulated by cytokines or vise 
versa.
Exposure of TNF-a to differentiated 
adipocytes induced rapid secretion of 
leptin to the media without a 
concomitant increase in leptin mRNA 
expression, which is suggestive of a 
preformed pool of leptin within the 
adipocyte.454 This finding has been 
confirmed in repeated studies. Increased 
levels of circulating leptin were seen 
after administration of TNF-a or IL-1 in 
mice,454’488 hamsters489 and in 
humans.490 491 Notably, leptin levels did 
not increase after exposure to cytokines, 
such as IL-2 and IL-10, which are not 
known to induce anorexia.488 Finally, 
obese mice with induced TNF-a 
deficiency have lower circulating leptin 
levels compared with obese controls.454 
Similarly, humans with high TNF-a 
levels due to polymorphism of the 
promoter, have higher leptin and insulin 
levels in combination with increased 
body fat compared with those without 
polymorphism.492
The soluble TNF-a receptor, sTNFa- 
R55, probably mediates TNF-a effect 
on insulin sensitivity whereas its 
circulating levels reflect the degree of 
activation of the TNF-a system.493 495 
Moreover, levels of sTNFa-R55 
correlated strongly with leptin levels 
both in patients with Type 2 diabetes 
and in healthy subjects,496 whereas TNF- 
a  did not correlate with either insulin 
sensitivity or leptin levels in offspring of 
Type 2 diabetes patients.497 
Cytokines have multiple effects at 
several levels, including the 
hypothalamus and the pituitary as 
reviewed by Mohamed-Ali.105 As 
recently shown, leptin signaling thus 
involves hypothalamic IL-1.247 
Anorexia and weight loss associated to 
critical diseases have been attributed to

high levels of cytokines. Theoretically, 
leptin could be the mediator of these 
effects. However, endotoxin induced 
anorexia in both ob/ob and db/db 
mice498 and humans with acquired 
immune deficiency syndrome, reveals 
leptin levels comparable with healthy 
controls.499 Leptin per se is thus not 
essential for disease-induced anorexia.
In conclusion, obesity is associated with 
increased levels of cytokines and leptin. 
As a consequence, TNF-a may induce 
IR and PAI-1 production,486 whereas 
leptin may activate the SNS and other 
neuroendocrine axes.105

3.15.13. Exercise
Locomotor activity increased after leptin 
administration in the ob/ob mice.56 
Further, leptin mRNA expression was 
reduced 3 h after exercise in rats.500 It 
has thus been of interest to evaluate the 
relationship between physical activity 
and leptin metabolism in humans. In 
well-trained male adults, a 2.5 h 
treadmill run did not induce any changes 
in leptin levels.501 Two hours of 
strenuous pedaling was also without 
discernable effect on leptin levels 
beyond the decrease caused by an 
overnight fast.502 In sedentary subjects, 
60 minutes of cycling at moderate 
intensity did not modify leptin levels or 
alter subcutaneous adipose tissue 
production.503 Moreover, leptin levels 
did not change after a submaximal 
exercise test or after 20 weeks of 
intensive training.504 However, in all 
these studies leptin levels were 
measured before and immediately at the 
end of the exercise. In contrast, studies 
including the postexercise recovery 
period have shown an exercise-induced 
reduction in leptin levels. In nonfasting 
ultramarathon runners, leptin levels 
were reduced by 16% approximately 24
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h after an extremely long race.502 Two 
days after a glycogen-depleting exercise, 
leptin levels were -30% reduced 
compared to resting controls.505 
Similarly, running at -70% V 0 2 max for 
2 h reduced leptin with -30%, measured 
after a 2h rest.506 Furthermore, increased 
circulating levels of glycerol and FF A, 
suggestive of increased lipolysis 
characterize the postexercise period.506 
Levels of glycerol and FFA were 
inversely associated to leptin in one 
study506 but not in another.502 It is thus 
possible that increased lipolysis with 
decreased tissue levels of triglycerides 
reduced leptin levels. In summary, 
changes in leptin levels after exercise 
reflect the integrity of energy depots 
whereas metabolic factors involved in 
energy balance can be rapid regulators 
of circulating leptin levels.

3.15.14. Smoking
Cigarette smoking induces multiple 
metabolic and neuroendocrine 
alterations.23 307 Although smoking 
might influence energy balance, 
thermogenesis and body weight by 
increasing circulating leptin levels, it is 
also possible that smoking, via 
activation of the adrenergic system, 
could suppress leptin levels and 
decrease body weight via mechanisms 
that operate independently of leptin. 
Available epidemiological data support 
both possibilities. Although some 
studies have shown high leptin levels in 
smokers,269 507 most studies support an 
independent and inverse association 
between leptin and smoking.147’ i58,308,508, 
509 Smoking cessation for 8 weeks,507 but 
not for 2 weeks,510 was followed by 
increased leptin levels. Long-term users 
of nicotine chewing gum had high leptin 
levels in one study whereas acute 
administration of nicotine intranasally

did not alter leptin levels.507 The effect 
of snuff dipping is not studied.
It can thus be concluded that most data 
support a leptin-independent effect of 
smoking on energy balance and body 
weight, possible via increased 
sympathetic activity, which might itself 
be responsible for the fall in leptin 
levels. However, increased leptin levels 
after smoking cessation could explain 
why ex-smokers usually gain weight. 
Finally, smoking and hyperleptinemia 
could possibly have additive effects on 
insulin sensitivity and sympathetic 
activity, thus aggravating underlying 
causes of the IR syndrome.511

3.15.15. Heritability
Genetic factors influence leptin levels 
and estimates of the heritability for 
leptin has been in the range of 0.39 to
0.47.388’512’513

3.16. Leptin, immunology and 
hematopoietic cells
Leptin deficient ob/ob and leptin 
resistant db/db mice have impaired 
wound healing and reduced T-cell 
immunity that has not been explained.93 
The characterization of leptin as a 
cytokine-like protein has revealed a new 
approach to this problem, as other 
cytokines are known to be involved in 
proliferation and differentiation of 
hematopoietic precursors.514 
The mRNA encoding long and short 
forms of the leptin receptor is expressed 
in human and murine hematopoietic 
stem cells and is linked to the 
proliferation and differentiation of 
hematopoietic precursors.514 516 The 
proliferative effect of leptin seems to be 
at the level of a multilineage progenitor, 
as shown by increased myelopoiesis, 
erythropoiesis and lymphopoiesis.514 In 
db/db mice lacking the long form of the
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receptor, levels of B- and T lymphocytes 
were dramatically reduced.514 
Furthermore, bone marrow from db/db 
mice reveals a deficit in lymphopoietic 
progenitors and inability to fully recover 
following an irradiation insult.514 
Although the levels of peripheral blood 
erythrocytes are normal in the db/db 
mice, spleen erythrocyte production is 
severely compromised.514 In 
macrophages, leptin stimulated both 
cytokine production and 
phagocytosis.516 Moreover, leptin 
increased peripheral blood lymphocytes 
in a dose-dependent manner.93 
Specifically, leptin targeted mature T 
cells (CD4+ T cells) towards a 
proinflammatory phenotype (Thl) 
characterized by production of cytokines 
such as interferon-y and IL-2.93 
Proinflammatory cytokines such as 
interferon-y can induce expression of 
adhesion molecules such as ICAM-1. 
Similarly, leptin induced cellular 
clumping by blood cells from healthy 
humans and rats, but not by cells from 
db/db mice.93 Finally, starvation for 48 h 
led to a -70% reduction of a delayed- 
type-hypersensitivity response. This 
inhibition was completely reversed by 
an injection of leptin during the period 
of starvation.93 Worldwide, malnutrition 
is the leading cause of diminished 
immunity and increased susceptibility to 
infections. Leptin may thus be the link 
between nutritional status and optimal 
immune function.517 
Functional leptin receptors were 
expressed in a mégacaryocyte cell line516 
and in fully differentiated platelets.518 
Interestingly, leptin induced platelet 
aggregation in a dose dependant manner 
(30-100 ng/mL) together with ADP.518 
Incubation with leptin or ADP alone 
did, however, not induce aggregation.

In conclusion, intact leptin signaling is 
mandatory for adequate proliferation, 
differentiation and function of white and 
red blood cells including an adequate 
immune response. In contrast, 
hyperleptinemia may be associated with 
increased levels of cytokines, adhesion 
molecules in combination with 
enhanced tendency for platelet 
aggregation. Hence, hyperleptinemia 
may be associated with increased risk 
for CVD. Notably, increased circulating 
levels of ICAM-1 is associated with 
increased cardiovascular risk.519

3.17. Leptin, blood vessels and 
endothelium
The endocrine concept of white adipose 
tissue implies not only production and 
release of hormones to the blood stream 
but also a highly plastic micro-vascular 
bed, which can adapt to gross 
fluctuations in adiposity. It was thus 
hypothesized that leptin could play an 
important role in adaptation of the 
micro-vascular bed. In fact, studies have 
shown that Ob-Rb was expressed in 
endothelial cells and that leptin induced 
capillary formation both in vitro and in 
vivo.94’ 520
Thus, leptin can act locally upon 
endothelial cells in a paracrine fashion 
causing an angiogenic response which 
maintains an adequate balance between 
blood-supply and fat depot size. 
However, high leptin levels may 
possibly modulate growth under 
pathological conditions such as obesity- 
related cancers.
Finally, leptin is probably important for 
adequate endothelial function. In 
anesthetized healthy rats, leptin injection 
was followed by increased levels of NO 
in a dose-dependent manner.446 
Moreover, BP and heart rate increased 
when leptin injection was given after
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pharmacologically blocked NO 
synthesis. In contrast, leptin injection 
did not alter NO levels in fa/fa rats. 
These findings raise the possibility that 
the leptin-induced release of NO may 
contribute to the homeostasis of BP.

3.18. Fibrinolysis
Nothing is known about leptin’s relation 
to fibrinolytic variables except a short 
report suggesting that leptin may 
stimulate PAI-1 production in smooth 
muscle cells.521 Furthermore, PAI-1 
levels were reduced in dieting obese 
women while BMI was the major 
determinant of PAI-1 levels, suggesting 
a significant role of adipose tissue in 
regulating PAI-1 levels.522

3.19. Why leptin?
The identification of the leptin gene and 
its encoded protein leptin, as well as the 
dramatic effects of leptin replacement in 
the ob/ob mice were, in accordance with 
earlier models, suggestive of an efferent 
loop from adipose tissue to 
hypothalamic centers. Leptin was thus 
considered as an “adipostatic” 
hormone.165 The physiological role of 
leptin would then be to limit further 
weight gain with increasing adiposity. 
Consequently, when such a signal is 
deficient, the brain perceives energy 
stores to be insufficient and the 
physiological response is to increase 
appetite and decrease energy 
expenditure. However, it may also be 
argued that a potent anti-obesity 
adipostatic system would be subject to 
negative genetic selection during the 
course of evolution. Therefore, the 
normal physiology of leptin is probably 
not to function as an adipostatic 
hormone. Instead, the importance of 
leptin might be evident in low body 
weight. Thus, through evolution, food

and energy were certainly chronically 
inadequate and only intermittently 
available. In such an environment, it is 
plausible that evolutionary pressure 
would select traits promoting two 
adaptive responses.310 The first would 
promote efficient storage of energy 
when food was available. This would 
enhance survival by increasing energy 
stores during periods of insufficient 
food. This concept has been referred to 
as the thrifty genotype, initially 
proposed by Neel.523 A related trait that 
also would confer survival advantages 
would induce physiological adaptation 
during periods of insufficient energy 
intake, by ensuring substrate fluxes to 
tissues such as the brain and by 
increasing food-seeking behavior.
The thrifty genotype hypothesis has 
been revised by Wendorf and Goldfine 
suggesting that insulin resistant glucose 
uptake in skeletal muscle is the key 
phenotypic manifestation of the thrifty 
genotype.524 The advantage of IR in 
muscle would be to limit hypoglycemia 
during periods of starvation, but the 
same phenotype would promote 
hyperglycemia and energy storage in fat 
during periods of nutritional abundance. 
Accordingly, an effective role of leptin 
as an adipostatic hormone would subvert 
this aspect of the thrifty genotype and 
would be predicted to reduce survival. It 
was therefore suggested that a thrifty 
genotype would result when leptin was 
ineffective or partially disabled.310 
However, its is unlikely that leptin 
evolved for the purpose of being 
disabled or ineffective.
Leptin levels fall when energy intake is 
limited and energy stores are declining. 
If falling leptin signaled the brain to 
initiate responses that would reduce the 
risk of starvation and death, this would 
be an important physiological role.
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Starvation induces responses like 
reduction in fertility, suppression of 
metabolic rate and thyroid hormone 
levels, and activation of the HPA axis,525 
each of which have a survival value. 
Because falling leptin is experimentally 
linked to each of these adaptations,219 
this response of leptin is likely to be an 
important component in its physiology. 
The same mechanisms that cause leptin 
to fall may possibly raise leptin levels 
with overfeeding and obesity. However, 
those individuals who have a limited 
response to this part of the leptin dose 
response curve may have a survival 
advantage, thereby manifesting the 
thrifty genotype. Two important points 
in this paradigm are mentioned by 
Flier.310 First, this hypothesis is 
consistent with the fact that severe 
obesity may follow disabled leptin 
signaling as the brain continues to 
“perceive” a state of starvation, thus 
promoting hyperphagia and efficient 
metabolism despite adequate energy 
stores that progress to obesity. Second, a 
genotype/phenotype that is adaptive 
when food intake is intermittent may be 
maladaptive in the midst of caloric 
abundance by promoting obesity and its 
complications. That is, a particular 
genotype can not always be viewed as 
adaptive or maladaptive, without

information about actual environmental 
conditions. To conclude, Flier 
hypothesizes that evolution has favored 
a leptin dose response curve that 
functions briskly as a switch between 
levels of sufficient and insufficient 
energy storage but that fails to limit 
further energy storage as levels rise with 
increased energy stores, a condition that 
can be described as “leptin 
resistance”.310 Indeed, this hypothesis is 
in line with the proposed role of leptin 
as an important regulator of the 
intracellular homeostasis of triglycerides 
in order to maintain a sufficient supply 
of FFA for essential cell functions while 
avoiding overload of triglycerides.371 
The effects of leptin on endocrine 
function during starvation fit easily 
within the paradigm of leptin as a switch 
between sufficiency and insufficiency of 
energy stores. However, emerging data 
suggest that leptin has additional actions 
beyond the energy sufficiency 
paradigm; for example, dual effects on 
the HPA axis, timing of puberty, and 
effects on blood vessels and on 
hematopoietic cells, to name a few. 
Moreover, other unanticipated effects of 
leptin will certainly be discovered in the 
near future. The leptin story has just 
begun.
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4. Risk factors
The term ”risk factor” in relation to 
CVD, was used for the first time in a 
report from the Framingham study.526 A 
risk factor is positively associated with 
the increased risk of development of a 
disease but that a risk factor per se is 
not sufficient to cause the disease.527 
Importantly, risk factors describe a 
statistical correlation to increased 
morbidity/mortality, which may 
indicate but not prove a causal 
relationship. A large number of factors 
have been proposed as risk factors for 
CVD but only hypertension, smoking 
and high cholesterol levels are 
established so far.23 It is important to 
distinguish between different kinds of 
risk factors. Some such as genetically 
determined susceptibility, may be a 
prerequisite and yet others such as 
smoking may promote the disease 
process. The term risk factor is also 
used for biochemical and 
anthropometric variables indicating 
metabolic disturbances. Notably, these 
variables are continuous measurements, 
while a statistically determined “cut
o ff’ describing “high-risk” versus 
“low-risk” is conceptually well 
understood but hardly “true” from a 
biological standpoint.
Theoretically, models like the “web of 
causation”528 and the “sufficient 
cause”529 models have been presented 
in order to describe the relationship

between various risk factors. The latter, 
presented by Rothman, describes the 
difference between “necessary” and 
“contributing” factors, as well as that 
different combinations of necessary and 
contributing factors form sufficient 
causes for disease.
The term “risk marker” indicates that 
the actual variable is associated with 
the disease under study but that the 
nature of the association is unknown. 
The following criteria are used for 
establishing causality as reviewed by 
Eliasson:23 The cause must precede 
effect (temporality); there are possible 
mechanisms supporting the hypothesis 
(plausibility); several studies give the 
same results (consistency); strong 
associations are more likely to be 
causal (strength); changes in exposure 
are followed by changes in outcome 
(dose-response relationship and 
reversibility); and results from a 
prospective cohort or a nested case- 
referent study are “stronger” than an 
ecological or a cross-sectional study 
(study design).
Finally, the impact of imprecision of 
measurements must be emphasized.23 
Random variability, affecting variables 
describing exposure, leads to an 
underestimation of the strength of the 
association, a phenomena called 
regression-dilution bias.
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5. Hypothesis and aims of this study
The overall hypothesis in this study is that hyperleptinemia is a cardiovascular risk 
marker which partly conveys the risk attributed to other established risk factors for 
CVD. The background for this hypothesis is that obesity, which is characterized of 
increased levels of leptin, is related to an increased risk for CVD.

By studying a population based sample of middle-aged individuals, an overall aim has 
been to explore the relationship between leptin levels and components of the IR 
syndrome and furthermore, to evaluate the impact of adiposity and gonadal hormones 
on these relations. More specifically:

• To describe the relationships between levels of leptin and various anthropometric 
measures in general and with emphasis on measures describing central obesity.

• To explore the relationship between fibrinolytic variables and circulating levels of 
leptin.

• To explore the relationship between circulating levels of leptin on one hand and 
androgenicity, proinsulin, specific insulin, IGF-1 and IGFBP-1 on the other

• To explore the relationship between levels of proinsulin and IGFBP-1.

By studying incident cases of acute myocardial infarction (AMI) and stroke from two 
population-based cohorts, an overall aim has been to explore the impact of leptin on 
CVD. More specifically:

• To explore if circulating levels of leptin predict a first-ever AMI or a first-ever 
stroke.
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6. Materials and methods
6.1. Study populations

6.1.1. The WHO MONICA study
The WHO MONICA (Multinational 
Monitoring of Trends and Determinants 
in Cardiovascular disease) study was 
started in the beginning of the 1980s. 
Details about background, objectives 
and organization has been reviewed by 
Peltonen.530 In short, the overall 
objective was “to measure trends in 
cardiovascular mortality and coronary 
heart disease and cerebrovascular 
morbidity and to assess the extent to 
which these trends were related to 
changes in known risk factors, daily 
living habits, health care, or major 
socioeconomic features measured in the 
same time in defined communities in 
different countries”.531 Changing 
mortality statistics in combination with 
need for validation and international 
comparisons were some of the 
arguments for starting the study.
The WHO MONICA study was started 
in 26 countries in 39 different 
populations. The majority of 
participating populations are from 
Europe, but North America, Russia and 
China are also represented. Two 
populations from Sweden participate, 
one in the southwest part (Göteborg) 
and one in the northern part (Norrbotten 
and Västerbotten).
Monitoring of cardiovascular disease 
consisted of continuos recording of AMI 
in ages 25-64 years for a 10-year time 
period. In most populations, stroke 
events have also been registered. During 
the same period, at least two population 
surveys with focus on risk factors were 
to be performed. BP, total cholesterol, 
HDL cholesterol and BMI were

measured. Smoking habits, level of 
education and history of previous CVD 
were determined by a questionnaire. 
Population based AMI and stroke 
registers in the two northern-most 
counties in Sweden (Norr- and 
Västerbotten) were started in 1985, and 
all cases of AMI (age 25-64 years) and 
stroke (age 25-74 years) events have 
been registered since then.
Population based surveys were 
performed 1986, 1990 and 1994 with 
altogether 5129 participants. In 1994, a 
total of 2500 individuals in the 25-74 
age range were invited by mail from a 
total population of 367 000 in this range. 
Within each age group (25-34, 35-44, 
45-54, 55-64, and 65-74 years) 250 men 
and 250 women were randomly selected 
from continuously updated population 
registers. In total, 1921 subjects 
participated (76.8%).
For paper I - III, subjects from the 1994 
survey were included if they underwent 
an OGTT and if samples were taken 
between 0700 and 0900. This strategy 
was adopted in order to minimize the 
influence of diurnal rhythm on studied 
variables. Altogether 226 persons were 
included in this sample. Subjects 
reporting known diabetes (n=60) were 
not tested with an OGTT and were thus 
excluded. The selection of subjects for 
OGTT (eligible for the sample) was in 
all other aspects done at random. 
Another 34 cases of diabetes were 
discovered after OGTT due either to 
postload glucose >11.0 mmol/L (n=27) 
or to fasting glucose >7.7 mmol/L (n=5) 
or due to both elevated fasting and 
postload glucose (n=2). Characteristics 
for the sampled and non-sampled 
subjects are presented in Table 1.
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Table 1 Non-sample
N=1695

Sample
N=226

P-value Selection
N=163

Age (years) 49.9 50.1 0.9 47.8
Women (%) 50.8 52.7 0.6 48.0
BMI (kg/m2) 26.0 25.9 0.7 23.3
Waist circumference (cm) 88.9 87.6 0.2 86.7
Hip circumference (cm) 100.1 99.7 0.4 98.9
Diabetes (%) 5.3 2.2 0.01 -

IGT (%) 10.4 6.8 0.1 -

Fasting glucose (mmol/L) 5.3 5.4 0.04 5.3
Postload glucose (mmol/L) 6.0 5.5 <0.001 5.2
Fasting insulin (mU/L) 7.2 8.0 0.05 7.4
Postload insulin (mU/L) 43.2 44.1 0.8 34.7
Systolic BP (mmHg) 131.7 128.4 0.04 125.0
Diastolic BP (mmHg) 80.6 79.9 0.4 78.8
Total cholesterol (mmol/L) 6.2 6.2 0.7 6.1
HDL cholesterol (mmol/L) 1.4 1.4 0.5 1.4
Triglycerides (mmol/L) 1.6 1.6 0.4 1.6
Regular smokers (%) 21.1 20.0 0.7 22.0
P-value: Non-sample versus sample

Non-sampled subjects had thus more 
often diabetes and IGT, higher fasting 
and postload glucose, and higher 
systolic BP. After exclusion of self- 
reported diabetes, there was no 
difference in the number of diabetic 
subjects (those remaining were 
discovered by OGTT) or in systolic BP. 
However, the differences (small) in 
fasting and postload glucose levels 
remained, probably due to higher 
frequency of IGT in non-sampled 
subjects.
Before the final analysis in paper I and 
E, subjects who were pregnant (n=4), 
had diabetes (n=5) or subclinical 
hypothyroidism (n=2), or had a history 
of prior AMI (n=8) or stroke (n=5), or 
were using estrogen replacement 
therapy (n=13), oral contraceptives 
(n=10), or antihypertensive agents 
(n=28) were excluded. Furthermore, 
women with irregular menstruations 
(n=5) were also excluded. After these 
exclusions, 85 men and 73 women 
remained.

However, those with subclinical 
hypothyroidism and irregular 
menstruations were included in paper 
III. According to Table 1, it can be seen 
that selected subjects were younger and 
less obese than the “mean” MONICA 
participant.
The MONICA cohort included in paper 
IV and V consists of all participants in 
the surveys except those aged 65 to 74 
from the 1994 survey, which comprises 
4725 men and women.

6.1,2. The Västerbotten Intervention 
Program
Since 1985, the county of Västerbotten, 
with a total population of 260 000, has 
been engaged in an ongoing community 
intervention program concerning 
cardiovascular disease and diabetes 
prevention - The Västerbotten 
Intervention Program (VIP).532 533 As 
part of this program, all men and women 
are invited to a health survey at their 
primary health care center the year they 
become 30, 40, 50 and 60 years. This 
program follows the design of the
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MONICA population surveys; that is, 
similar data and laboratory variables are 
collected. Participants in both the 
MONICA and the VIP surveys were 
requested to donate fasting blood 
samples to be stored at the Northern 
Sweden Medical Research Bank for 
future research.
From 1 January 1985 through 30 
September 1994, 31 680 subjects 
participated in the VIP health surveys 
and these constitute the VIP cohort in 
paper IV. In paper V, approximately 40 
000 subjects were included as the study 
period was extended to 31 August 1996.

6.2. Case definition
One of the main aims in the MONICA 
project was to record all events of AMI 
(25-64 years) and stroke (25-74 years) 
in the study population. For 
identification of cases, death certificates 
and hospital records for suspected AMI 
and stroke events were collected and 
validated by MONICA criteria.531’534’535 
Validation of AMI events was based on 
medical history, symptoms, 
electrocardiogram (ECG), cardiac 
enzymes and, when appropriate, death 
certificates and autopsy reports. Events 
were classified as “definite infarction”, 
“possible infarction or coronary death”, 
“ischemic cardiac arrest with successful 
resuscitation not fulfilling criteria for 
definite or possible myocardial 
infarction”, “unclassifiable infarction”, 
or as “not infarction”. Diagnostic 
criteria for “definite” AMI were typical 
ECG progression, ECG progression 
labeled “probable” in combination with 
elevated cardiac enzyme levels to more 
than twice the upper limit of normal, 
typical symptoms in combination with 
elevation of cardiac enzyme levels, or 
typical findings at necropsy.

An acute stroke case was defined as 
"rapidly developing clinical signs of 
focal (or global) disturbance of cerebral 
function lasting more than 24 hours 
(unless interrupted by surgery or death) 
with no apparent cause other than a 
vascular origin". Global clinical signs 
were accepted only in patients with deep 
coma or subarachnoid hemorrhage. This 
definition excluded transient ischemic 
attacks, subdural hemorrhage, traumatic 
intracerebral hemorrhage and lesions 
caused by brain tumors.
Case-finding was based on clinical 
presentation, while cases detected by 
brain imaging, but not presenting with 
any acute symptoms of stroke, were 
excluded.
The subtypes of acute stroke, according 
to the MONICA manual were based on 
the following findings:
Subarachnoid hemorrhage - 
bloodstained cerebrospinal fluid and an 
aneurysm or an arteriovenous 
malformation found on angiography or 
positive finding on CT scan or necropsy. 
Subarachnoid hemorrhages were 
excluded in this study.
Hemorrhagic stroke - positive finding on 
CT scan or at autopsy. In cases of a 
hemorrhagic stroke, autopsy (alone or in 
combination with CT scan) was 
performed in 14.6% and CT scan alone 
in the remaining 85.4%. The proportion 
of hemorrhagic stroke events in the 
MONICA registry was for men and for 
women 11.0% and 10.8%, respectively. 
Ischemic stroke - no signs of 
hemorrhage on CT scan or at autopsy. 
Unspecified stroke - none of the 
investigations (CT scan or autopsy) 
were performed.

6.3. Case finding
Eligible subjects for paper IV were men 
with definite first-ever AMI according
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to MONICA criteria. Out of 243 
reported AMI cases, 92 fulfilled the 
following two criteria: (i) AMI event 
recorded in the Northern Sweden 
MONICA incidence registry during the 
period 1 January 1985 to 30 September 
1994. (ii) Participated in the MONICA 
or VIP health surveys and donated blood 
to the research bank prior to the AMI.
62 men remained after exclusion of 
individuals with a previous AMI or 
stroke (n=6), cancer diagnosis according 
to the Swedish National Cancer registry 
(n=6), or if the amount of blood in the 
sample taken was inadequate for 
analysis (n=2). Furthermore, 16 women 
were excluded before the analysis in 
paper IV.
Potential referents for each case were 
randomly selected among participants in 
the MONICA or the VIP surveys. They 
were matched for sex, age (± 2 years), 
type (MONICA or VIP) and date (± 1 
year) of health survey, and geographical 
region. Individuals were excluded if 
they had died or had moved away from 
the Northern MONICA region before 31 
August 1996. Referents were also 
excluded if they had had AMI or stroke 
before the health survey. Finally, two 
referents for each case were selected.
In paper V, the incident cases were 
definite first-ever stroke events, 
classified according to MONICA 
criteria and identified during the period 
1 January 1985 to 31 August 1996. We 
identified 166 individuals, who after 
participation in either the MONICA or 
VIP health surveys, suffered from a 
first-ever ischemic or hemorrhagic 
stroke before the age of 74.
For this study, 113 cases (94 ischemic 
and 19 hemorrhagic stroke; 71 men and 
42 women) remained after exclusion of 
individuals with a previous AMI (n=15) 
or stroke (n=9), cancer diagnosis

(n=13), or if the amount of blood in the 
sample taken was inadequate for 
analysis (n=16). Two referents were 
identified and matched to the cases 
according to principles described above. 
The excess of men (16 out of 19) with 
hemorrhagic stroke was unexpected and 
there is no obvious reason for this other 
than chance due to the small number of 
cases.

6.4. Anthropometry and blood 
pressure
Weight was measured without shoes in 
light indoor clothing and recorded to the 
nearest 0.2 kilogram (kg), and height 
was measured to the nearest centimeter 
without shoes. BMI was calculated as 
total body weight in kilograms divided 
by the square of height in meters, and 
WHR was calculated as the ratio of the 
circumference of the narrowest part of 
the waist divided by the broadest part of 
the hip. Upper arm circumference (paper
III) was measured on the right arm 
midway between the tip of acromion 
and the olecranon process. Triceps and 
suprailiac skinfold (paper III) 
measurements were performed with an 
Harpenden caliper and the results were 
based on the median of three 
measurements at each position. For 
triceps, a double fold of skin plus 
subcutaneous tissue was measured 
midway between the tip of acromion 
and the olecranon process in the midline 
of the posterior surface of the right 
upper arm with the arm extended 
alongside the trunk. Suprailiac skinfold 
was measured just above the right 
anterior superior iliac spine with the fold 
parallel to the natural cleavage line of 
the skin. All measurements were taken 
with the subject standing upright and 
breathing lightly.
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BP was measured after five minutes of 
rest with the subjects in the sitting 
position. The random zero method 
(Hawksley Gelman Ldt, Lancing,
UK)536 (papers I -  III and the MONICA 
cohort in papers IV and V) or a mercury 
sphygmomanometer (the VIP cohort in 
papers IV and V) was used. For subjects 
whose BP was measured only in a 
recumbent position (the VIP cohort in 
papers IV and V), an adjustment was 
made for sitting posture based on 
comparisons between sitting and 
recumbent positions in 1850 subjects 
from the VIP health survey.537

6.5. Blood sampling
In the MONICA survey (papers I -  III), 
participants were instructed not to use 
tobacco and to avoid strenuous physical 
activity during the hour preceding the 
examination which took place between 
0700 and 0900. Immediately before 
the OGTT, venous samples for 
determination of lipids, glucose, 
proinsulin, insulin, leptin, fibrinogen, 
fibrinolytic variables, IGF-1, IGFBP-1 
and androgens were obtained. A second 
sample for glucose and insulin was 
taken after 2 hours. Sampling was 
performed in the sitting position with no 
special rest and with minimal occlusion. 
Blood samples were frozen within one 
hour to -20° C and stored at -80° C 
within a week.
Most subjects participating in the VIP 
survey (papers IV and V) were sampled 
in the morning after an overnight fast, 
even though the requested minimum 
fasting period was only four hours, for 
practical reasons. This period was 
extended to eight hours from 1992 and 
onwards. In the majority of subjects an 
OGTT was performed.

6.6. Laboratory procedures

6.6.1. Lipids
In the MONICA study (paper III), serum 
cholesterol, HDL cholesterol and 
triglycerides were determined by 
enzymatic methods (Boehringer 
Mannheim GmbH, Mannheim, 
Germany).
In the VIP survey (papers IV and V), 
total serum cholesterol was measured 
using a benchtop analyzer (ReflotronR, 
Boehringer Mannheim GmbH 
Diagnostica, Germany) at each health 
survey center at the time of the health 
survey. To evaluate the cholesterol 
results from the benchtop analysis, 
blood samples stored at -80° C were 
analyzed using the enzymatic method in 
180 out of the 234 cases and referents. 
The correlation coefficient between 
results from both methods was 0.90 and 
the mean value for each method differed 
by 0.04 mmol/L. Adjustments of total 
cholesterol were made based on these 
results using the enzymatic method as 
standard.
Apolipoprotein A-l (apo A-l) (paper 
IV) was measured using a commercial 
RIA research kit (RIA-100, KABI 
Pharmacia, Uppsala, Sweden); the 
interassay coefficient of variation (CV) 
was less than 5.7% at a level of 1127 
mg/L according to the manufacturer.
Apo B (paper IV) was measured using 
an ELISA with a CV of less than 6.8% 
at a level of 682 mg/L.

6.6.2. Glucose, proinsulin and specific 
insulin
Plasma glucose was analyzed by the 
hexokinase method (Boehringer 
Mannheim, Germany) on a Hitachi 717 
analyzer (Tokyo, Japan) (paper I -  III) 
or by using the ReflotronR benchtop
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analyzers (Boehringer Mannheim 
GmbH, Germany (papers IV and V). 
Insulin values used in papers I, HI and 
IV were determined by using a 
microparticle enzyme immunoassay 
(MEIA) (Abbott Laboratories, IL,
USA). The detection limit was 1.0 
mU/L, and the CV was 6.7% at the level 
of 7.9 mU/L. Cross reactivity with C- 
peptide/glucagon was non-detectable 
and with proinsulin 0.005% according to 
the manufacturer.
The insulin measurement for paper V 
was obtained by using a double
antibody RIA technique. Guinea-pig 
anti-human insulin antibodies, human 
insulin standard and mono-125I-Tyr- 
human insulin (Lineo Res., Inc., St 
Charles, Mo., USA) were used. This 
assay had a cross-reaction under 0.2% 
with intact and des(31,32) proinsulin 
according to the manufacturer. The 
detection limit was 10 pmol/1 and the 
CV (both inter- and intra assay) was 
<3%.
Specific insulin (paper II) was measured 
by ELISA without cross-reactivity to 
human proinsulin.538 Split(32-33)- and 
des(31,32)-proinsulin do not react, 
whereas split(65-66)- and des(64,65)- 
proinsulin cross-react with an efficiency 
of 30% and 63%, respectively, on a 
molar basis. The detection limit was 5 
pmol/L and the working range was 5- 
600 pmol/L. Interassay CV were 5-6% 
at 80-350 pmol/L and 11% at 30 
pmol/L. Proinsulin (paper II) was 
measured by ELISA with a detection 
limit of 0.25 pmol/L and a working 
range of 0.25-100 pmol/L.539 The four 
major proinsulin conversion 
intermediates reacted 65-99% on a 
molar basis. C-peptide and insulin did 
not react. Interassay CVs were 6-7% at 
5-30 pmol/L.

The correlation between the MEIA and 
the specific method was high for both 
fasting and postload insulin (r=0.87; 
p<0.001 and r=0.92, pcO.001, 
respectively).

6.6.3. IGF-1 and IGFBP-1
IGF-1 (papers I and II) was determined 
by RIA after separation of IGFs from 
IGFBPs by acid-ethanol extraction and 
cryoprecipitation. To minimize 
interference of remaining IGFBPs, 
des(l-3)-IGF-l was used as 
radioligand.540 The intra- and interassay 
CVs were 4% and 11%, respectively. 
IGFBP-1 (paper II) concentrations in 
plasma were determined according to 
the method of Póvoa et al.541 The 
sensitivity of the RIA was 3 pg/L, and 
the intra- and interassay CVs were 3% 
and 10%, respectively.

6.6.4. Testosterone and SHBG
Plasma concentrations of testosterone 
and of SHBG (paper I) were determined 
by RIA in untreated plasma using 
commercial kits obtained from 
Diagnostic Products Corp., Los 
Angeles, CA (“Coat-a-CountR” 
Testosterone) and from Eurodiagnostics 
AB, Malmö, Sweden (SHBG). Plasma 
concentrations of 4-androstene-3,17- 
dione (A-4) were determined after 
extraction with diethyl ether by RIA as 
described by Brody and co-workers542 
with minor modifications.543 In the 
modified method the sample volume 
was increased to 100 pL, the original 
antibody was substituted by anti-4- 
androstene-3,17-dione-7-carboxyethyl 
thioether-bovine serum albumin (Bio- 
Clin Ltd, Cardiff, UK) and the 
incubation volume and amount of 
dextrane-coated charcoal were changed 
according to the suggestions by the 
manufacturer of the antibody. Detection
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limits and intra- and interassay CV for 
testosterone were 0.1 nmol/L, 6% and 
10%; for SHBG 0.05 nmol/L, 4% and 
8%; and for A-4 0.6 nmol/L, 6% and 
10%, respectively.
Apparent concentrations of free 
testosterone (FT) and non-SHBG-bound 
testosterone (NST) were calculated from 
values for total testosterone (TT), SHBG 
and a fixed albumin concentration of 40 
g/L for women and 42 g/L for men, by 
successive approximation using a 
computer program based upon an 
equation system derived from the law of 
mass actions.544

6.6.5. Fibrinogen and fibrinolytic 
variables
Plasma fibrinogen (paper III) 
determinations were performed by a 
functional kinetic method (Fibrinogen 
Kinetic, Boehringer Mannheim) using a 
Hitachi 717 analyzer. Inter assay CV 
was 3.7%. A freeze-dried Fibrinogen 
Standard from the National Institute for 
Biological Standards and Control with 
an assigned value of 2.4 g/L was 
analyzed 8 times with a mean value of 
2.36 g/L.
tPA and PAI-1 activity (paper III) were 
determined by chromogenic assays, 
Spectrolyse/fibrin and Spectrolyse/pl 
kit, respectively (Biopool AB, Umeå, 
Sweden). A freeze-dried control, 
Fibrinolysis Reference Plasma (Biopool 
AB) was analyzed in duplicate. The 
interassay CV for tPA activity was 16% 
and for PAI-1 activity 11%.
The mass concentration of PAI-1 (paper
IV) in plasma was determined with an 
ELISA (ImulyseR, Biopool AB, Umeå, 
Sweden) with a CV of 9% according to 
the manufacturer.

6.6.6. Leptin
The leptin analysis was performed using 
a double-antibody RIA with rabbit anti
human leptin antibodies, 125I-labelled 
human leptin as tracer and human leptin 
as standard (Lineo Res., St Louis, Mo, 
USA). Interassay CV at our laboratory 
was 1.9% at low levels (<5 ng/mL) and 
3.2% at high levels (10-15 ng/ml).
Published evaluation of this method has 
given the following results: Limit of 
detection 0.5 (ig/L, analytical recovery 
99-104%, recovery after linear dilution 
92-101%, fair agreement with Western 
blot (r=0.82), CVs ranging from 3.4 to 
8.3% within runs and from 3.6 to 6.2% 
between runs, high stability after various 
storage temperatures and repeated 
freeze/thaw cycles, no interference from 
free hemoglobin and triglycerides up to 
10 g/L, and equivalent results from serum 
and plasma (heparin or EDTA) specimens.79

6.6.7. Oral glucose tolerance test
An abbreviated OGTT was performed 
according to the former WHO 
standard,545 using a 75 g glucose load 
and measuring plasma glucose after two 
hours. Criteria for diabetes were fasting 
glucose >7.7 mmol/L and/or postload 
glucose >11.0 mmol/L. According to 
these criteria, 34 new cases of diabetes 
were identified in the 1994 MONICA 
survey. If the newly presented criteria 
(fasting glucose >7.0 mmol/L) were 
used, additional 5 cases of diabetes 
would have been identified.546 Notably,
21 subjects would have been missed if 
the diagnosis of diabetes had been based 
on fasting measurement only (glucose 
>7.0 mmol/L).547

6.6.7. Calculation of insulin resistance
IR and ß-cell function were calculated 
according to the homeostasis model 
assessment (HOMA). IR = fasting
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insulin (pmol/L) / (22.5 * e lnfastingglucosc 
(mmo‘/L)) and ß-cell function = (20/6) * 
Fasting insulin (pmol/L) / (fasting 
glucose (mmol/L) -  3.5).15

6.7. Definitions
In papers I-V, smokers were defined as 
those who reported smoking cigarettes, 
cigars, or a pipe on a daily basis. Ex
smokers or ”occasional smokers” were 
classified as non-smokers.
The presence or absence of diabetes in 
papers IV and V was based on self- 
reported data and/or fasting glucose 
>7.7 mmol/1 and/or postload glucose 
levels >11.0 mmol/1, according to WHO 
criteria.545
Hypertension in papers IV and V was 
defined as systolic BP >160 mmHg 
and/or diastolic BP >95 mmHg and/or 
on anti-hypertensive medication.

6.8. Study design
Papers I - III are cross-sectional studies 
based on 163 healthy men and women 
from the 1994 MONICA survey.
The nested case-referent method was 
used in papers IV and V. Incident cases 
in these papers comprised 62 men with 
first-ever AMI and 113 men and women 
with first-ever stroke, respectively. Two 
matched referents per case were 
identified and matched to the cases.

6.9. Statistics
All calculations were made with the 
statistical programs SPSS (Chicago, IL) 
version 6.1 (papers I -  V) and STATA 
(College Station, TX) version 5.0 
(papers IV -  V) on a Macintosh 
computer. Many of the main variables

showed a skewed distribution and were 
logarithmically transformed (natural 
logarithm) to achieve an approximate 
normal distribution (triglycerides, 
MEIA-insulin, specific insulin, 
proinsulin, IGF-1, IGFBP-1, 
testosterone (FT, NST, TT), SHBG, A- 
4, fibrinogen, tPA activity, PAI-1 
activity and mass concentration, leptin 
and IR). Means (geometric for 
transformed values) with 95% 
confidence intervals were calculated. 
Differences between two means were 
tested with unpaired Student’s t-test 
(papers I -  V) or the Mann-Whitney U 
test (paper V) when appropriate. One
way analysis of variance (ANOVA) 
with adjustments for covariates was 
used in papers I and II and differences 
between factor levels were evaluated 
after Bonferroni correction. Bivariate 
(Pearson’s) and partial correlation 
coefficients were calculated, adjusted 
for age and adiposity (papers I -  V), and 
multiple linear regression analyses with 
fixed entries (paper I) or a stepwise 
method (paper II and HI) were used. 
Univariate and multivariate logistic 
regression analysis using the conditional 
maximum likelihood routine designed 
for matched analysis was used to 
estimate odds ratios (OR) and their 
confidence intervals in paper IV and V. 
However, the effect of gender was tested 
with ordinary logistic regression in 
paper V due to the matched design.

6.10. Ethical considerations
The Research Ethics Committee of 
Umeå University approved these 
studies.
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7. Results
7.1. Baseline characteristics
Basal characteristics in paper I -  III are 
presented in Table 2. Men had higher 
waist circumference, WHR, upper arm 
circumference but lower triceps skinfold 
thickness than both pre- and 
postmenopausal women. In addition, 
men had higher testosterone (FT, NST 
and TT) and fasting glucose levels in 
combination with lower HDL 
cholesterol, SHBG and leptin 
concentrations, than both pre- and 
postmenopausal women. Furthermore, 
men were more obese (BMI) and had 
higher fasting proinsulin concentrations 
compared with premenopausal women. 
Premenopausal women had lower 
diastolic BP in combination with lower 
postload proinsulin and triglyceride 
levels compared with both men and 
postmenopausal women but they had 
higher levels of A-4 compared to 
postmenopausal women. 
Postmenopausal women had higher total 
cholesterol levels but lower fibrinogen 
levels than both men and premenopausal 
women. Systolic BP and levels of IGF-1 
differed between all groups; men had 
highest systolic BP followed by 
postmenopausal women, whereas IGF-1 
levels were highest in premenopausal 
women followed by men. Notably, 
testosterone and leptin levels did not 
differ between pre- and postmenopausal 
women.
Stratification for adiposity distribution 
(waist circumference) (paper I and II) 
and menstrual status (paper I -  III) was 
done in order to study the impact of 
these variables on leptin’s relation with

other study variables. For example, men 
and women were divided into three 
groups according to tertiles of waist 
circumference (paper I) and into two 
groups according to the median of waist 
circumference (paper II). Pre- and 
postmenopausal women were studied 
separately in paper II and II, but 
combined in paper I (although stratified 
for menstrual status in each tertile).
In paper I, higher waist circumference 
was associated with increasing levels of 
insulin and leptin in both men and 
women. In contrast, the relation between 
waist circumference and levels of 
testosterone (FT and NST) was different 
between genders as high waist 
circumference was associated with low 
testosterone in men, whereas in women 
high waist circumference was associated 
with high testosterone. Furthermore, 
high waist circumference was associated 
with low levels of IGF-1 and increasing 
age and in men, while in women 
abdominal obesity was linked to low 
levels of SHBG. In paper II, men and 
postmenopausal women with waist 
circumference above median had 
significantly higher fasting and postload 
specific insulin levels and higher 
HOMA index compared with those 
below the median. Levels of fasting and 
postload proinsulin were higher in all 
subjects with abdominal adiposity 
irrespective of sex and menstrual status. 
In contrast, central obesity was 
associated with lower levels of IGFBP-1 
in postmenopausal women and with 
lower levels of IGF-1 in men.
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Table 2 Men
N=85

Premen
N=45

Postmen 
N= 28

ANOVA

Age (years) 48.8 37.9 60.6 abc
BMI (kg/m2) 25.8 24.1 25.8 a
Upper arm circumference (cm) 32.1 29.2 30.0 ab
Waist circumference (cm) 92.2 78.7 83.4 ab
Hip circumference (cm) 98.9 98.1 99.7 -
Triceps skinfold (mm) 13.5 21.2 22.6 ab
Suprailiac skinfold (mm) 15.9 16.1 16.2 -
WHR 0.9 0.8 0.8 ab
Diastolic BP (mmHg) 81.1 72.1 82.7 ac
Systolic BP (mmHg) 127.3 112.0 138.6 abc
Cholesterol (mmol/L) 6.1 5.6 6.8 be
HDL cholesterol (mmol/L) 1.2 1.5 1.6 ab
Triglycerides (mmol/L) 1.5 1.1 1.4 ac
Fibrinogen (g/L) 3.4 3.3 4.1 bc
tPA activity (IU/mL) 0.6 0.6 0.6 -
PAI-1 activity (U/mL) 8.4 5.2 9.4 -
Fasting glucose (mmol/L) 5.5 5.1 5.2 ab
Postload glucose (mmol/L) 5.1 5.0 5.5 -
Fasting insulin (mU/L) 6.3 5.9 7.2 -
Postload insulin (mU/L) 24.8 23.6 32.5 -
Fasting specific insulin (pmol/L) 36.6 32.5 37.0 -
Postload specific insulin (pmol/L) 134.3 134.3 184.9 -
Fasting proinsulin (pmol/L) 7.8 5.2 6.8 a
Postload proinsulin (pmol/L) 33.8 25.0 41.3 ac
IR (HOMA) 8.9 7.4 8.5 -
ß-cell function (%) (HOMA) 63.4 69.0 76.6 -
FT (pmol/L) 463.0 19.6 17.8 ab
NST (nmol/L) 12.4 0.5 0.5 ab
TT (nmol/L) 19.1 1.1 1.0 ab
SHBG (nmol/L) 29.4 48.4 47.5 ab
A-4 (nmol/L) - 4.7 2.8 c
IGF-1 (pg/L) 146.9 174.2 117.9 abc
IGFBP-1 (pg/L) 20.5 25.5 34.8 b
Leptin (ng/mL) 4.3 12.1 14.7 ab
Regular smokers (%) 0.2 0.3 0.3 -
Significant differences between groups (Bonferroni): a = men-premenopausal women, b = men- 
postmenopausal women, and c = premenopausal women-postmenopausal women. 
Premen=premenopausal women and postmen=postmenopausal women.
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Stratification for central adiposity was 
not done in paper III. However, 
fibrinogen levels were higher in 
centrally obese men (p<0.001) and 
women irrespective of menstrual status 
(premenopausal; p<0.01, and 
postmenopausal; p<0.05) compared with 
their lean counterparts (above versus 
below the median for waist 
circumference). In addition, obese pre- 
and post menopausal women had higher 
levels of triglycerides (p<0.01 and 
p<0.05, respectively) compared with 
non-obese subjects, whereas obese 
premenopausal women had higher 
cholesterol (pcO.Ol) levels but lower 
tPA activity (p<0.01), and obese 
postmenopausal women had lower HDL 
cholesterol (pcO.Ol).

Leptin levels were evaluated in the 
sample of 226 subjects before 
exclusions. Mean levels in men and 
women were 5.9 ng/mL (95% Cl: 5.1-
6.6) and 18.6 ng/mL (95% Cl: 16.1-
21.1), respectively. In comparison, 
expected leptin levels were calculated 
according to sex and BMI following the 
formula given by Blum et al.31 For men, 
expected leptin level is 5.7 ng/mL with a 
5th and 95th percentile of 1.9 and 17.4. 
Corresponding level for women is 30.8 
ng/mL with 5th and 95th percentiles of 
13.1 and 72.5, respectively.
Women have thus higher leptin levels 
for each BMI level (see Figure 1) and 
this difference was significant after 
adjustments for adiposity indices (paper
III).
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Figure 1. The relationship between leptin and BMI stratified for sex. Note the logarithmic scale.
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7.2. Leptin and adiposity indices 
(paper III)
Leptin levels correlated strongly with 
BMI in men, in premenopausal and in 
postmenopausal women, with a stronger 
correlation among females.
Furthermore, waist circumference 
remained significantly associated with 
leptin after adjustments for age, BMI 
and insulin levels. The association 
between leptin and waist circumference 
approached significance in 
postmenopausal women (p=0.06) after 
adjustments, a tendency not seen in 
premenopausal women.
In a multivariate regression analysis 
with leptin as the dependent variable, 
the following factors remained as 
significant predictors after stratification 
for sex and menstrual status. In males, 
waist circumference, suprailiac skinfold, 
age and insulin (MEIA) were 
significantly associated with leptin 
levels. Suprailiac skinfold and BMI 
were significant predictors in 
premenopausal women and skinfolds 
(both triceps and suprailiac) together 
with waist circumference in

Table 3 Men
Below Above
median median

Diastolic BP -0.20 0.33*
Systolic BP -0.07 0.31
Cholesterol 0.18 0.09
HDL cholesterol -0.50** -0.20
Triglycerides 0.35* 0.10
Significance level:

7.4. Leptin and androgens (paper I)
After stratification for waist 
circumference, a significant negative 
correlation between leptin levels and 
testosterone (FT, NST, and TT) in men 
remained in the middle tertile of waist 
circumference. These correlations

postmenopausal women. These models 
explained 68% of leptin variation in 
both men and premenopausal women 
and 81% of the variation in 
postmenopausal women.

7.3. Leptin, BP, glucose and lipids 
(paper III)
Pre- and postload plasma glucose levels 
did not correlate with leptin levels once 
adjusted for BMI. A significantly 
negative correlation remained between 
levels of HDL cholesterol and leptin in 
men after adjustments for age and 
adiposity indices. Other significant 
associations between leptin and BP 
levels/serum lipids disappeared after 
these adjustments.
However, after stratification for central 
obesity and adjustments for age and 
adiposity, the results presented in Table 
3 were obtained. Leptin levels were 
related to BP in obese men, to HDL 
cholesterol and triglycerides in non- 
obese men, and to triglycerides in obese 
premenopausal women. Leptin did not 
associate significantly to levels of apo 
A-l or to apo B (paper IV).

Premen Postmen
Below Above Below Above
median median median median

0.03 -0.04 0.41 0.11
-0.16 0.22 0.30 0.16
0.03 0.24 0.43 0.13
0.05 -0.01 0.23 -0.14
-0.07 0.52* 0.05 0.12

remained markedly significant even 
after adjustments. In addition, leptin 
levels correlated substantially and 
inversely with SHBG in the low tertile 
of waist circumference. Furthermore, 
fasting insulin correlated strongly to 
leptin in men from the middle and high

*P<0.05, **P<0.01, and ***P<0.001.
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tertiles of waist circumference. In 
contrast, leptin did not correlate with 
testosterone or SHBG in men after 
stratification for BMI.
In women, there was a strong and 
positive correlation between leptin and 
testosterone (FT, NST, and TT) in the 
low tertile of waist circumference. In 
contrast, the association between leptin 
and TT was inverse among women from 
the middle and high BMI tertiles. Leptin 
and insulin correlated in women from 
the high BMI tertile, but not in women 
from the middle and the low BMI 
tertiles. Levels of A-4 did not correlate 
significantly with leptin concentrations 
after adjustments. The direction of the 
correlation was however similar to that 
between leptin and testosterone in the 
corresponding tertile.
Multiple linear regression analyses with 
leptin concentrations as the dependent 
variable were done. In summary, high 
levels of insulin and a high waist 
circumference were significant 
predictors for high leptin concentrations 
among males. After stratification, the 
main associations to leptin were high 
waist circumference in the low waist 
tertile, low levels of FT and high levels 
of insulin in combination with low age 
in the middle waist tertile, and high 
levels of insulin in the high waist tertile. 
In women, high levels of insulin in 
combination with high BMI were 
significantly associated with high leptin 
levels. High levels of FT and insulin in 
combination with high BMI in the low 
waist tertile, and BMI in the middle and 
high waist tertiles were significantly 
associated with leptin levels.
The combination term waist 
circumference by FT was strongly 
associated with high leptin levels in 
women, but not in men, suggesting a 
significant interaction between

androgenicity and body composition 
among females.
When SHBG was added to the model in 
a final step, it was found to be inversely 
associated with leptin levels in non- 
obese men. In fact, the addition of 
SHBG to the model improved the 
explanatory level from 46 to 60% in the 
low waist tertile. The addition of SHBG 
did not add any further information in 
women or in the upper two waist tertiles 
in men.

7.5. Leptin, proinsulin and specific 
insulin (paper II)
High levels of leptin correlated to high 
fasting levels of specific insulin and 
proinsulin in men, to fasting proinsulin 
in premenopausal women, and to fasting 
specific insulin in postmenopausal 
women. Notably, the positive 
association between leptin and 
proinsulin levels remained after 
stratification for waist circumference in 
non-obese men and non-obese 
premenopausal women. In contrast, 
leptin correlated to fasting specific 
insulin in both non-obese and obese 
men. In postmenopausal women, fasting 
insulin was positively associated to 
leptin in non-obese subjects, whereas 
fasting proinsulin was significantly 
associated with leptin in those with 
central obesity. The significant 
association between levels of leptin and 
proinsulin remained in non-obese men 
and premenopausal women after further 
adjustment for fasting insulin levels. IR 
and ß-cell function were positively 
associated with leptin levels in both 
non-obese and obese men and 
postmenopausal women. Levels of 
fasting insulin correlated strongly to IR 
and to ß-cell function in all groups 
(r>0.98; pcO.OOl, and r>0.80; pcO.OOl, 
respectively) after adjustments.
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In a multivariate linear regression 
analysis, high leptin levels were 
significantly associated with high levels 
of specific insulin and proinsulin, BMI, 
waist circumference, and female sex. 
These variables explained 79% of the 
leptin variation in the entire study 
population.
After stratification for central obesity, 
the following factors associated to leptin 
levels: In males, high proinsulin levels 
and waist circumference in non-obese 
subjects and high insulin and BMI in 
obese subjects; high levels of proinsulin 
in non-obese, and high BMI in obese 
premenopausal women; high specific 
insulin in combination with high waist 
circumference in non-obese 
postmenopausal women, and high 
proinsulin in combination with high 
BMI in obese subjects. Leptin 
associated significantly with interaction 
terms composed of specific insulin or 
proinsulin by adiposity indices. In 
contrast, specific insulin or proinsulin 
by menstrual status did not associate 
with leptin levels. The introduction of 
IGF-land/or IGFBP-1 to the model did 
not add extra information.

7.6. Leptin, IGF-1 and IGFBP-1 
(paper II)
Leptin was inversely correlated to 
IGFBP-1 in non-obese men and obese 
postmenopausal women. These 
associations were not significant after 
further adjustment for levels of fasting 
insulin. Levels of leptin did not correlate 
to levels of IGF-1.

7.7. IGFBP-1, proinsulin and specific 
insulin (paper II)
IGFBP-1 was inversely associated to 
adiposity indices in men and women, 
whereas IGF-1 did not correlate to 
adiposity once adjusted for age. Levels

of IGFBP-1 were inversely related to 
levels of fasting specific insulin and 
proinsulin in non-obese men and to 
fasting proinsulin in non-obese 
premenopausal women. The inverse 
correlation between fasting proinsulin 
and IGFBP-1 remained after further 
adjustment for fasting insulin in 
premenopausal women, but not in men. 
Multiple linear regression analysis with 
IGFBP-1 concentrations as the 
dependent variable was performed. 
Significant predictors for high IGFBP-1 
levels were low levels of proinsulin and 
IGF-1 in combination with low waist 
circumference and old age in the entire 
population. These variables explained 
48% of the IGFBP-1 variation. 
Combination terms including BMI, 
waist circumference or menstrual status 
by proinsulin or insulin were not 
associated with IGFBP-1 levels. After 
stratification (menstrual status) and 
adjustment for adiposity and age, the 
following variables were associated with 
IGFBP-1 levels: Low levels of 
proinsulin and IGF-1 in men; low 
proinsulin in premenopausal women; 
and low IGF-1 in postmenopausal 
women. Further stratification for central 
obesity revealed that low levels of 
proinsulin and IGF-1 in combination 
with high waist circumference were 
associated with high IGFBP-1 in non- 
obese premenopausal women, whilst 
only low waist circumference predicted 
high IGFBP-1 levels in obese 
premenopausal women. The stratified 
analyses did not bring additional 
information to the analyses of men and 
premenopausal women.

7.8. Leptin, fibrinogen and 
fibrinolytic variables (paper III)
Plasma levels of fibrinogen, t-PA 
activity and PAI-1 activity correlated
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significantly with leptin in both sexes. 
After adjustments, strong associations 
between high leptin levels and high 
PAI-1 activity/low t-PA activity 
remained among males. After 
stratification for menstrual status and 
adjustments, the association between 
leptin levels on one hand and t-PA 
activity and PAI-1 activity on the other 
remained significant in postmenopausal

women. In contrast, levels of tPA and 
PAI-1 activity did not correlate to leptin 
levels in premenopausal women. After 
further stratification for abdominal 
obesity (below versus above the median 
for waist circumference) and 
adjustments (age, BMI and fasting 
insulin) the following results were 
obtained (Table 4).

Table 4 Men Premen Postmen
Below Above Below Above Below Above
median median median median median median

tPA activity -0.52*** 0.02 0.25 -0.41 -0.85** 0.35
PAI-1 activity 0.65*** 0.34* 0.16 0.52* 0.43 0.59
Fibrinogen 0.007 -0.01 0.36 0.36 0.44 0.83
Significance level: *P<0.05, **P<0.01, and ***P<0.001

It can thus be seen that high leptin levels 
were significantly associated to high 
PAI-1 levels in men, irrespective of 
obesity, and in centrally obese 
premenopausal women This association 
approached significance in obese 
postmenopausal women (p=0.06). 
Furthermore, high leptin levels 
correlated significantly to low tPA 
activity in non-obese men and 
postmenopausal women.
In a multivariate linear regression model 
with PAI-1 levels as dependent variable, 
age, BMI, waist circumference and 
triglycerides were included. Significant 
predictors with a stepwise method were 
triglycerides in men (pcO.OOl) and 
premenopausal women (p<0.001) and 
insulin in postmenopausal women 
(pcO.Ol), explaining 17.8%, 32.0% and 
27.3%, respectively of the variation in 
PAI-1 levels. When leptin was added to 
the model in a final step, it became a 
significant predictor for circulating PAI- 
1 levels in men, but not in women. In 
men, high leptin (pcO.OOl) and 
triglycerides (pcO.Ol) in combination

with high age (p<0.05) explained 29.5% 
of the variation in PAI-1 levels.

7.9. Leptin and AMI (paper IV)
Men with first-ever AMI had higher 
BMI, plasma insulin and leptin, and 
diastolic BP than the referents. 
Furthermore, they also had lower 
plasma apo A-l and they were more 
often smokers. Smoking and high 
diastolic BP in combination with high 
leptin, PAI-1 and cholesterol, and low 
apo A-l levels were significant risk 
factors for first-ever AMI in univariate 
analysis. Two separate multivariate 
regression models were studied. In the 
first analysis with emphasis on 
“traditional” AMI risk factors (i.e., BMI, 
hypertension, history of diabetes, daily 
smoking habits and cholesterol levels), 
smoking and total cholesterol levels 
were significant risk factors for a first- 
ever AMI event. Leptin, apo A-l, apo B, 
insulin and PAI-1 mass concentration 
were then added in multiple steps and 
finally tested together. Insulin and PAI- 
1 lost its apparent predictive value when
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added, irrespective of whether it was 
expressed as a categorical or a 
continuous variable. In contrast, high 
levels of leptin and low levels of apo A- 
1 were consistently associated with 
increased risk for AMI irrespective of 
tested covariates. In the final analysis, 
high levels of leptin (OR 8.97; 95% Cl: 
1.73-46.5) and total cholesterol (OR 
5.18; 95% Cl: 1.34-20.0) were 
significant predictors for future 
development of AMI. High apo A-l was 
protective (OR=0.13; 95% Cl: 0.03-

0.55). The combination of low apo A-l 
and high leptin levels were associated 
with a pronouncedly increased risk of 
AMI according to both univariate (OR 
4.77; 95% Cl: 1.61-14.1) and 
multivariate (OR 4.42; 95% Cl: 1.13-
17.2) models. This is illustrated in figure 
2. Apo B was not associated with 
increased AMI risk, neither when tested 
in the univariate analysis, nor as a 
surrogate for cholesterol in the 
multivariate analysis.
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Figure 2. The relationship between levels of leptin and apolipoprotein A-l in subjects who will 
develop a first-ever AMI and their referents. Note the accumulation of cases in the lower right 
quadrant.

In addition, a third model has been 
tested which included Lp(a) and tPA 
mass concentration in combination with 
those mentioned above. Despite 
covariates tested, the triplet of leptin, 
tPA and Lp(a) were invariably 
associated with the development of 
AMI. The following ORs were obtained

in a representative model: High levels of 
leptin (OR=9.61; 95% Cl: 1.35-68.63), 
tPA (OR=11.55; 95% Cl: 1.46-91.31), 
and Lp(a) (OR=6.26; 95% Cl: 1.32-
29.6). High apo A-l was protective 
(OR=0.10; 95% Cl: 0.02-0.46).
Inclusion of proinsulin and specific
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insulin in these models did not change 
the outcome.
Finally, sixteen women not included in 
paper IV were evaluated for this

summary. Preliminary results are 
presented in Table 5. Further analysis 
was not meaningful due to too few 
cases.

Table 5 Cases Referents Univariate Multivariate*
Leptin
<9.2 9 4 1.00 1.00
9.2-14.0 10 1 0.18(0.01-2.12) 0.13(0.01-1.85)
14+ 9 10 5.48 (0.63-47.78) 1.66 (0.12-22.50)

Categories of leptin based on tertiles of the distribution of leptin in referents. Distribution of cases and 
referents in categories tested with X2: P=0.05. * Adjusted for adiposity.

7.10. Leptin and stroke
Patients with hemorrhagic stroke had 
higher diastolic and systolic BP and 
BMI than their referents. Compared to 
the referents, the leptin levels were 72% 
higher in male and 59% higher in female 
patients with hemorrhagic stroke, a 
difference not seen between ischemic 
cases and their referents. Patients with 
ischemic stroke were more often 
hypertensive and had a higher systolic 
and diastolic BP at the time of 
investigation than their matched 
referents. Furthermore, they more often 
had diabetes and had higher fasting 
glucose and insulin levels. Cholesterol 
levels and the number of smokers did 
not differ between cases and referents, 
irrespective of type of stroke and sex.
A diagnosis of hypertension and 
elevated systolic and diastolic BP were 
significant risk markers for first-ever 
hemorrhagic stroke in univariate 
analysis. High levels of leptin (the upper 
two tertiles) were associated with 
elevated risk for first-ever hemorrhagic 
stroke, although not significant 
(OR=8.58; 95% Cl: 0.98-74.9). High 
leptin (OR=20.55; 95% Cl: 1.12-376.7) 
levels together with hypertension 
(OR=16.28; 95% Cl: 1.49-177.3) 
remained as significant risk markers in a

multivariate model including leptin, 
hypertension and cholesterol. The 
outcome was similar after controlling 
for glucose, insulin, as well as BMI and 
smoking, but at the expense of less 
precise estimates (wider confidence 
intervals). Diabetes, hypertension and 
obesity (BMI>27) together with high 
levels of insulin, glucose, systolic and 
diastolic BP were significant risk 
markers for first-ever ischemic stroke in 
univariate analysis. Hypertension 
(OR=2.10; 95% Cl: 1.14-3.86) remained 
as an independent risk marker in a 
multivariate model. Furthermore, 
diabetes mellitus and high BP (diastolic 
BP >85 mmHg or systolic BP >130 
mmHg) became significant risk markers 
for ischemic stroke when BP was 
analyzed as categorized diastolic or 
systolic BP instead of hypertension. 
Leptin was not associated with ischemic 
stroke in any of these models. Neither 
daily smoking nor high levels of 
cholesterol were associated with stroke 
of any kind.
The combination of high BP (systolic or 
diastolic) and high leptin levels was 
associated with a pronounced increased 
risk of hemorrhagic stroke (see Figure 
3); a pattern not seen in patients with 
ischemic stroke (see Figure 4).
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8. Discussion
8.1. Methodological considerations
The studies presented in papers I -  V 
were all based on data from the 
Northern Sweden MONICA project.
The randomly selected population 
sample from 1994 was the basis for 
cross sectionally evaluating the 
relationships between leptin on one 
hand, and on the other, variables linked 
to the insulin resistance syndrome in 
paper I - III. This survey was conducted 
with standardized and validated methods 
and control of data consistency was 
done centrally by persons not related to 
this study. Participant rate was relatively 
high, although it was reduced compared 
with the 1986 survey (76.8% versus 
81.2%). Information about non
attending subjects was obtained at each 
occasion.530 The average non-attendee 
was more often a smoker, lived alone 
and had a lower BMI.
The selection process included two 
elements of exclusion. First, persons 
with self-reported diabetes were not 
tested with an OGTT and were thus not 
eligible for this study, and second, 
persons with diseases, medications or 
other conditions that could influence 
studied variables were excluded before 
the final analysis. The study group was 
thus a healthy population-based sample 
of middle-aged men and women. This 
affects the interpretation of this study, 
which applies strictly to healthy middle- 
aged Caucasians. It should however be 
kept in mind that there are few data 
concerning leptin emerging from strictly 
population-based studies. For example, 
the San Antonio Heart Study355 and the 
West-Samoan population study254 used a 
population approach whereas an 
overwhelming amount of published

studies so far are based on selected 
groups such as weight-reducing 
programs, obesity clinics etc.
The representativeness of the VIP study 
has been evaluated earlier.537 In that 
study, non-participants as a group were, 
to a greater extent represented by men of 
the younger age groups and had, to a 
greater extent, higher levels of 
education.
Event registration in the MONICA 
project is population-based, aiming to 
cover all events occurring in the 
population. In the MONICA project, 
stroke and AMI events were identified 
by using uniform criteria and quality 
assurance procedures over the study 
period. Centralized quality and 
consistency control has been done for 
both AMI and stroke registers. In 
addition, the stroke register of the 
Northern Sweden MONICA project has 
been validated locally, showing that data 
are of high quality.548 
The definition of stroke was based 
solely on clinical presentation, therefore, 
advances in brain imaging should not 
affect the total number of strokes 
registered. However, the use of CT was 
already widespread at the beginning of 
the study period.530 In this study, only 3 
out of 133 subjects were thus not 
examined by CT scan or autopsy. These 
“unspecified” strokes were classified as 
ischemic strokes in the final analysis.
The risk for misclassification should be 
fairly small (30% » 1 case) as the 
proportion of hemorrhagic stroke was 
-10% in the stroke registry. In contrast, 
all cases of hemorrhagic stroke were 
diagnosed by CT and/or autopsy. 
Case-finding and case ascertainment in 
the AMI register have not been
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validated locally. The validity of 
hospital discharge diagnosis regarding 
myocardial infarction has been fairly 
high in other Swedish studies.549 550 The 
identification of a definite AMI was 
based on symptoms, ECG progression, 
biochemical markers and autopsy 
findings. Strictly usage of these criteria 
further improves the validity of AMI 
diagnosis. Concerning biochemical 
markers, new markers and methods are 
rapidly developing and the usage of 
these markers has not been standardized 
during the period studied. However, the 
diagnosis was based on elevation of the 
marker to twice the upper limit for the 
local laboratory, thus making 
comparisons possible between hospitals. 
There are some potential drawbacks 
with paper IV and V such as lack of 
standardization of glucose 
measurements and blood sampling time. 
However, misclassification of exposure 
status due to these factors would have 
been random upon cases and referents. 
The effects of studied variables may 
thus be underestimated due to a 
regression dilution bias. Furthermore, 
the results in paper V should be 
interpreted with caution due to the 
relatively limited number of 
hemorrhagic cases. A major strength, 
however, was the nested case-referent 
design with strictly validated case 
finding.

8.2. Determinants of leptin levels

8.2.1. Adiposity
Waist circumference was found to be 
the anthropometric measure that 
predicted most of the leptin variation in 
men and postmenopausal women. As a 
consequence and in accordance with our 
hypothesis that central obesity 
influences the relationship between

leptin and regulators, we used waist 
circumference as the mean for 
stratification. In analyses where 
stratification for BMI or WHR gave 
insignificant results, stratification for 
waist circumference gave more 
consistent and interpretable results, 
especially in men and postmenopausal 
women. Waist circumference is a good 
proxy for abdominal adiposity146 and we 
thus hypothesize that the amount of 
abdominal adiposity profoundly affects 
the relation between leptin and its 
regulators, although the absolute amount 
of leptin produced in this depot is less 
than that produced by subcutaneous 
tissue. Accordingly, measures of 
subcutaneous adiposity, such as the 
suprailiac skinfold was strongly 
associated to leptin levels in both men 
and women (paper III). In studies with 
an epidemiological approach including 
large numbers of subjects, it is not 
possible to measure body composition 
with more sophisticated methods. The 
literature indicates that the best simple 
indicator for body fat % is triceps 
skinfold in women and BMI in men.551 
Notably, in this study, thick triceps 
skinfold predicted high leptin levels in 
both pre- and postmenopausal women. 
Anthropometric measures, however, are 
not exclusive in the sense that one 
measure contains all information about 
one fat depot whereas others do not.
This may be a trivial statement, but it 
emphasizes that the interpretation of the 
associations found in paper III should 
probably focus more on patterns of 
associations rather than on individual 
measures. Thus, in males and 
postmenopausal women the localization, 
rather than the size, of fat depots seems 
to be a major determinant for circulating 
leptin, whereas in premenopausal 
women a significant association was
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seen between leptin and indices of 
general adiposity.
WHR is a commonly used measure for 
central obesity and insulin resistance. 
Notably, fasting insulin, which is a good 
proxy for insulin resistance,13 did not 
correlate with WHR in men. It is thus 
questionable whether WHR alone is an 
appropriate measure of central obesity.

8.2.2. Androgens
A close association between levels of 
androgens and leptin in both men and 
women was found, but with a clear 
gender difference in the direction of the 
correlation (paper I). Furthermore, the 
association between androgen levels and 
leptin seems to be dependent on the 
distribution of fat in men. Specifically, 
measures of androgenicity were 
inversely associated with leptin levels in 
men in the lower two tertiles of waist 
circumference. In contrast, this 
association was strongly positive in low 
weight women. These findings support 
that testosterone could contribute to the 
gender difference in leptin levels.
The relationship between androgens and 
leptin is evaluated in numerous reports 
with inconsistent results. One reason 
may be that the effect of obesity has not 
been properly adjusted for. In this study, 
the peculiar pattern of relationship 
between leptin and testosterone was 
revealed after stratification for waist 
circumference in men and for BMI in 
women. The significance of this finding 
is further supported by significant 
interaction terms including testosterone 
and measures of adiposity. It is probable 
that this shift in direction and strength of 
the relationship explain some of the 
contradictory results in earlier reports.
In addition, various measures of 
androgens have been used in earlier 
reports and there are concerns regarding

the appropriateness of used measures of 
biologically active testosterone. In 
contrast, this study used validated 
techniques for estimating levels of 
active testosterone.
In women, the transition from 
premenopausal to postmenopausal status 
did not seem to influence this 
relationship. However, the data 
concerning the postmenopausal women 
should be interpreted with caution due 
to few subjects in each tertile.
Two unexpected findings were made in 
this study at the extremes of the 
relationship between leptin and 
androgens. First, a positive association 
between leptin and testosterone in non- 
obese women raises many questions. It 
is tempting to speculate that this finding 
relates to a possible fundamental role of 
leptin as a guarantee for sufficient 
adiposity stores before reproduction can 
take place. Second, in centrally obese 
men and women there was no 
discernible association between leptin 
and androgens, whereas circulating 
levels of insulin were strongly 
associated with leptin. With increasing 
obesity in men, a normal negative 
feedback on leptin production exerted 
by androgens may be lost due to the 
impact of insulin together with a relative 
hypoandrogenicity. In women, the same 
scenario could take place except for the 
hyperandrogenicity found in association 
with central obesity. In addition, leptin 
effects on aromatase activity could 
further increase already elevated 
testosterone levels.
In conclusion, this study shows that 
leptin and measures of androgenicity are 
strongly associated in non-obese men 
and women, but not in obese subjects. 
This finding could partly explain why 
obese persons develop hyperleptinemia.
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8.2.3. Proinsulin and insulin
We found strong associations between 
leptin on one hand and insulin and 
proinsulin on the other (paper II). 
However, these associations were 
strongly dependent on the amount and 
distribution of body fat. There were also 
major differences between pre- and 
postmenopausal women. Specifically, 
leptin was associated with proinsulin in 
non-obese men and in non-obese 
premenopausal women, and with 
specific insulin in men and in 
postmenopausal women. In addition, the 
analyses of interaction terms revealed 
that both the degree and the distribution 
of adiposity interacted with proinsulin 
and insulin levels. These data suggest 
that proinsulin may stimulate leptin 
secretion if concomitant insulin levels 
are low, as in non-obese subjects. In 
contrast, the effect of specific insulin 
may be more important in obese 
subjects.
As for the relationship between leptin 
and androgens, it is probable that 
reported discrepancies could be due to 
the confounding effect of central 
adiposity not properly adjusted for. A 
further reason for these discrepancies 
could be the use of non-specific insulin 
assays. In this study, specific assays 
were used for the determination of 
insulin and proinsulin levels.
Conversely, the effects of leptin on the 
insulin-producing ß-cell are unclear 
since most studies suggest an inhibitory 
influence, but also stimulatory and 
indifferent effects have been reported.337’ 
345,346 xhe net influence may be 
dependent on the condition of the ß-cell. 
Recent findings suggest that leptin 
reduces the triglyceride content in 
diabetic ß-cells,349 which may be 
beneficial for insulin secretion. It is 
possible that the positive association

between leptin on one hand and 
circulating insulin levels on the other 
reflects a similar mechanism in obese 
subjects. It is also possible that the 
leptin receptor becomes desensitized 
with increasing obesity. As a 
consequence, a negative feedback loop 
or an adipoinsular axis, does not work 
properly and ensuing hyperinsulinemia 
may further increase leptin levels. Both 
hyperinsulinemia and hyperleptinemia 
will thus characterize central obesity.

8.2.4. Insulin resistance
Data from the literature support that 
leptin may attenuate insulin signaling. 
However, earlier reports do not fully 
support an independent association 
between leptin and IR, probably due to 
the confounding effect of adiposity. In 
this study, estimation of IR was made 
with the HOMA model (paper II), which 
is a validated and suitable method for 
epidemiological studies.552 HOMA was 
associated to leptin in obese men, but 
the strong association between insulin 
and HOMA raises concerns over this 
finding. This finding could reflect 
leptin’s effects on the ß-cell, insulin’s 
effect on the adipocyte and possibly 
leptin’s effect on skeletal muscle 
inducing IR. However, this cross- 
sectional study can therefore not answer 
if IR is an important determinant for 
circulating leptin levels.

8.2.5. Blood pressure and lipids
BP was associated to leptin levels in 
those with central obesity. Like 
androgens and insulins, earlier 
controversies regarding leptin effects on 
BP in epidemiological studies may be 
due to the confounding effect of obesity 
not properly adjusted for. This study 
thus suggests that leptin-mediated
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increase in SNS activity is followed by 
increased BP in obese subjects.
An inverse association between HDL 
cholesterol and leptin, was also found in 
this study (paper III). Unexpectedly, this 
association, together with a significant 
positive association between 
triglycerides and leptin, was found in 
non-obese men. The interpretation of 
these findings is not clear. The striking 
similarity between these associations 
and the association between leptin and 
tPA in non-obese may indicate that 
these associations reflect either normal 
endothelial function and/or the role of 
leptin as a guarantee for adequate 
intracellular triglyceride levels

8.2.6. IGF-1 and IGFBP-1
IGF-1 did not correlate with leptin after 
adjustments in this healthy and probably 
weight stable population (paper I and 
II); results consistent with earlier studies 
in both normal and GH-deficient 
subjects. Notably, levels of IGF-1 have 
been associated to leptin levels in 
patients with anorexia nervosa. 
Moreover, IGF-1 did not correlate to 
measures of adiposity once adjusted for 
age, suggesting that IGF-1 production is 
related more to lean body mass than to 
fat mass.
Earlier reports have shown that levels of 
IGFBP-1 are associated with various 
expressions of the IR syndrome. It was 
thus of interest to further clarify the role 
of IGFBP-1 in conjunction with leptin 
levels. Specifically, we found that leptin 
was associated with low IGFBP-1 levels 
in non-obese men after adjustment for 
adiposity. This association was, 
however, not significant after further 
adjustment for fasting insulin. 
Accordingly, leptin may have relatively 
minor effect on IGFBP-1 or IGF-1

production, at least in healthy and 
weight stable adults.

8.2.7. Menstrual status
Absolute leptin levels do not change 
with the transition from premenopausal 
to postmenopausal status. This study 
shows however that the patterns of 
associations between leptin and studied 
variables change drastically with 
cessation of menstruations (paper I -III). 
In puberty, changes in leptin levels are 
well-documented in longitudinal studies. 
Similar studies covering menopause 
have not been done. These results 
suggest that such a longitudinal study 
should focus more on the associations 
between leptin and its regulators than on 
the absolute levels of leptin. It is 
tempting to speculate that these changes 
in the pattern of associations may relate 
to the increased risk for CVD attributed 
to the postmenopausal state.

8.3. Determinants of PAI-1 levels
This subject has been studied 
extensively.23 A multiple linear 
regression analysis including known 
determinants for PAI-1, showed that 
circulating levels of leptin were 
associated to levels of PAI-1 in men; a 
finding supported by in vitro data. Thus, 
it is possible that the dysfibrinolysis 
seen in conjunction with obesity is 
partly due to hyperleptinemia, at least in 
men.

8.4. Determinants of IGFBP-1 levels
This study shows a strong inverse 
association between circulating levels of 
proinsulin and IGFBP-1 in non-obese 
men and premenopausal women (paper 
II). This pattern is similar to that found 
for the proinsulin -  leptin relationship. It 
is possible that proinsulin may regulate 
both hepatic IGFBP-1 production and
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adipocyte leptin production, if 
concomitant insulin levels are low, due 
to longer half-life in the circulation 
despite lower potency compared with 
intact insulin.553 In contrast to a recent 
study, 554 we suggest that the association 
between levels of proinsulin and 
IGFBP-1 reflects normal IGFBP-1 
homeostasis in non-obese subjects.

8.5. Leptin and cardiovascular disease
This study examined leptin as a possible 
independent risk marker for AMI (paper
IV) and stroke (paper V) in population- 
based nested case-referent studies within 
a geographic area with a high risk for 
CVD.
The nested case-referent design unites 
the prospective dimension of the cohort 
study with the efficiency of the case- 
referent study. Recall and selection bias 
is minimized as blood sampling and data 
collection are carried out prior to the 
event. All events in the population, 
including those not treated in the 
hospital, are included in the study. The 
identification and definition of cases is 
crucial and it should be stressed that all 
AMI and stroke events in this study 
were strictly classified according to the 
MONICA criteria by the Northern 
Sweden MONICA AMI and stroke 
registries. This is thus a genuine 
prospective population-based study.
The etiology of AMI and stroke is 
multifactorial. In this study, circulating 
levels of leptin were significantly 
associated with established 
cardiovascular risk factors such as 
elevated BP and obesity. In multivariate 
analyses, high leptin retained its position 
as a predictor for the future risk of AMI 
or stroke after adjustment for a number 
of cardiovascular risk factors. 
Furthermore, the predictive power was 
found to be independent of risk factors

related to high leptin levels, such as high 
BMI and hyperinsulinemia.
In fact, leptin emerged as the strongest 
independent risk marker for AMI and 
hemorrhagic stroke in multivariate 
models. In contrast, hypertension was 
the only remaining risk factor for 
ischemic stroke after adjustments for 
covariates, including leptin and other 
known risk markers for ischemic stroke. 
The absence of association between 
ischemic stroke and leptin levels was 
unexpected and may seem puzzling. 
However, different pathophysiological 
mechanisms may be present among 
subgroups of brain infarctions including 
atherothrombotic, lacunar and 
cardioembolic infarctions. In contrast, 
the pathophysiology behind 
hemorrhagic strokes is probably more 
uniform (i.e. atherothrombotic disease), 
once subarachnoid hemorrhages are 
excluded. Further studies of the 
predictive power of leptin in larger 
study populations should take this 
diversity into account. Interestingly, IR 
has been associated to atherothrombotic 
ischemic stroke (but not with lacunar or 
cardioembolic strokes) in non-obese 
Japanese men and women.555 In one 
study, decreased insulin sensitivity was 
independently associated with increased 
atherosclerosis of the carotid arteries.556 
The predictive power of leptin on CVD 
was addressed in a recent report from 
the Quebec Cardiovascular Study by 
Couillard et al.551 Eighty-six patients 
who developed ischemic heart disease 
during the study period were compared 
with referents matched for a number of 
traditional cardiovascular risk factors 
including BMI. Leptin did not emerge 
as a significant predictor for ischemic 
heart disease in that study, however, this 
difference may be explained by the 
fundamental differences between the
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two studies. First, and most importantly, 
the cases in our study were all proven 
first-ever AMI cases, according to 
validated WHO criteria, whereas in the 
Quebec study, the cases were a mixture 
of various diagnoses, including stable 
and unstable angina pectoris. Second, 
we did not match for potential risk 
markers, such as smoking and BMI, as 
was performed in the Quebec study, in 
order to avoid the risk of type II error. It 
is thus possible that leptin is an 
independent risk factor for first-ever 
AMI, and that when including also other 
diagnoses in the study population, the 
contribution by leptin diminishes.
Except for the Quebec study and this 
study, there are no other reports 
published concerning the predictive 
power of leptin on the development of 
CVD. However, there are other reports 
linking hyperleptinemia to CVD. For 
example, in one study leptin levels were 
independently associated with intima- 
media thickness in the common carotid 
artery in both men and women,558 while 
in another study, patients with chronic 
heart failure had elevated leptin levels 
compared to controls.559 
Cross-sectionally, leptin associates 
strongly with various manifestations of 
the IR syndrome (paper I -  III). It is thus 
noteworthy that the combinations of 
high leptin on one hand, and two 
manifestations of the IR syndrome (low 
apo A-l and high BP) on the other, were 
related to pronounced increased risk for 
AMI and hemorrhagic stroke. This gives 
further support for the opinion that 
hyperleptinemia is strongly associated to 
the IR syndrome and may indeed be the 
mediator of some of its manifestations. 
Notably, hyperinsulinemia has been 
related to CVD in men in some, but not 
all, studies. In this study, insulin lost its 
apparent predictive value in a

multivariate model including leptin and 
obesity. It is thus possible that earlier 
inconsistencies regarding the role of 
insulin (and proinsulin) as predictor for 
CVD were due to the confounding effect 
of leptin.
Deliberately, the term “risk marker” has 
been used in this study. Further studies 
focusing on pathophysiological 
mechanisms and reversibility are needed 
before leptin can be an established risk 
factor for CVD.
The mechanisms by which leptin may 
promote CVD are unclear.
Theoretically, hyperleptinemia 
associated with obesity may induce 
multiple changes promoting 
atherosclerotic disease; for example, by 
promoting platelet aggregation, by 
stimulating production of PAI-1 and 
adhesion molecules, and by activation of 
the SNS which generates BP increase. 
Furthermore, in the hormonal milieu 
characterizing central obesity, 
hyperinsulinemia and cytokines may be 
dominating stimulators of leptin 
production, while the normal inhibiting 
function of androgens is lost. In 
addition, a normal inhibitory role of 
leptin on the ß-cell is lost, which will 
promote further insulin secretion. 
Hyperleptinemia may induce 
downregulation of the leptin receptor 
which may be followed by endothelial 
dysfunction with reduced NO release. In 
addition, leptin may interfere with 
endothelial processing of tPA and lipids. 
Similarly, a feedback loop involving 
leptin and the HPA axis may be 
distorted due to disinhibition of 
glucocorticoid production.
It was recently suggested that leptin may 
provide an additional measure of 
cardiovascular risk.560 This statement is 
supported by data from this study.
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9. Implications and future research
The results from this study confirm and 
extend previous observations that leptin 
is strongly associated to many 
manifestations of the IR syndrome. As 
these data are generated in cross- 
sectional studies, it is not possible to 
establish cause and effect relations. 
However, emerging data support that 
leptin has the potency to induce 
hyperinsulinemia, insulin resistance, 
hypertension, dysfibrinolysis, to name a 
few. Furthermore, leptin’s predictive 
power on future AMI and hemorrhagic 
stroke underscores the importance of 
leptin and its association to regulators 
that may be distorted in conjunction 
with obesity.
As this study is the first that links 
hyperleptinemia to CVD, confirmatory 
studies including larger groups with 
both men and women are needed. There 
is also a need for more in vitro and in 
vivo studies focusing on leptin levels 
and its regulators in relation to the IR 
syndrome. The literature concerning 
leptin is growing very rapidly, but 
unfortunately, many reports are 
hampered by biased materials and by 
cross-sectional designs. Well aware that 
this thesis adds another three cross- 
sectional studies to the list, the 
population-based sample and “new 
methods” for handling confounders 
should be put on the credit list. 
However, future studies with 
epidemiological approach should, if 
possible, be longitudinal and include 
elements of intervention. Specifically, 
the long-term effects of weight 
reduction should be studied. The 
transition from premenopausal to 
postmenopausal status should also be 
studied longitudinally.

What are the consequences for those 
taking care of patients with AMI and 
stroke? After confirmatory studies, it is 
possible that a leptin measurement could 
guide the handling of other risk factors. 
For example, high leptin in combination 
with dyslipidemia reinforces the 
importance of lipid lowering therapy 
following an AMI event. Perhaps more 
importantly, these findings support that 
weight reduction is an important tool for 
reducing the risk for CVD; and until 
now, there are no other ways of 
reducing leptin levels. Yet, to reduce 
body weight with leptin treatment might 
be questionable, except in the rare cases 
of true leptin deficiency, in view of the 
presented findings. If these findings 
hold true, that kind of therapy could be 
described as trying to extinguish the fire 
with petrol.
Presented data could also be applied to 
other fields than the cardiovascular. For 
example, experimental data support that 
leptin may be involved in angiogenesis, 
which could be important for the growth 
of malignant tumors.
Finally, the leptin story raises more 
general questions. Why leptin, as an 
endogenous hormone, is dangerous? 
Evolutionary, leptin was probably 
important for protection of the organism 
against the effects of starvation. This is 
however not a threat for people in 
developed countries whereas leptin may 
mediate adverse effects in an “over
flow” situation, which in turn may 
precipitate vascular disease. Studies 
following populations that are rapidly 
adopting a westernized lifestyle are thus 
of major interest.
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10. General conclusions
• Mean leptin levels for men and women are 5.9 ng/mL (95% Cl: 5.1-6.6) and 18.6 

ng/mL (95% Cl: 16.1-21.1), respectively. These levels are in accordance with 
international suggested reference values based on BMI and gender. Leptin levels 
are, after adjustments for adiposity, approximately threefold higher in women than 
in men.

• Central obesity is associated with increased levels of leptin, insulin (proinsulin and 
specific insulin) and fibrinogen in men and women. High waist circumference is 
associated with low testosterone and IGF-1 levels in men, whereas in women, high 
waist circumference was associated with high testosterone but low IGFBP-1 and 
SHBG levels.

• The following indices are associated with leptin in a multivariate model including 
insulin and age as well: In men, waist circumference, suprailiac skinfold, age and 
fasting insulin; in premenopausal women, suprailiac skinfold and BMI and in 
postmenopausal women, skinfolds (both triceps and suprailiac) together with waist 
circumference. These models explained 68% of leptin variation in both men and 
premenopausal women and 81% of the variation in postmenopausal women. Thus, 
in males and postmenopausal women central obesity is a major determinant for 
circulating leptin whereas general obesity is a significant predictor for circulating 
leptin in premenopausal women.

• Leptin levels are related to BP in obese men, to HDL cholesterol and triglycerides 
in non-obese men, and to triglycerides in obese premenopausal women.

• Leptin levels are associated with androgenicity in non-obese men and women 
while the direction of this association is dependent on gender and body fat 
distribution. In a multivariate model, the following factors are associated with 
leptin: low levels of biologically active testosterone and SHBG in men with low 
and medium waist circumference; insulin in men with high waist circumference; 
high levels of testosterone and insulin in non-obese women, and BMI in obese 
women.

• Proinsulin correlates significantly with leptin (positively) and IGFBP-1 
(negatively) in non-obese men and non-obese premenopausal women. In a 
multivariate model, high fasting proinsulin is a significant predictor of high leptin 
in non-obese men and non-obese premenopausal women. Furthermore, low 
proinsulin, IGF-1, and waist circumference in combination with old age predict 
high IGFBP-1 levels in another model.

• Plasma levels of fibrinogen, t-PA activity and PAI-1 activity correlate significantly 
with leptin in both sexes. After stratifications, hyperleptinemia is significantly 
associated to high PAI-1 levels in men irrespective of obesity and in centrally
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obese women. Furthermore, hyperleptinemia is associated to low tPA activity in 
non-obese men and postmenopausal women. In a multivariate model, 
hyperleptinemia and triglycerides in combination with high age explain 29.5% of 
the variation in PAI-1 levels in men. In contrast, leptin does not predict PAI-1 
levels in women.

• High leptin levels together with total cholesterol are associated with increased risk 
for future development of AMI in men. While high levels of apo A-l are 
protective. The combination of low apo A-l and high leptin levels is associated 
with a pronouncedly increased risk of AMI.

• High leptin levels together with hypertension are significant risk markers for 
hemorrhagic stroke in a multivariate model whereas hypertension remain as an 
independent risk marker for ischemic stroke. Furthermore, diabetes mellitus and 
high BP become significant risk markers for ischemic stroke if BP is analyzed as a 
categorized variable. The combination of high BP (systolic or diastolic) and high 
leptin levels is associated with a pronounced increased risk of hemorrhagic stroke.
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