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In this thesis, different aspects of the insulin resistance syndrome in relation to
plasminogen activator inhibitor-1 (PAI-1) activity are investigated in a longitu-
dinal population-based study. Participants were men investigated at ages 50
and 70 with follow-up data on mortality.

High PAI-1 activity was associated with low insulin sensitivity, high concen-
trations of serum triglycerides, high body mass index and high waist/hip ratio,
independently of each other and of potential confounders. Low birth weight
predicted high blood pressure, insulin resistance, truncal obesity and high PAI-
1 activity but not the abdominal obesity or dyslipidaemia present in the insulin
resistance syndrome. Increased physical activity level between 50 and 70 years
of age, in the absence of active intervention, was associated with improved glu-
cose, insulin, proinsulin and lipoprotein metabolism. Insulin and proinsulin
seemed to be important factors that mediate much of the association between a
sedentary lifestyle and increased risk of cardiovascular disease. The reported
dietary intake of both mono- and polyunsaturated fatty acids was positively
associated with PAI-1 activity, whereas saturated fatty acid intake displayed no
association. The associations present between PAI-1 activity and the fatty acid
proportions in serum cholesterol esters were partly influenced by factors related
with the insulin resistance syndrome.

This thesis provides further knowledge to the epidemiological view of the
interrelations of the insulin resistance syndrome, PAI-1, birth weight, and life-
style factors as physical activity and dietary habits. PAI-1 is a part of the insulin
resistance syndrome and is associated both with modifiable and non-modifia-
ble factors related with this syndrome.
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Abbreviations

b regression coefficient
BMI body mass index
CE cholesterol ester
CI confidence interval
HDL high-density lipoprotein
HR hazard ratio
IRS insulin resistance syndrome
LDL low-density lipoprotein
mRNA messenger-ribonucleic acid
NEFA non-esterified fatty acids
OR odds ratio
p probability
PAI-1 plasminogen activator inhibitor-1
r correlation coefficient
s serum
SD standard deviation
TG triglyceride
tPA tissue-type plasminogen activator
ULSAM Uppsala Longitudinal Study of Adult Men
VLDL very low-density lipoprotein
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Introduction

THE WORLD IS facing an epidemic of type 2 diabetes and cardiovascular disease.
Also the metabolic aberrations including hypertension, obesity, insulin resist-
ance, glucose intolerance, and dyslipidaemia, clustered in the so-called insulin
resistance syndrome (or metabolic syndrome or syndrome X), are increasing in
prevalence. Each of these conditions is individually associated with an increased
risk of cardiovascular disease, but when occurring simultaneously the risk is
drastically increased. Although much effort is made on revealing the mecha-
nisms behind the increased risk of cardiovascular disease observed in type 2
diabetes and the insulin resistance syndrome, yet many aspects remain to be
explored on this topic.

In the human body, blood clots are constantly formed and dissolved. This
phenomenon is regulated by the coagulation and fibrinolytic systems. In nor-
mal circumstances these systems are in tightly controlled balance. When this
tight balance is disturbed, a tendency for bleeding or for thrombosis occurs.
This thesis includes work on one of the factors involved in the regulation of the
fibrinolytic system, plasminogen activator inhibitor-1 (PAI-1). Increased levels
of PAI-1 are associated with an increased risk of thrombosis. Thrombotic events
are the major cause for cardiovascular disease and PAI-1 levels have been dem-
onstrated to predict coronary heart disease [1]. Subjects with certain condi-
tions, including type 2 diabetes, insulin resistance, and deep vein thrombosis,
have been demonstrated to have elevated levels of PAI-1 and are at higher risk
of coronary heart disease. Elevated PAI-1 levels have also been included as a
component of the insulin resistance syndrome.

PAI-1
PAI-1 and the fibrinolytic system
PAI-1 is the fast acting inhibitor of fibrinolysis in the blood. Fibrinolysis results
in the breakdown of solid fibrin filaments that constitute the blood clot. For
activation of the fibrinolytic system (illustrated in Figure 1), plasminogen and
tPA (tissue-type plasminogen activator) bind to the fibrin surface where plas-
minogen is cleaved by tPA into its active form, plasmin. Plasmin then cleaves
the fibrin filaments. The plasminogen activators, tissue-type plasminogen acti-
vator (tPA) and urokinase (uPA), are in turn regulated by PAI-1.
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PAI-1 was first described in the early 1980’s as a rapid inhibitor of tPA [2, 3].
There are other fibrinolysis inhibitors, namely (α

2
-antiplasmin that inhibits

unbound plasmin and TAFI (thrombin activatable fibrinolysis inhibitor), which
inhibits fibrinolysis by several biochemical pathways [4]. TAFI is activated by
thrombin, an important factor in the coagulation cascade. Thrombin also stim-
ulates the release of PAI-1 from platelets. PAI-1 then protects the blood clot
from premature lysis. However, PAI-1 is considered to be the main regulator of
fibrinolysis due to its high specificity and fast action.

PAI-1 is a 50 kDa glycoprotein of 379 aminoacids and belong to the serine
protease inhibitor (serpin) family. The reactive centre of PAI-1 mimics the pep-
tide bond of plasminogen that is cleaved by the plasminogen activators. The
result is an irreversible 1:1 PAI-1-PA complex.

In addition to be a regulator of fibrinolysis, PAI-1 also has a role in tumour
metastasis and vascularisation. PAI-1 and uPA are independent prognostic
markers of disease recurrence and poor survival for patients with various cancer
diseases (reviewed in [5]). Metastatic tumour cells would be expected to express
high levels of cell-associated proteolytic activity, where a role for the plasmino-
gen activator system is implied.

Regulation of PAI-1 production
A number of cell types produce PAI-1, including endothelial cells, hepatocytes,
adipocytes [6, 7] and adipose tissue stromal cells [8]. Several factors increase the
production of PAI-1 in these cells (reviewed in [5]), some of the more impor-
tant ones are summarised in Figure 2.

A number of growth factors increase the production of PAI-1, although the
mechanisms are largely unknown. However, the mechanism of action for the
effect of TGF-β (transforming growth factor-β) on PAI-1 production is well
established and includes both activation of gene transcription and increased
stability of the PAI-1 mRNA.

The tumour protein p53 binds the PAI-1 promoter and stimulates gene tran-
scription when it is over-expressed, suggesting a possible mechanism whereby
tumours regulates PAI-1 expression when needed for metastasis.

thrombin

fibrinogen

α2-antiplasmin TAFIa

PAI-1

tPA

plasmin

plasminogen

TAFI

fibrin
soluble fibrin
degradation

products

thrombin

activation of
coagulation

⊕

Coagulation FibrinolysisFigure 1. Sche-
matic picture of
the fibrinolytic
system. TAFIa
denotes activated
thrombin activat-
ed fibrinolysis
inhibitor, ⊕
positive feedback.
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Glucose increases the gene expression of PAI-1, as does proinsulin and split
proinsulin [9], whereas insulin and IGF-1 (insulin-like growth factor-1) in-
crease the production of PAI-1 only by increasing the stability of the PAI-1
mRNA. The mechanism of activation of PAI-1 production by glucocorticoids
is suggested to be indirect.

Many studies have demonstrated increased production of PAI-1 after stimu-
lation of cells with triglyceride-rich lipoprotein particles. Recently, fatty acids
have been shown to increase the production of PAI-1 via a VLDL-responsive
element [10], which is also activated by triglyceride-rich lipoproteins [11].

Angiotensin II, a well-known vasoconstrictor, also increases the production
of PAI-1 [12], probably acting via the angiotensin II type 1 receptor [13].

In addition to stimulate the release of PAI-1 from thrombocytes, thrombin
also stimulates the synthesis of PAI-1 in endothelial cells [1].

PAI-1 is an acute phase reactant and is thus acutely increased by infectious
agents including endotoxin and lipopolysaccharide (LPS, a component of gram
negative bacterial cell walls), the effect of LPS is in part mediated by the inflam-
matory cytokines TNF-α (tumour necrosis factor-α) and interleukin-1.

PAI-1 and cardiovascular disease
A decrease in fibrinolytic activity due to high plasma PAI-1 concentrations
might be expected to result in an increased fibrin deposition and subsequent
thrombus formation. High plasma PAI-1 concentrations are indeed associated
with various thrombotic disorders [1, 14]. Associations between PAI-1 levels or
other measures of impaired fibrinolytic activity (such as tPA antigen or activity,
tPA-PAI-1 complexes, reduced clot lysis time) and different cardiovascular dis-
ease outcomes have been demonstrated (reviewed in [1, 15-17]). In spite of
this, no independent association between PAI-1 and incident cardiovascular
disease in originally healthy subjects has so far been demonstrated [17]. The
lack of consensus on the prognostic value of fibrinolytic parameters has been
suggested to be at least in part attributed to the choice of confounding variables

↑ PAI-1

insulin
IGF-1

NEFA

TG
glucose

proinsulin

TGF-β
VEGF
bFGF
EGF

HB-EGF

TNF-α
IL-1

glucocorticoids

p53LPS
endotoxin

angiotensin II

thrombin

Figure 2. Factors affecting the production
of PAI-1.
IGF denotes insulin-like growth factor,
TG triglycerides, NEFA non-esterified
fatty acids, TNF tumour necrosis factor,
IL interleukin, LPS lipopolysaccharide,
TGF transforming growth factor, VEGF
vascular endothelial growth factor, bFGF
basic fibroblast growth factor, EGF
epithelial growth factor, HB-EGF
heparin-binding EGF-like growth factor
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controlled for [18]. PAI-1 was an independent predictor of reinfarction in men
with a first myocardial infarction before the age of 45 [19]. However, PAI-1
could not predict future cardiovascular events in patients with angina, after
adjustment for factors associated with the insulin resistance syndrome [18].
Increased PAI-1 gene expression has also been observed in the intima of athero-
sclerotic human arteries (summarised in [15, 16]) and the association between
proinsulin and carotid intima-media thickness was attenuated by adjustment
for PAI-1 levels [20]. These results imply a role for PAI-1 in the development of
atherosclerosis and possibly the mechanism whereby the insulin resistant state
increases the risk of cardiovascular disease. By its presence in the atherothrom-
botic plaque, PAI-1 is thought to stabilise and promote growth of the plaque by
inhibiting plasmin formation and subsequent metalloproteinase activation, lead-
ing to less extracellular matrix degradation [15, 16]. However, it is not fully
understood whether the elevated levels of PAI-1 observed in cardiovascular dis-
ease is a primary contributing factor or a secondary factor as a consequence of
the disease state itself.

Clinical implications of PAI-1
The highest incidence of ischaemic events during the day is in the early morn-
ing hours, a time which coincides with the early morning peak in PAI-1 activity
[21]. In clinical cardiology, fibrinolytic agents are used as pharmacological treat-
ment. The agents currently used in Sweden, streptokinase, alteplase and re-
teplase, are used in situations as acute myocardial infarction or re-infarction
within 24 hours. Alteplase and reteplase are recombinant human tPA. PAI-1
resistance of fibrinolytic agents may enhance the efficacy of thrombolysis [21].
In addition, there is ongoing research to find a PAI-1 inhibitor for use in clin-
ical practice.

Low-dose aspirin is widely used as secondary prevention in ischaemic heart
disease, acting by inhibition of thrombocyte activation. Upon activation, the
thrombocytes release their contents, including vasoconstricting factors and PAI-1,
and aggregate as an initial process of the thrombus formation. Thus, inhibition
of an increased thrombocyte activation by use of aspirin could reduce the levels
of PAI-1 [22].

The insulin resistance syndrome
Glucose intolerance is characterised by an impaired insulin-mediated glucose
uptake, which might result in increased glucose concentrations in the blood.
Glucose intolerance may arise as a result of insulin resistance, i.e. an impaired
response of the body tissues to insulin action. The resulting hyperglycaemia is
compensated by elevated insulin levels, further promoting insulin resistance.
When the pancreatic β-cells no longer can meet the need for a high production
rate of insulin, the glucose levels rise and type 2 diabetes develops.
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The type of dyslipidaemia associated with the insulin resistance syndrome is
characterised by elevated serum triglyceride and lowered HDL cholesterol con-
centrations and an increased proportion of small dense LDL particles (the total
and LDL cholesterol concentrations are generally not affected).

Hypothetical mechanisms behind the insulin resistance syndrome
In 1988, syndrome X was used as a term for a cluster of key metabolic abnor-
malities that were all risk factors for coronary artery disease [23]. Insulin resist-
ance was argued as being the primary initiating defect behind the aberrations in
this syndrome, which at the time did not include abdominal obesity. Over the
years, several other hypotheses have been presented on the possible mecha-
nisms causing the insulin resistance syndrome.

Visceral fat accumulation has been suggested as the etiological centre of the
different components of the insulin resistance syndrome. The trigger mecha-
nisms may be the release of non-esterified fatty acids from the visceral fat de-
pots into the portal vein, which subsequently affect hepatic mechanisms lead-
ing to dyslipidaemia, hyperglycaemia, and hyperinsulinaemia [24]. Thus, insu-
lin resistance exists not only in skeletal muscle but also in the liver and in adi-
pose tissue. Insulin resistance of the liver is characterised by increased hepatic
glucose production and a reduced insulin-mediated inhibition of hepatic glu-
coneogenesis and insulin resistance of the adipose tissue is characterised by a
failure of insulin to suppress lipolysis [25].

Both insulin resistance and visceral fat accumulation might provide reason-
able explanatory mechanisms for the rest of the insulin resistance syndrome.
An alternate explanation might be that both these important factors of the
insulin resistance syndrome are parallel phenomena, caused by another com-
mon factor [26], discussed below.

Factors such as physiological and socio-economic stress have been discussed
as etiological factors regarding the insulin resistance syndrome [26]. It has been
suggested that cortisol and the hypothalamo-pituitary-adrenal axis may be the
primary lesion of the syndrome, because the other endocrine abnormalities
may follow as consequences thereof. The role of glucocorticoids in insulin re-
sistance, including potential mechanisms, has been reviewed in [27].

An increased activity of the sympathetic nervous system has the possibility of
causing hypertension and insulin resistance and has also been discussed as a
primary role for the development of the insulin resistance syndrome [28]. Mech-
anisms include sympathetic vasoconstriction, which could decrease the number
of open capillaries in the skeletal muscle and thus decrease the delivery of insu-
lin and glucose to the active cells. In addition, sustained vasoconstriction might
lead to elevated blood pressure. Furthermore, the β-adrenergic response is de-
creased as a result of high sympathetic tone. The β-adrenergic receptor medi-
ates the increased energy expenditure both at rest and after food intake. A down-
regulation of these receptors might lead to weight gain [28]. In contrast, it has
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been suggested that the increased sympathetic tone is secondary to insulin re-
sistance or to overweight caused by excessive food intake [29].

Recently, leptin, a hormone produced by adipose tissue, has emerged as an
intriguing possible causal factor behind insulin resistance [30]. Leptin has been
shown to be related to insulin resistance, independently of body fat mass [30]
and there is evidence for leptin to increase sympathetic activity and blood pres-
sure [31].

Endothelial dysfunction has been hypothesised as being a central unifying
abnormality in the pathogenesis of insulin resistance [32]. Factors of the insulin
resistance syndrome could cause endothelial dysfunction (extrinsic), but in-
trinsic endothelial dysfunction was suggested to be a manifestation of a gener-
alised cell membrane defect. This defect could contribute to insulin resistance
by altering the presentation or function of insulin receptors or alter shear re-
sponse elements in the endothelial cell wall [32].

Another possibility for the aetiology of visceral fat mass increase, insulin
resistance and the other components of the insulin resistance syndrome is ge-
netic susceptibility. The thrifty genotype hypothesis was suggested already in
1962 [33]. It was proposed that there are genes that give a survival advantage in
harsh conditions when food is scarce. In times of plenty, however, the same
genes are detrimental and cause obesity and glucose intolerance.

The insulin resistance syndrome and PAI-1
As already noted, elevated PAI-1 levels are considered as a characteristic of the
insulin resistance syndrome and several factors associated with the syndrome
have been shown to affect the production of PAI-1 (Figure 2). Thus, PAI-1
displays associations with several factors of the insulin resistance syndrome.

PAI-1 levels are elevated in hypertension [34] and the link with the renin-
angiotensin system [13], which has an important function in the regulation of
blood pressure, has already been mentioned. Borderline hypertensive persons
were demonstrated to have a constitutive release of PAI-1 from the vessel wall
whereas a such release was not observed in normotensive controls [35]. The
association consistently reported to be one of the strongest is that between BMI
and PAI-1. Other measurements of obesity also relate to PAI-1, as does the
amount and localisation of fat [7]. Numerous studies report associations of
PAI-1 with serum triglycerides or triglyceride-rich lipoprotein particles and HDL
cholesterol [15, 21]. The LDL particle size was inversely related with PAI-1
[36]. In addition, several epidemiological studies demonstrate associations be-
tween PAI-1 and measures of glucose tolerance and insulin resistance [15].

Birth weight
The fetal origins hypothesis proposes that fetal adaptations to an adverse intra-
uterine environment that reduces fetal growth programme lifelong physiologi-
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cal changes. These changes in turn predispose to diabetes and the insulin resist-
ance syndrome. This hypothesis is built on the notion that birth size is deter-
mined largely by nongenetic factors and that undernutrition in utero leads to
adult disease [37, 38]. As an alternative to the thrifty genotype hypothesis for
the development of glucose intolerance, the thrifty phenotype hypothesis was
introduced [37]. It suggests that by increasing fuel availability, the undernour-
ished fetus makes metabolic adaptations that give short term benefits. Howev-
er, these adaptations become permanently programmed, persist throughout life
and cause insulin resistance. Programming is the term used for persisting changes
in structure and function caused by environmental stimuli during critical peri-
ods of early development.

More recently, alternative hypotheses have been presented. The life course
approach suggests that exposures or insults gradually accumulate through epi-
sodes of illness, adverse environmental conditions and behaviours increasing
the risk of chronic disease and mortality. Accumulation of risk is different from
programming in that it does not require the notion of a critical period and if a
critical period should be taken into account, it should not only cover critical
periods in fetal life but also later over the life course [39]. The fetal insulin
hypothesis suggests that the association between low birth weight and adult
insulin resistance is principally genetically mediated [40].

Physical activity
Physical inactivity is now considered an established risk factor for cardiovascu-
lar disease. Almost 30% of the adult population in the USA participate in no
leisure-time physical activity, the percentage increasing with age and decreasing
with socio-economic factors such as higher education and income [41]. Due to
the high prevalence of physical inactivity, it may be considered as one of the
more important risk factors for cardiovascular disease. In addition, physical
activity is associated with a number of other cardiovascular risk factors and is
suggested to reduce the cardiovascular risk by lowering blood pressure, improv-
ing glucose intolerance, reducing obesity, improving the serum lipid profile,
enhancing fibrinolysis, improving endothelial function and enhancing the par-
asympathetic autonomic tone [41]. Physical activity also improves insulin sen-
sitivity by several possible mechanisms [42].

It is not fully known to what extent the factors of the insulin resistance syn-
drome contribute to the association between physical inactivity and increased
risk of cardiovascular disease.

Fatty acids
Seven dietary factors have been suggested to promote or protect against the
development of coronary heart disease subsequent to the onset of atherosclero-
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sis [43]. The two promoting factors include saturated fatty acids that raise se-
rum cholesterol levels and thrombogenic saturated fatty acids. The five protect-
ing factors include polyunsaturated fatty aids of the ω6 and of the ω3 acid
series, monounsaturated fatty acids, dietary fibre, and antioxidants. Thus, five
of the seven factors are fatty acids. A high intake of fat is also associated with the
development of obesity [44]. In parallel with the increased interest in the im-
portance of dietary fat quality and amount, the availability of dietary fat prod-
ucts with a low fat content and a higher proportion of fatty acids of the protect-
ing kind has dramatically increased over the last two decades.

The fatty acid composition of the diet partly determines that of the body
tissues. Before ending up in the body tissues, the ingested fatty acids are mod-
ified and transported. This modification and transport may be affected by fac-
tors such as insulin resistance. Insulin resistant subject display a fatty acid com-
position of the serum cholesterol esters that is very similar to that observed in
subjects eating a diet rich in saturated fat (compared to a diet rich in unsaturat-
ed fat) [45].

PPARs
Peroxisome proliferator-activated receptors (PPARs) are nuclear receptors in-
volved in the regulation of for example lipid metabolism, insulin sensitivity,
cell differentiation and cell growth inhibition. It has been demonstrated that
fatty acids activate PPARs [46]. PPARα activated by synthetic fibrates leads to
decreased hypertriglyceridaemia, increased HDL cholesterol and reduced dense
LDL-cholesterol levels [47]. PPARγ is activated by prostaglandin J2 and by in-
sulin sensitisers such as thiazolidinediones [46, 48]. Activation leads to im-
proved insulin resistance, promotion of adipogenesis, and differentiation of
monocytes into macrophages, among many things [48]. PPARγ activation has
been shown to increase PAI-1 expression in human endothelial cells [49] and
has also been suggested to affect the generation of the atherosclerotic plaque
(reviewed in [48]). Thus PPARs have the potential of being part of the mecha-
nistic explanation behind the link between fatty acids and the insulin resistance
syndrome.

Fatty acids and PAI-1
Studies investigating the effect of fish intake or supplementation with long-
chain ω3 fatty acids, which are naturally present in fatty fish, suggest that PAI-1
levels are increased by such supplementation [50, 51], although other studies
failed to demonstrate such an effect (summarised in [52]). The increased PAI-1
levels are paradoxical inasmuch as long-chain ω3 fatty acids are generally be-
lieved to have a cardioprotective effect. Recently, in vitro experiments have shown
that unsaturated fatty acids of different degrees of unsaturation increase the
production of PAI-1 [10, 53, 54], whereas saturated fatty acids do not [10].
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Aims

IN THIS THESIS, different aspects of the insulin resistance syndrome and PAI-1
activity are investigated in a longitudinal population-based study of Uppsala
men, investigated at ages 50 and 70 years. Figure 3 depicts the different major
associations under investigation.

The specific aims of this thesis were:

• to establish the independent associations between PAI-1 and components of
the insulin resistance syndrome (Paper I),

• to explore the relation between birth weight and components of the insulin
resistance syndrome and PAI-1 at ages 50 and 70 (Paper II),

• to distinguish the physiological disturbances related to birth weight from the
insulin resistance syndrome (Paper II),

• to assess whether factors included in the insulin resistance syndrome are relat-
ed to the level of physical activity (Paper III),

• whether these factors could explain the association between physical inactiv-
ity and increased risk of cardiovascular disease (Paper III), and

• whether a change in physical activity is associated to change in metabolic
variables (Paper III),

• to investigate the association between dietary intake of nutrients, especially
dietary fat quality, and PAI-1 (Paper IV), and

• to relate the fatty acid composition in the diet and in serum cholesterol esters
to PAI-1 activity (Paper IV).

insulin
resistance
syndrome

PAI-1

birth
weight

cardiovascular
mortality

physical
activity

diet and
fatty acids

Figure 3. Associations investigated
in this thesis.
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Methods

Subjects
The ULSAM study
All papers in this thesis are based on one cohort of men born between 1920 and
1924. The Uppsala Longitudinal Study of Adult Men (ULSAM) started in
1970 when all men aged around 50 years living in Uppsala municipality were
invited to participate in a health examination, illustrated in Figure 4. This ex-
amination was aimed at identifying risk factors for cardiovascular disease and a
wide range of factors was investigated. Of the 2841 men invited, 2322 partici-
pated in the study (participation rate 82%). The men were invited for re-exam-
ination when aged 60 and 70 years. The examinations at age 60 were more
limited, except for a subgroup selected for more thorough investigation. This
thesis does not deal with the results from the investigation at age 60. A full-scale
examination was performed on virtually all men who came to the second re-
investigation at age 70. Since the first investigation, 422 men had died and 219
men had moved from the Uppsala region. Of the 1681 70-year-old men invit-
ed, 1221 men participated in the re-examination.

The study was approved by the local ethics committee and all participants
gave their informed consent. All investigations were done after an overnight
fast.

Original cohort

50-year-
old men 23222841

519 did not
participate

219 moved

422 died

men invited participants

1221 101 died
(Dec. 1996)1681

460 did not
participate

70-year-
old men

Figure 4.
The ULSAM study
(Uppsala Longitudi-
nal Study of Adult
Men); investigations
at 50 and 70 years. A
comprehensive de-
scription of the study
is available at http://
www.pubcare.uu.se/
ULSAM
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Study populations and subgroups
The different study populations are illustrated in Figure 5.

Paper I. The study population in Paper I was based on the 70-year-old men
with non-missing information on PAI-1 activity and insulin sensitivity, in all
871 men.

Paper II. There were two study populations under investigation in Paper II,
based on the investigations at ages 50 and 70, respectively. The men included
were those where it was possible to define the presence or absence of the insulin
resistance syndrome and who also had their birth weight recorded. At age 50,
1268 men fulfilled these criteria and the corresponding number was 734 for
men at age 70. The cluster of birth weight-associated factors was defined in
1165 and 678 men aged 50 and 70, respectively. Further subgroups, where
information on gestational age was available, were also studied.

Paper III. Men with signs of cardiovascular, pulmonary or cancer diseases at
baseline were excluded, as were men with missing information on physical
activity, leaving 1860 men at age 50 and 898 men who were investigated at
both age 50 and at age 70. Exclusion criteria were: previous myocardial infarction
or angina; current treatment with nitroglycerine or digitalis; presence of Q or
QS patterns (Minnesota codes 1.1–1.3) or left bundle branch block (Minnesota
code 7.1) in the electrocardiogram examination at age 50 [55]; incident
cardiovascular disease up to one year after baseline (ICD-9 codes 390–399 and
410–449); previous tuberculosis, asthma or other chronic pulmonary problems
up to one year after baseline (ICD-9 codes 490–519); and previous or incident
malignant cancer up to two years after baseline (ICD-9 codes 140–208 and
230–239). Information on incident disease was obtained from the in-patient
registry. Information on medications and previous disease was retrieved from
the medical questionnaire.

Paper IV. Men having completed the seven-day dietary record and having
PAI-1 activity analysed were included in the study population in Paper IV
(n=871). In a subgroup of 381 men, the fatty acid composition of the serum
cholesterol esters was also analysed. In a further subgroup, the gas chromatograms
were reanalysed and recalculated to include also the proportions of pentadecanoic
(15:0) and heptadecanoic (17:0) acid. In this subgroup, the fatty acid
composition of the serum phospholipids was also analysed.

Data Collection
Investigations at age 50
Anthropometry. Height (without shoes) was measured to the nearest centimetre
and weight (in undershorts) to the nearest kilogram. The BMI was calculated as
the ratio of the weight to the height squared (kg/m2).
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Figure 5. Definition of study populations and subgroups investigated.
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resistance syndrome, bw-cluster (y/n) presence/absence of the cluster of factors
associated with birth weight, PA physical activity, s-CE serum cholesterol esters,
and s-PL serum phospholipids.
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Truncal fat was estimated from the ratio of subscapular to triceps skinfolds
[56]. The skinfolds were measured to the nearest 0.2 mm on the triceps, sub-
scapular and to the right of the umbilicus using a Harpenden calliper [57].

Blood pressure. Blood pressure was measured once on the right arm to the
nearest 5 mm Hg in the supine position after 10 minutes’ rest. Systolic and
diastolic blood pressures were defined as Korotkoff phases I and V, respectively.

Glucose and insulin metabolism. Whole blood glucose concentration was
measured by using the glucose oxidase method.

An intravenous glucose tolerance test was performed by injection of a 50%
solution of glucose at a dose of 0.5 g/kg body weight into an antecubital vein
over about 2.5 minutes. Glucose concentrations were measured at 0, 20, 30,
40, 50, and 60 minutes after the start of the glucose injection and insulin con-
centrations at 0, 4, 6, 8, and 60 minutes. The blood glucose concentrations
between 20 and 60 minutes were used for calculation of glucose tolerance,
expressed as the K-value, calculated from the formula: K=ln2×100/T

½
 where

T½ is the time in minutes required for the concentration to be reduced by half
its value [58]. Serum insulin concentration was measured by radioimmunoassay
based on a double antibody solid phase technique (Phadebas insulin test, Phar-
macia, Uppsala).

The concentrations of intact and 32–33 split proinsulin were analysed in
1995–98 in serum samples stored frozen at –70°C since sampling in 1970–74
using the two-site immunometric assay technique [59]. Specific insulin con-
centrations were also determined in these samples using the Access Immunoassay
System (Sanofi Pasteur Diagnostics) using a one step chemiluminiscent immu-
noenzymatic assay.

Serum lipids. Determinations of serum cholesterol and triglyceride concen-
trations were measured in a Technicon Auto Analyzer type II [60] in 1981–82
on serum samples that had been stored in liquid nitrogen since sampling in
1970–73. The concentration of cholesterol in HDL was assayed in the super-
natant after VLDL and LDL had been precipitated with a solution of heparin
and manganese chloride. LDL cholesterol was calculated using Friedewald’s
formula: LDL=serum cholesterol–HDL–(0.42×serum triglycerides). The val-
ues presented were multiplied with a conversion factor for enabling compari-
son with the Monarch method used in the re-investigation 20 years later. The
conversion factors used are 1.06 for LDL and serum cholesterol, 1.17 for HDL
cholesterol, and 0.9 for serum triglycerides.

Gas-liquid chromatography was used to analyse the fatty acid composition
in serum cholesterol ester. The samples had been stored in liquid nitrogen for
about eight years [61, 62]. The ratio of oleic to linoleic acid (18:1/18:2 ω6) was
used as a marker of saturated and polyunsaturated fat intake [63].

Questionnaire. A self-administered questionnaire was used to gather informa-
tion on various factors including physical activity (described in detail below),
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medical treatment and previous and current diseases. Information on smoking
habits was obtained through interview by a physician. Information on educa-
tion, type of work, and marital status was retrieved from the Swedish census
from 1970.

Investigations at age 70
Anthropometry. Height was measured to the nearest whole centimetre and
body weight to the nearest 0.1 kg. The waist and hip circumferences were meas-
ured in the supine position midway between the lowest rib and the iliac crest
and over the widest part of the hip, respectively. The waist/hip ratio was calcu-
lated.

Blood pressure. Blood pressure was measured in the right arm with the sub-
ject in the supine position after a 10-minute rest, as described above. The values
were recorded twice and to the nearest even figure. The mean of the two values
was used in analyses.

Glucose and insulin metabolism. An oral glucose tolerance test was per-
formed by measuring the concentrations of plasma glucose and insulin imme-
diately before and 30, 60, 90, and 120 minutes after ingestion of 75 g anhy-
drous dextrose dissolved in 300 ml water. Plasma insulin was assayed by using
an enzymatic immunological assay (Enzymmun, Boehringer Mannheim) per-
formed in an ES300 automatic analyser (Boehringer Mannheim). Plasma insu-
lin concentrations are given in mU/l (for conversion to pmol/l, multiply by 6.0
[64]). Plasma glucose was measured by the glucose dehydrogenase method (Gluc-
DH, Merck).

Insulin sensitivity was measured by the euglycaemic hyperinsulinaemic clamp
procedure as described by DeFronzo et al [65], slightly modified. Insulin (Ac-
trapid Human, Novo) was infused at a rate of 56 (instead of 40) mU/min per
body surface area (m2). Plasma glucose was assayed in duplicate in a Beckman
Glucose Analyzer II (Beckman Instruments). Glucose uptake, M, was calculat-
ed as the amount of glucose infused during the last 60 minutes of the 2-hour
clamp (mg×min–1×kg–1). Insulin sensitivity index, M/I, was calculated by divid-
ing M by the mean plasma insulin concentration (mU/l) during the last 60
minutes of the 2-hour clamp and multiplying by 100 (mg×min–1×kg–1×(mU/l)–1×100).

Proinsulin, split proinsulin and specific insulin concentrations were analysed
as described above.

Serum lipids. Cholesterol and triglyceride concentrations in serum were as-
sayed by enzymatic techniques (Instrumentation Laboratories) in a Monarch
2000 centrifugal analyser. HDLs were separated by precipitation with magnesi-
um chloride and phosphotungstate. LDL cholesterol was calculated using Friede-
wald’s formula, described above. Serum non-esterified fatty acids were meas-
ured by an enzymatic colorimetric method (Waco Chemical GmbH) applied
for use in the Monarch 2000 centrifugal analyser.
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The fatty acid composition in serum cholesterol esters was analysed using
gas-liquid chromatography (described in detail in [61]). The fatty acids are
presented as the proportion of the sum of the fatty acids analysed. The activities
of certain enzymes involved in fatty acid biosynthesis were estimated as the
product/precursor ratios of the proportions of individual fatty acids: ∆5 desat-
urase=20:4 ω6/20:3 ω6, ∆6 desaturase=18:3 ω6/18:2 ω6, ∆9 desaturase=18:1
ω9/18:0, and elongase=18:0/16:0. In a subgroup of these men, the gas chroma-
tograms were reanalysed and recalculated to include the proportions of 15:0
and 17:0, fatty acids normally not analysed due to the small amounts present.
In this subgroup, the fatty acid composition of the serum phospholipids was
also analysed.

PAI-1 activity. PAI-1 activity was analysed in 914 of the 965 men born be-
tween 1921 and 1924. The activity of PAI-1 was analysed with a commercial
two-step indirect enzymatic assay (Spectrolyse/pL PAI, Biopool AB), described
in [66]. The activity is given in U/ml, where one unit (U) is the amount of PAI-1
that inhibits 1 U of human single-chain tPA. Blood samples were drawn in 5 ml
evacuated tubes (Vacutainer, Becton Dickinson) prefilled with 0.5 ml buffered
0.129 mol/l sodium citrate (pH 5.8), with the subject at rest in the supine
position with minimal venous stasis. The tubes were put on ice until centrifu-
gation at 4°C at 2000g for 10 minutes. The plasma was stored at –70°C.

Questionnaire. Data on physical activity (described in detail below) and med-
ical history, including medication, was collected with a questionnaire. For as-
sessment of habitual dietary intake, an optically readable, precoded, seven-day
dietary food record was used [67].

Assessment of physical activity
Leisure time physical activity was assessed at both investigations using the same
four questions included in the medical questionnaire: 1) Do you spend most of
your time reading, watching TV, going to the cinema or engaging in other,
mostly sedentary, activities?, 2) Do you often go walking or cycling for pleas-
ure?, 3) Do you engage in any active sport or heavy gardening for at least 3
hours every week? and 4) Do you regularly engage in hard physical training or
competitive sport? Based on these questions, four physical activity categories
were constructed: Sedentary (1), Moderate (2), Regular (3), and Athletic (4).
The questionnaire was constructed such that each question could be answered
“yes” or “no”. For example, to qualify for the sedentary category, only the first
question could be answered by “yes” and to qualify for the Regular category, at
least question number 3) had to be answered by “yes”, but the answer to the
fourth question had to be “no”.

The medical questionnaire used at age 50 also included questions on physi-
cal activity at work, which was categorised as 1) sedentary, 2) mostly standing
and walking, 3) heavy lifts (>10 kg), and 4) physically demanding work.
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Birth records
Birth records of the ULSAM participants were retrospectively traced in hospi-
tal and midwives’ records. Of the initial cohort of 2322 men examined, 2200
men were born in Sweden and of those, 616 men were born at Uppsala Akad-
emiska Sjukhus (UAS) and 1584 were born elsewhere in Uppsala or in other
parts of Sweden. The birth records from UAS comprise a complete and com-
prehensive record of all deliveries in the hospital since the 1870s. The obstetric
information was recorded on detailed pro formas, and the measurements taken
were almost certainly done in a systematic fashion, since the obstetric depart-
ment has a long tradition of training of both midwifes and medical staff. For
over 95% of the subjects born in the hospital, information was found on birth
weight, length, placental weight, and date of mother’s last menstrual period. By
searching midwives’ and other obstetric archives in Uppsala and other parts of
Sweden we were able to trace the birth weights of 718 of the other 1584 men
who had been born in Sweden either at home or in other hospitals. Birth weight
was thus available for 61% (1334) of the 2200 men born in Sweden. (One birth
record from UAS was not found until after the publication of Paper II.)

The birth weights were grouped into four categories, where the cut-offs were
chosen to minimise misclassification due to the tendency for birth weight to be
recorded to the nearest whole or half-kilogram. The groups were thus less than
3.25, 3.25 or more but less than 3.75, 3.75 or more but less than 4.25 and 4.25
kg or more.

Gestational age was calculated as the difference in days between the reported
date of last menstrual period and the date of delivery [68] and used for classifi-
cation of pre-term (<38 weeks) and not pre-term (≥38 weeks) births.

Socio-economic class at birth was based on the profession of the father, or of
the mother if she was single, as stated in the birth records.

Mortality outcomes
Information on mortality was collected from the national cause-of-death regis-
try. In Paper III, mortality due to cardiovascular diseases was studied. As of the
end of 1996, 523 of the 1860 men in the study population of Paper III had
died. The main causes of death were malignant cancers (n=194; ICD-9 codes
140–208 and 230–239) and cardiovascular diseases (n=231; ICD-9 codes 390–
459). Of the deaths due to cardiovascular disease, 111 were acute myocardial
infarctions (ICD-9 code 410) and 44 other ischaemic heart diseases (ICD-9
codes 411–414). The mean follow-up time on mortality was 22.6 years
(min=0.04 and max=26.7 years). The number of person years at risk was 41956.

Definitions
Type 2 diabetes and impaired glucose tolerance
At age 50 (Paper II), the criteria for type 2 diabetes were fasting blood glucose
of 6.7 mmol/l or more and K-value (from the intravenous glucose tolerance
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test) of 0.9 or less, or anti-diabetic therapy, or both. To minimise inclusion of
type 1 (insulin-dependent) diabetes mellitus in this definition, men on insulin
treatment were not included.

Various types of definition of type 2 diabetes and impaired glucose tolerance
based on the glucose tolerance test at age 70 were used in the papers in this
thesis. In Paper I, classification was made according to the National Diabetes
Data Group criteria [69]. If the 120-minute and one or more of the 30- to 90-
minute plasma glucose values were ≥11.1 mmol/l, a subject was diagnosed with
type 2 diabetes. Impaired glucose tolerance was diagnosed when the fasting
plasma glucose value was <7.8 mmol/l and one or more of the 30- to 90-minute
plasma glucose values were ≥11.1 mmol/l and the 120-minute plasma glucose
value was between 7.8 and 11.1 mmol/l. In Paper II, the World Health Organ-
isation (WHO) criteria from 1985 [70] were used. In Paper IV, the WHO
criteria from 1999 [71] were used.

Definition of the insulin resistance syndrome and the cluster of factors
associated with low birth weight (Paper II)
The insulin resistance syndrome was defined as the combination of hyperten-
sion, glucose intolerance or insulin resistance, and dyslipidaemia, the three major
constituents of the syndrome. The definition of the cluster of birth weight-
associated factors was based on those variables associated with birth weight in
this cohort (Paper II; [68, 72-74]. The cut-off values were based on the highest
or lowest tertile of a variable (median for subscapular/triceps skinfold ratio) at
each age. The two outcomes were defined by A–D at age 50 and 70, respective-
ly. The insulin resistance syndrome was defined as all three of A, B and C and
the cluster of birth weight-associated factors as all three of A, B and D.

At age 50. A.A.A.A.A. BP-lowering treatment or high supine systolic BP (≥140 mmHg),
B.B.B.B.B. high fasting plasma insulin (≥13.8 mU/l) or high fasting blood glucose (≥5.05
mmol/l) or type 2 diabetes, C.C.C.C.C. low HDL cholesterol (<1.0 mmol/l) or high
serum triglycerides (≥2.20 mmol/l), D.D.D.D.D. high subscapular/triceps skinfold ratio
(>1.553).

At age 70. A.A.A.A.A. BP-lowering treatment or high supine systolic BP (≥154 mmHg),
B.B.B.B.B. low insulin sensitivity index (M/I from clamp <3.65 mg×min–1×kg–1×(mU/l)–1×100)
or impaired glucose tolerance or type 2 diabetes, C.C.C.C.C. low HDL cholesterol (<1.1
mmol/l) or high serum triglycerides (≥1.57 mmol/l) or lipid-lowering
medication, D.D.D.D.D. high PAI-1 activity (>19.2 U/ml).

Statistical analyses
The statistical analyses were performed using JMP, SAS (SAS Institute Inc;
Paper I) and Stata (Stata Corporation; Papers I-IV) statistical software. A p
value <0.05 was considered as statistically significant. All tests were two-sided.
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Distribution
Variables with a skewed distribution were transformed to reach normality. In
general, the natural logarithm was used. For PAI-1 activity, the square root
(used in Papers II-IV) of the values was the best transformation (Figure 6).

The activity of PAI-1 was measured to be zero in 21 of the subjects. In these
cases, the activity of PAI-1 was set at an arbitrary value of 0.05 before transfor-
mation, enabling all values to be included in the statistical analyses.

Group comparisons
Group comparisons were performed using analy-
sis of variance (or Student’s t-test) or the chi
squared test.

Regression and correlation analyses
Associations between continuous variables were
tested using linear regression and correlation anal-
yses, both in bivariate and in multivariate analy-
ses. Associations between the level of physical ac-
tivity (ordinal scale) and continuous metabolic
variables, adjusted for age and BMI, were tested
using Spearman’s partial rank correlation (Paper
III).

Variables standardised to 1 SD were used for
comparison of the independent variables’ effects
on the dependent variable in multivariate regres-
sion analyses.

Logistic regression was used to assess relations
between birth weight and dichotomous outcomes
(Paper II). Cox proportional hazard regression was
used to test the effect of physical activity on mor-
tality outcomes (Paper III). The odds ratios (OR, from logistic regression) and
the hazard ratios (HR, from Cox proportional hazard regression) are presented
with their 95% confidence intervals (CI).

Adjusted means were calculated from linear regression estimates and tests for
trend was performed using Spearman’s partial rank correlation (Paper I).

The relation between change in physical activity and change in metabolic
variables between the ages 50 and 70 years (Paper III) was tested using a linear
regression model. The dependent variable was the natural logarithm (due to
skewed distribution) of the metabolic variable at 70 years of age. Independent
variables in the model were the natural logarithm of the same variable at 50
years of age, physical activity at 50 years of age and physical activity at 70 years
of age. The relative change (%) of the metabolic variable, when physical activity
is increased one step between 50 and 70 years of age, was calculated as (eb–1),
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Figure 6. Distribution of
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25

PAI-1 AND THE IRS

where b is the regression coefficient for physical activity at 70 years of age from
the linear regression model described above, and e is the base of the natural
logarithms.

Adjustments
All relations in Paper II were adjusted for age at the time of the investigation
and, in a second model, for age and BMI at the time of the investigations. In
Paper III, all associations between physical activity level and metabolic varia-
bles were adjusted for age and BMI. The dietary intake of nutrients and specific
fatty acids in Paper IV was divided by the total energy intake before analysis (g/
day/MJ).

Discussion of Methods
Epidemiology
The studies in this thesis are epidemiological in character. The basic principles
of epidemiology were probably first described in Ancient Greece by Hippocra-
tes who emphasised that environmental factors and lifestyle should be consid-
ered as explanations to disease [75].

The aim of an epidemiological study is often to discover general scientific
truths about disease, which provides an understanding of disease processes, or
of what naturally happens in human populations.

In a longitudinal cohort study, it is possible to demonstrate whether or not
one factor measured at baseline can predict future disease. However, it is possi-
ble that the association is confounded by other factors that were not measured
or taken into account.

A cross-sectional study is based on information from one single occasion. In
such a study, no conclusions regarding cause and effect can be made; only rela-
tions can be studied.

A correlation analysis determines how close an association is and a regression
analysis determines the effect factor x has on factor y. In this sort of statistical
analyses, it is possible to take a third factor (or several others) into account, for
example environmental or lifestyle factors. This is of importance since such a
factor, a confounder, can affect the analysis although it is not itself believed to
take part in the disease process.

Selection bias
Comparisons between men included in the study populations and men not
included revealed some differences. In Paper II, men included had lower blood
pressure and a lower prevalence of hypertension at age 50 than had men not
included. In Paper III, men with missing information on physical activity level
at age 70 had a higher BMI than men who were included in the study popula-
tion. (For details see the separate papers.) However, the clinical differences were
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so small that the study populations and subgroups studied were considered to
be representative of the whole cohort.

Methodology of PAI-1
PAI-1 can be in the active, latent or inactive conformation. The active con-
formation is stabilised by binding to for example vitronectin. The half-life of
PAI-1 in 37°C is only 1–2 hours [76]. Due to the instability of PAI-1, careful
handling of samples must be observed prior to PAI-1 activity determination.
The stability of PAI-1 is improved by lowering the pH from 7.4 to 5.5 and also
by lowering the temperature. Thus, samples should be drawn into acidified
tubes and immediately put on ice until centrifugation and subsequent analysis
or storage in freezer. It is also essential to avoid activation of thrombocytes
during sampling as they release their contents of PAI-1 upon activation. This is
circumvented by drawing the blood with minimal, or without, stasis after the
subject has rested for about 10 minutes. In a large study, it is of importance that
blood samples are drawn at approximately the same time of day for all subjects,
as PAI-1 activity exhibits a diurnal variation with highest levels in early morn-
ing [77]. PAI-1 is also an acute phase reactant and its activity may thus vary a
lot from day to day. The PAI-1 activity of all samples was determined by the
same investigator (yours truly). This could have reduced the measurement er-
ror, which, expressed as intra- and interassay coefficients of variation, was 2.6%
and 7.2%, respectively.

Methodology of insulin sensitivity
The hyperinsulinaemic euglycaemic clamp method, used to measure insulin
senstitivity in this cohort, is widely regarded as the gold standard. The method
involves simultaneous infusions of insulin and glucose. Briefly, if endogenous
hepatic glucose production is completely inhibited by an intravenous infusion
of insulin then the quantity of exogeneous glucose required to maintain eugly-
caemia is a reflection of the net sensitivity of target tissues (mainly skeletal
muscle) to insulin [78]. By using a higher insulin infusion rate than originally
described [65], (56 instead of 40 mU/min per body surface area (m2)), the
hepatic glucose output was inhibited by between 88 and 95% also in men with
diabetes [79].

Validity of assessment of physical activity
The same men answered the same set of questions at baseline and twenty years
later, reducing the risk of assessment bias. However, the categories indexing
leisure time physical activity should be regarded as reflecting common physical
activity perceptions or patterns rather than precise measures of physical activity
or exercise [80]. The physical activity categories used in this study have been
used and validated by others [81, 82].
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Mortality analyses
There was no loss to follow up of mortality, due to the official hospital and
cause-of-death registries in Sweden. The coverage and accuracy of the causes of
death in the national cause-of-death registry has been shown to be good [83,
84]. An effort was made to reduce confounding due to comorbidity in the
mortality analyses. The confounding effects of comorbidity are likely to be
strongest in community-based samples that contain a high proportion of elder-
ly individuals. Examples of confounding by comorbidity are the associations of
excess mortality with low cholesterol, low blood pressure and low BMI [85].

Validity of definition of pre-term births
The dating by the last menstrual period when separating pre-term births (<38
weeks) from babies born at term or later (not pre-term births) was well predict-
ed when validated against dating by ultrasound measurement of fetal biparietal
diameter [74, 86].

Validity of the dietary record
The seven-day precoded food record completed by the men in this study has
been validated against weighed food records [87]. The reported protein intake
was 20% lower compared to 24-hour urine samples [87], suggesting an under-
estimation of the protein intake, and possibly the whole energy intake, by 20%.
The validity of this food record in the cohort of 70-year-old men has been
further discussed previously [67].
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Results and discussion

Paper I
Associations of PAI-1 with components of the insulin resistance syndrome
PAI-1 activity correlated with many of the investigated factors, shown in Figure 7.
There were positive associations between PAI-1 activity and BMI, waist/hip
ratio, systolic and diastolic blood pressures, LDL/HDL ratio, concentrations of
insulin, glucose and serum triglycerides. In addition, the activity of PAI-1 cor-
related negatively with HDL cholesterol and insulin sensitivity. There were no
statistically significant associations between PAI-1 activity and concentrations
of serum non-esterified fatty acids or total cholesterol.

A higher PAI-1 activity was also demonstrated in men who were alcohol
consuming, used anti-hypertensive medications or stated that they suffered from
hypertension or angina. There was no statistically significant difference in PAI-1
activity among smokers and non-smokers or subjects who previously had or
had not suffered from myocardial infarction.
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Multivariate analysis
Multivariate regression and correlation analyses were performed with the in-
tention to study the relationship between the activity of PAI-1 and predefined
factors related to the insulin resistance syndrome, corrected for potential con-
founders. The results are presented in Table 1. There were significant associa-
tions between PAI-1 activity and insulin sensitivity index (negative), serum trig-
lycerides (positive), BMI (positive) and waist/hip ratio (positive), all independ-
ent of each other and of the potential confounders included in the analysis. In
a second model, the fasting glucose concentration was added, to investigate
whether the hyperglycaemia characteristic of type 2 diabetes changed the asso-
ciations. The fasting glucose concentration was independently associated with
PAI-1 activity in the multivariate model (partial b=0.09, partial r=0.07, partial
p=0.032) but the addition of this variable did not change the associations be-
tween PAI-1 activity and the other variables in the model.

Table 1. Multivariate regression and correlation with PAI-1 as dependent variable

M/I s-TG BMI waist/hip ratio
partial b (1 SD increase) –0.16 0.21 0.16 0.14
partial r –0.12 0.18 0.11 0.10
partial p <0.001 <0.001 0.001 0.004
Independent variables included in the analyses were insulin sensitivity, serum
triglycerides, BMI, waist/hip ratio, systolic and diastolic blood pressures, age, and
use of drugs with antihypertensive effect. b denotes regression coefficient, r
correlation coefficient.

Interaction between insulin sensitivity and serum triglycerides
The combined effect of insulin sensitivity and serum triglycerides on PAI-1
activity is illustrated in Figure 8. The activity of PAI-1 seemed to be somewhat
higher than expected in men in the lowest tertile of insulin sensitivity (i.e. most
insulin resistant) and highest tertile of serum triglycerides. However, the test
for interaction was not statistically significant.
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PAI-1 activity in groups of glucose tolerance
Like many other metabolic variables, PAI-1 activity was observed to be lower in
men with normal glucose tolerance, whereas the activity was higher in men
with impaired glucose tolerance or type 2 diabetes mellitus [69], illustrated in
Figure 9. When PAI-1 activity was adjusted for the variables included in the
multivariate analysis described above, the difference in PAI-1 activity between
the groups was reduced. Additional adjustment for fasting glucose concentra-
tion did not substantially change the levels of PAI-1 in the groups. However,
after both adjustments, men with type 2 diabetes still had significantly higher
activities of PAI-1 than men with normal glucose tolerance, and there was still
a statistically significant trend over the groups (Figure 9).
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Discussion of Paper I
The results of this study show that PAI-1 activity is associated with insulin
sensitivity, serum triglycerides, BMI and waist/hip ratio, independently of each
other and of potential confounders. Previously, only one small study could
demonstrate an independent association between PAI-1 and insulin sensitivity
[88] although many studies had demonstrated bivariate relations. Several stud-
ies had shown that serum triglyceride levels, and not insulin or insulin sensitiv-

Figure 9. Adjusted geometric means of PAI-1 in groups of glucose tolerance [69]. Means
were adjusted for serum triglycerides, insulin sensitivity, age, systolic and diastolic blood
pressure, BMI, waist/hip ratio antihypertensive medication, and in a second adjustment
also for fasting glucose levels. * p<0.05. ρ indicates Spearman's rank correlation coeffi-
cient. NGT denotes normal glucose tolerance, IGT impaired glucose tolerance, Type 2
DM type 2 diabetes mellitus.
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ity, were independently associated with PAI-1 levels [89-91]. However, PAI-1
activity was also independently related to both concentrations of serum triglyc-
erides and fasting insulin [92, 93] (or des-31, 32 proinsulin [94]). It was hy-
pothesised that the association between insulin sensitivity and PAI-1 was medi-
ated via the association between insulin sensitivity and serum triglycerides. Since
the publication of Paper I, the World Health Organisation (WHO) proposal
for the definition of the insulin resistance syndrome mentions elevated PAI-1
levels as a characteristic of the syndrome [71]. However, this characteristic is
not necessary for the definition of the syndrome.

The difference in PAI-1 activity between groups of glucose tolerance was not
completely explained by adjustment for any of the investigated variables. Al-
though the difference decreased, there was still a significant trend showing the
highest PAI-1 activity in men with type 2 diabetes and lowest in men with
normal glucose tolerance. Genetic factors may be part of the explanation, or
other factors not included in the analysis, for example proinsulin.

Concluding remark (Paper I)
High PAI-1 activity was associated with low insulin sensitivity, high concentra-
tions of serum triglycerides, high body mass index and high waist/hip ratio,
independently of each other and of other potential confounders. PAI-1 was
also associated with glucose concentrations, but this association did not inter-
fere with the associations with the other variables investigated. It was argued
that high PAI-1 levels should be regarded as a characteristic of the insulin resist-
ance syndrome.

50 years

↓ umbilicus skinfold
↓ subscapular skinfold
↓ truncal fat

↑ BMI
↓ blood pressure
↓ immunoreactive insulin
↓ insulin resistance
– serum lipids

70 years
↓ PAI-1 activity
↓ specific insulin
↓ proinsulin
↓ split proinsulin
↑ BMI
↑ hip
↓ waist/hip ratio
– serum lipids
– waist

↓ blood pressure
↑ insulin sensitivity

birth
weight

Figure 10. Associations between birth weight and metabolic variables (adjusted for
BMI). The ratio of subscapular/triceps skinfolds was used as a measure of truncal fat.
Variables listed below the dashed lines are relations described in previous publications
from this cohort [72-74, 107].  p<0.03 for all significant associations. ↑ represents
positive association, ↓  negative association, – no statistically significant association.
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Paper II
Association of weight at birth and metabolic variables at 50 and 70 years
The mean birth weight of the whole study population was 3.60 kg (range 1.40–
5.40 kg). In the subgroup of men born in Uppsala Akademiska Sjukhus, the
mean birth weight was 3.50 kg (range 1.40–4.97 kg). The mean birth weights
of those born pre-term and not pre-term were 3.14 and 3.55 kg, respectively.

In Figure 10, variables at ages 50 and 70 associated with birth weight are
presented. The associations presented were adjusted for BMI (except for the
association with BMI itself ). The negative association between birth weight
and truncal fat was the strongest of the associations with factors measured at
age 50; a 1 kg increase in birth weight was associated with a 0.30 SD decrease in
truncal fat (adjusted for BMI). All associations were still significant when pre-
term births were excluded. For 1 kg increase in birth weight, PAI-1 activity
decreased with 0.25 SD when adjusted for BMI. This association, and the asso-
ciations with intact and 32–33 split proinsulin measured at age 70 remained
statistically significant also when only men with normal glucose tolerance were
included. The associations between birth weight and PAI-1 and split proinsulin
were somewhat stronger when men born pre-term were excluded. There were
no statistically significant associations between birth weight and serum lipids
measured at age 70. Previous analyses in this cohort made the same observation
also at age 50 [72].

J

E

H

0 0.2 0.4 0.6 0.8 1

C

Odds ratio

Figure 11. Association between birth weight and the insulin resist-
ance syndrome and a cluster of birth weight associated factors. Odds
ratios are for 1 kg increase in birth weight. Error bars represent
95% confidence intervals.
J insulin resistance syndrome (50 years)
E insulin resistance syndrome (70 years)
H cluster of birth weight-associated factors (50 years)
C cluster of birth weight-associated factors (70 years)
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Association of birth weight with the insulin resistance syndrome and with
a cluster of factors associated with birth weight
We defined the insulin resistance syndrome as the combination of hyperten-
sion, glucose intolerance or insulin resistance and dyslipidaemia. In addition,
we empirically defined a cluster of factors associated with birth weight. This
cluster was defined as the combination of hypertension, glucose intolerance or
insulin resistance and high truncal fat (at age 50) or high PAI-1 activity (at age
70). The associations between birth weight and these outcomes are illustrated
in Figure 11. Socio-economic factors, either at birth or in adulthood, and smok-
ing did not change the relations of birth weight and the insulin resistance syn-
drome and the cluster of factors associated with birth weight, respectively.

Discussion of Paper II
Due to the strong association between low birth weight and the insulin resist-
ance syndrome observed in one study, it was suggested that the insulin resist-
ance syndrome should be renamed the small baby syndrome [95]. In the light
of that study, we wanted to distinguish those factors associated with low birth
weight from those generally clustered in the insulin resistance syndrome. In-
deed, we could demonstrate no association between serum lipid concentrations
and size at birth, although elevated serum triglycerides and low HDL cholester-
ol concentrations are an important characteristic of the insulin resistance syn-
drome. Studies in this cohort, along with studies in other populations and the
results from Paper II, have consistently demonstrated that the factors in adult-
hood associated with low birth weight are: hypertension, insulin resistance,
glucose intolerance, and increased cardiovascular mortality [73, 74, 95-107].
To these factors we have been able to add high activity of PAI-1, a mediator of
impaired fibrinolysis (Paper II).

The association present between low birth weight and high waist/hip ratio,
often used as a measure of abdominal obesity, was mediated by a smaller hip
rather than a large waist in our study, and in one recent study [108]. Previous
studies investigating this association did not present the separate associations of
birth weight and the waist and hip circumferences, respectively [102, 103, 106,
109]. In contrast to waist circumference, truncal fat was inversely associated
with birth weight, an observation also made in one other study of adults [102].
In addition, no association between birth weight and waist circumference [110],
waist/hip ratio [110, 111], visceral fat area or visceral to subcutaneous fat ratio
[111] could be demonstrated (the association with hip circumference was not
presented in these studies).

Most studies have failed to demonstrate relations between size at birth and
serum lipid concentrations in adult age, including serum triglycerides, non-
esterified fatty acids, and total, LDL and HDL cholesterol [102, 103, 111-
113]. However, positive associations between birth weight and apolipoprotein
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A (structural protein linked to HDL cholesterol) [114] and HDL cholesterol
[103], and negative associations with serum triglycerides (after adjustment for
BMI) [114] and apolipoprotein B (structural protein linked to LDL cholester-
ol) [113] have been demonstrated. Abdominal circumference at birth was in-
versely related with apolipoprotein B, total and LDL cholesterol concentra-
tions [113] and ponderal index at birth (kg/m3) was positively associated with
apolipoprotein A, total and HDL cholesterol [114]. These discrepant results
may illustrate the difficulties of studying the combination of effects of lifestyle-
related obesity and effects determined by size at birth.

The prevalence of the cluster of factors associated with birth weight was
shown to be similar to the prevalence of the insulin resistance syndrome. These
results imply that the association of low birth weight with insulin resistance is
not mediated via dyslipidaemia or abdominal obesity and that it could be linked
via a specific pathway.

Concluding remark (Paper II)
Low birth weight predicts high blood pressure, insulin resistance, truncal obes-
ity and high PAI-1 activity but not the abdominal obesity or dyslipidaemia
present in the insulin resistance syndrome. From these results it was possible to
define a cluster of factors associated with birth weight. This cluster includes a
subset of the disturbances that are clustered in the general population as the
insulin resistance syndrome. It was suggested that this subset of physiological
disturbances is possibly linked by a specific pathway.

Paper III
Physical activity and metabolic variables
The distribution of the study population in the physical activity categories is
illustrated in Figure 12. The cross-sectional associations between physical activ-
ity level and metabolic cardiovascular
risk factors at ages 50 and 70 years,
respectively, are presented in Figure 13.
A low level of physical activity was as-
sociated with worsened metabolic risk
profile, including higher BMI, higher
concentrations of insulin, insulin
propeptides, and serum triglycerides,
and lower HDL cholesterol and insu-
lin sensitivity, also after adjustment for
BMI. In general, the correlation coef-
ficients were low; the strongest corre-
lations were observed between physi-
cal activity and split proinsulin at age

Sedentary Moderate Regular Athletic
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50 years 70 years

Figure 12. Distribution of men in the
physical activity categories.
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50 (r=–0.13) and intact proinsulin at age 70 (r=–0.12). In addition, at age 70,
a low level of physical activity was associated with low insulin sensitivity index
(r=0.18, p<0.001) and high PAI-1 activity (r=–0.11, p=0.003).

During the twenty years between the first examination and the examination
at age 70 years, 51% (n=454) of the 898 men who participated in both exami-
nations reported no change in physical activity level. Thirty-one percent (n=282)
had increased and 18% (n=162) had decreased their amount of physical activ-
ity. The change in leisure-time physical activity was associated with changes in
metabolic variables from the first to the second investigation (Figure 14). In-
creased physical activity level over 20 years was associated with improved cardi-
ovascular risk factor profile. The associations with serum triglycerides, HDL
cholesterol, fasting glucose and 32–33 split proinsulin remained after adjust-
ment for weight change.

-15

-10

-5

0

5

50 years
↓ BMI
↓ pulse rate
↓ s-TG
↓ s-cholesterol
↑ HDL cholesterol
↓ LDL cholesterol
↓ LDL/HDL chol
↓ specific insulin
↓ proinsulin
↓ split proinsulin

70 years
↓ BMI
↓ pulse rate
↓ s-TG
↑ HDL cholesterol
↓ specific insulin
↓ proinsulin
↓ split proinsulin
↓ 18:1/18:2 ω6
↓ PAI-1 activity
↑ insulin sensitivity

Degree of
leisure time

physical act ivity

Figure 13. Association between physical activity and metabolic variables.The ratio
of oleic/linoleic acid (proportions in serum cholesterol esters) was used as a marker of
saturated fat intake. ↑  represents positive association, ↓ negative association.

Figure 14. Change (unadjusted) in
metabolic variables between 50
and 70 years when physical activity
is increased by one level between 50
and 70 years of age. p<0.02 except
for specific insulin (p=0.072).
HDL-c denotes high-density lipo-
protein cholesterol, s-TG serum
triglycerides.
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Physical activity and cardiovascular mortality
A higher level of leisure time physical activity at age 50 was associated with a
lower risk of cardiovascular mortality, when compared to sedentary men (Fig-
ure 15, panel a). This was also reflected in the risk of all-cause mortality (Figure
15, panel b). Multivariate analyses were performed in several steps in a subpop-
ulation with non-missing data (Table 2). First, adjustment was made for socio-
economic and lifestyle cardiovascular risk factors (smoking, marital status, ed-
ucation, physical activity at work, serum cholesterol ester oleic/linoleic acid
ratio), which attenuated the relations between physical activity and cardiovas-
cular mortality somewhat. Additional adjustment for insulin (specific), proin-
sulin and split proinsulin turned the relation non-significant. Adding to the
model other cardiovascular risk factors (BMI, fasting blood glucose, serum trig-
lycerides, and total, LDL and HDL cholesterol) did not further change the
relations.

Table 2. Hazard ratios (95% confidence intervals) for cardiovascular mortality according to
leisure time physical activity category at baseline, adjusted for baseline characteristics.

Physical
activity A B C D
category HR (95 % CI) HR (95 % CI) HR (95 % CI) HR (95 % CI)
1 1.00 1.00 1.00 1.00
2 0.62 (0.40–0.96) 0.67 (0.43–1.04) 0.72 (0.47–1.12) 0.67 (0.43–1.04)
3 0.60 (0.40–0.91) 0.68 (0.44–1.03) 0.76 (0.50–1.16) 0.72 (0.47–1.10)
4 0.16 (0.04–0.66) 0.19 (0.05–0.81) 0.25 (0.06–1.04) 0.25 (0.06–1.05)
Total n=880, n cases=153
A, age-adjusted; B, adjusted for age, smoking, marital status, education, physical activity level
at work, cholesterol ester oleic/linoleic acid ratio (18:1/18:2 ω6); C, adjusted for B and for
specific insulin, proinsulin, split proinsulin; D, adjusted for C and for body mass index, fasting
blood glucose, serum triglycerides and total, low-density lipoprotein and high-density lipoprotein
cholesterol.

Discussion of Paper III
We could demonstrate an inverse association between PAI-1 and physical activ-
ity in our cohort of elderly men. Similar results have been observed in a Swed-
ish population of both men and women [115] and in French and Northern
Irish men [116], but not statistically significantly so in a study of Welsh men
[117]. Physical training programs seem to reduce PAI-1 levels [118-120]. Ad-
ditionally, the fibrinolytic capacity is further improved by an increase in tPA
activity (reviewed in [119, 120]). Changes in these parameters seem to be most
pronounced among elderly subjects and patients with coronary heart disease.
In contrast, acute physical exercise may lead to a prothrombotic state. In healthy
individuals this is counteracted by a rapid increase in tPA (in most studies, PAI-1
seems not to be affected by acute bouts of exercise [119, 120]). However, cer-
tain sedentary subgroups, such as patients with coronary heart disease, and
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especially those with exercise-induced ischaemia, may be at an increased risk
for an acute coronary event if they are exposed to unaccustomed physical exer-
tion [121].

Observational data also support this idea, where men with a particularly
adverse cardiovascular risk profile who increased their physical activity level
suffered a higher risk of ischaemic heart disease than men who remained seden-
tary [122]. These results raise the question when it is suitable to advice persons
to take up a more physically active lifestyle. It has been suggested that such
advice should be preceded by a thorough review of the person’s cardiovascular
state [122, 123]. In most other studies, an increased physical activity level is
associated with a reduced cardiovascular mortality [122, 124-126]. When the
analyses were performed, the number of cases was too low to investigate wheth-
er an increase in physical activity is associated with decreased cardiovascular
mortality also in the cohort of Uppsala men.

Epidemiological studies on the effect of change in physical activity level on a
large variety of metabolic variables are scarce. Previous epidemiological studies
have demonstrated that increased level of physical activity had positive effects
on obesity and lipids [127], especially HDL cholesterol [128-130]. To our knowl-
edge, no epidemiological study focusing on physical activity has included meas-
urements of all three of glucose, insulin, and proinsulin concentrations. The
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Figure 15. Hazard ratios for
cardiovascular mortality
(panel a) and all-cause
mortality (panel b), accord-
ing to leisure time physical
activity category at 50 years.
Error bars represent 95%
confidence intervals.
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results presented in Paper III imply that a moderately large increase in leisure
time physical activity could improve the main features of the insulin resistance
syndrome.

Base-line physical activity or fitness level has also consistently been related to
future risk of cardiovascular disease [82, 131-133] (earlier studies also reviewed
in [134]), results also demonstrated in this thesis. We aimed at identifying those
factors that mediate this association. One previous study investigating the role
of insulin in the association between physical activity and cardiovascular dis-
ease could not show an effect of insulin or other metabolic factors [135]. In
addition, physical activity was related to cardiovascular outcomes independ-
ently of several cardiovascular risk factors including smoking, obesity, blood
pressure, serum lipids, socio-economic status and diabetes [82, 132, 133]. In
our study, the largest attenuation of the association was observed by adjustment
for insulin, proinsulin and split proinsulin, indicating that these metabolic fac-
tors could mediate the higher risk of mortality among sedentary individuals.
Addition of other metabolic cardiovascular risk factors did not further change
the association.

Concluding remark (Paper III)
The level of physical activity was associated with metabolic factors at both ages
50 and 70. An increased leisure time physical activity between 50 and 70 years
of age, in the absence of active intervention, was associated with improved glu-
cose, insulin, proinsulin and lipoprotein metabolism. Insulin and proinsulin
seemed to be important factors that mediate much of the association between a
sedentary lifestyle and increased risk of cardiovascular disease. These factors are
also those that over time showed the greatest improvement associated with an
increase in physical activity.

Paper IV
PAI-1 activity and dietary nutrient intake
The mean reported total energy intake per day was 7.3 MJ (range 2.3–19.4
MJ). Analyses were performed also without men who reported a total energy
intake below 4.5 MJ per day (n=46) to avoid confounding by extreme underre-
porting of the dietary intake. This exclusion did not change any of the results
that are presented. The total energy intake was inversely associated with PAI-1
activity. The estimated dietary intake of nutrients and their association with
PAI-1 activity is illustrated in Figure 16. Carbohydrate and fibre intake was
inversely associated with PAI-1 activity (r=–0.14 and –0.07, respectively). There
were positive associations between PAI-1 activity and intake of protein (r=0.11),
alcohol (r=0.13), cholesterol (r=0.19) and total fat (r=0.09).

When the total reported fat intake was divided into intake of saturated,
monounsaturated and polyunsaturated fatty acids, there was no correlation
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between the intake of saturated fatty acids and PAI-1 (r=0.02). In contrast, the
intake of monounsaturated and also of polyunsaturated fatty acids was posi-
tively associated with PAI-1 activity (r=0.10 and 0.13, respectively). Similar
results were demonstrated when the estimated intake of separate dietary fatty
acids was studied in relation with PAI-1. None of the saturated fatty acids was
associated with PAI-1. All unsaturated fatty acids (both mono- and polyunsat-
urated fatty acids), except for eicosapentaenoic (20:5 ω3) and docosahexaenoic
acid (22:6 ω3), displayed statistically significant positive associations with PAI-1
activity.

Adjustment for potential confounders and metabolic variables did not alter
the observed relations, except for the association between fibre intake and PAI-1
activity, which turned nonsignificant after adjustment for physical activity or
educational level.

Fatty acid composition in serum cholesterol esters and PAI-1
The proportions of the fatty acids in serum cholesterol esters analysed in a
subgroup of 381 men are presented in Figure 17, where the associations be-
tween PAI-1 and the separate fatty acids also are visualised. In addition to the
separate fatty acids, the activities of elongase, ∆5, ∆6 and ∆9 desaturases were
estimated.

Some of the associations present between PAI-1 and the proportions of the
cholesterol fatty acids are similar to (although in the opposite direction from)
those present between the fatty acid composition and insulin sensitivity [45].
Thus, the relative amounts of palmitic acid (16:0), palmitoleic acid (16:1 ω7),
and dihomo-γ-linolenic acid (20:3 ω6) were positively associated with PAI-1
activity (p=0.061 for 16:0), and the relative amount of linoleic acid (18:2 ω6)

carbohydrates

protein

alcohol

PUFA

MUFA

SFA

Figure 16. Estimated dietary intake
of nutrients and their associations
with PAI-1 activity. The size of the
pie areas corresponds to the percent of
the total energy intake for each
nutrient. SFA denotes saturated fatty
acids, MUFA monounsaturated fatty
acids, PUFA polyunsaturated fatty
acids. The black field represents
residual fat (glycerol, not analysed in
association with PAI-1 activity).
p<0.004 for significant associations.

negative association with PAI-1 activity
positive association with PAI-1 activity
no statistically significant association

with PAI-1 activity
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was inversely associated with PAI-1, as was the estimated ∆5 desaturase activity.
These associations were no longer significant after adjustments were made for
BMI, waist/hip ratio, the insulin sensitivity index, and serum triglyceride lev-
els. The strength of the positive association between PAI-1 and ∆6 desaturase
activity was reduced after this adjustment but it remained statistically signifi-
cant. Adjustment for metabolic factors turned the nonsignificant positive asso-
ciation between PAI-1 and eicosapentaenoic acid (20:5 ω3) significant (p=0.032),
and the association between PAI-1 and arachidonic acid (20:4 ω6) became
nonsignificant. ∆9 desaturase activity was not associated with PAI-1 activity.

Adjustment for potential confounders of lifestyle and socio-economic char-
acter did not change any of the observed associations.

PAI-1 and markers of milk fat
In a further reduced group (n=96), the fatty acid compositions of both serum
cholesterol esters and serum phospholipids were analysed to include also the
proportions of pentadecanoic (15:0) and heptadecanoic acid (17:0). The pro-
portions of 15:0 and 17:0 and their associations with PAI-1 activity are pre-
sented in Table 3. In serum cholesterol esters, the proportion of heptadecanoic
acid (17:0) and the sum of 15:0 and 17:0 were not associated with PAI-1 activ-
ity, although the proportion of pentadecanoic acid (15:0) alone showed an in-
verse association with PAI-1. The proportions of these fatty acids are very low
in serum cholesterol esters and the proportion of 17:0 could only be deter-
mined in 64 men. In serum phospholipids, the proportions of at least 17:0 are
somewhat higher. The sum of 15:0 and 17:0 in serum phospholipids was in-
versely associated with PAI-1 activity.

18:2 ω6
20:4 ω6 16:0

16:1 ω
7

18:1 ω9

22:6 ω3

20:5 ω3
20:3 ω6

18:3 ω6

18:3 ω3

18:0

residual

Figure 17. Serum cholesterol
ester fatty acids and their
associations with PAI-1 activity.
The size of the pie areas corre-
sponds to the proportion of the
fatty acids analysed. The associ-
ation between PAI-1 and
residual fatty acids (black field)
was not analysed. p<0.004 for
all significant associations.

negative association with PAI-1 activity
positive association with PAI-1 activity
no statistically significant association

with PAI-1 activity
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Discussion of Paper IV
PAI-1 activity was positively associated with reported dietary intake of unsatu-
rated fatty acids but not associated with the intake of saturated fatty acids.
These results are contradictory in the sense that high PAI-1 levels are regarded
as a risk factor for cardiovascular disease and that high intake of unsaturated
fatty acids is believed to be protective. The mechanisms behind these associa-
tions may be the increased production of PAI-1 by unsaturated fatty acids [10,
53, 54] but not by saturated fatty acids [10], as observed in vitro. Discrepant
results have been presented from intervention studies investigating the role of
long-chain ω3 fatty acids in association with PAI-1 [50-52]. The few studies
demonstrating a reduction of PAI-1 after ω3 supplementation were methodo-
logically questionable (there was lack of a control group and placebo [136], and
PAI-1 was measured in serum [137]). An ω6 fatty acid is often used as a “place-
bo” in the control group to compensate for the increased fat intake in the ω3
treatment group. The fact that different kinds of unsaturated fatty acids, in-
cluding also ω6 fatty acids, may increase PAI-1 levels could explain why some
studies could demonstrate no difference between active treatment and control.

The association between PAI-1 activity and the fatty acid composition of the
serum cholesterol esters was more complex. A high PAI-1 activity was associat-
ed with a lower proportion of linoleic acid, lower estimated ∆5 desaturase ac-
tivity, higher proportions of palmitic, palmitoleic, and dihomo-γ-linolenic acid
and with higher activity of estimated ∆6 desaturase activity. This very pattern is
also observed in insulin resistant individuals and is also achieved by a saturated
fat-rich diet (when compared to a diet rich in unsaturated fatty acids) [45].
Adjustment for BMI, waist/hip ratio, triglycerides and insulin sensitivity index
turned the associations non-significant. Previous studies are in accordance with
this; no significant association between erythrocyte phospholipids and PAI-1
was observed after adjustment for BMI [116]. In addition, in adipose tissue
fatty acids, only α-linolenic acid (18:3 ω3) was significantly associated with
PAI-1 activity (inverse association) after adjustment for triglycerides and BMI
[90]. The fatty acid composition of dietary fat is reflected by the fatty acids in
different compartments of the body at different time points. Thus, dietary fatty

Table 3. Proportions of 15:0 and 17:0 and their association with PAI-1 activity.

n mean±SD range r p
Serum cholesterol esters
15:0 96 0.21±0.05 0.10-0.32 –0.20 0.050
17:0 64 0.099±0.017 0.072-0.182 –0.08 0.545
15:0+17:0 64 0.32±0.06 0.17-0.44 –0.15 0.245

Serum phospholipids
15:0 95 0.23±0.06 0.10-0.46 –0.18 0.076
17:0 96 0.46±0.09 0.20-0.87 –0.19 0.069
15:0+17:0 95 0.70±0.13 0.42-1.12 –0.21 0.041
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acid composition is reflected in the serum triglycerides a few hours after a meal;
in erythrocyte membranes, serum phospholipids, and cholesterol esters weeks
to months later; and in triglycerides of adipose tissue 2–3 years later (summa-
rised in [67]).

Inverse associations between PAI-1 and the proportions of pentadecanoic
acid (15:0) and heptadecanoic acid (17:0), fatty acids used as markers of dietary
fat intake [67, 138, 139], are in line with the observations that intake of milk
fat is inversely associated with tPA antigen [140] and with metabolic cardiovas-
cular risk factors [67].

The results imply that the associations present between PAI-1 activity and
the fatty acid proportions in serum cholesterol esters are partly influenced by
factors associated with the metabolic syndrome.

Concluding remark (Paper IV)
Reported carbohydrate intake correlated inversely with PAI-1 whereas the re-
ported intake of protein and alcohol displayed positive correlations with PAI-1
activity. The reported dietary intake of unsaturated – both mono- and polyun-
saturated – fatty acids was positively associated with PAI-1 activity, whereas the
intake of saturated fatty acids was not. The associations present between PAI-1
activity and the fatty acid proportions in serum cholesterol esters were similar
to (although in the opposite direction from) those previously demonstrated
between insulin sensitivity and the fatty acid composition. The associations
were also partly influenced by factors associated with the insulin resistance syn-
drome.
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General discussion

THE WORK OF this thesis demonstrated that PAI-1 activity is related to many
components of, or possible contributors to, the insulin resistance syndrome.
The different aspects of the insulin resistance syndrome studied in this thesis in
relation with PAI-1 activity, outlined in Figure 3, are intertwined in an intricate
system that is not fully understood. The relations not described in the figure
will be briefly discussed.

In addition to physical activity, all the other factors have also been associated
with cardiovascular mortality in one way or another. Dietary factors are related
with the insulin resistance syndrome, as is the fatty acid composition of serum
cholesterol esters. The latter is influenced not only by diet but also by physical
activity and possibly by fetal malnutrition or genetic factors, which could lead
to impaired fetal growth and low birth weight. As demonstrated in this thesis,
factors of the insulin resistance syndrome seem to play a role in both the associ-
ation between physical activity and cardiovascular mortality and that between
fatty acid composition of serum cholesterol esters and PAI-1 activity.

Insulin sensitivity and PAI-1
Several factors have been shown to increase the production of PAI-1 via differ-
ent mechanisms, as summarised in Figure 2. However, it is not fully under-
stood how the insulin sensitivity exerts its effect on PAI-1. It was suggested that
the association between insulin sensitivity and PAI-1 was mediated via serum
lipids, but we could demonstrate an independent association between the two.
It may also be the compensatory high insulin levels that are acting on PAI-1.
Possible reasons for insulin sensitivity to be more closely associated with PAI-1
than insulin are a lower intra-individual variability and a more precise method
of measurement for insulin sensitivity index determined by clamp than fasting
insulin concentrations. Another reason may also be that insulin sensitivity har-
bours more information than does fasting concentrations of insulin. It is known
that individuals with type 2 diabetes have a larger proportion of circulating
proinsulin than non-diabetic controls [141, 142]. In addition, the radioimmu-
noassay method for measuring plasma insulin cannot distinguish insulin from
proinsulin and its split products, which leads to an overestimation of the insu-
lin concentration [141]. Proinsulin and split proinsulin are well correlated with
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insulin resistance and not with insulin secretion [143, 144]. In addition, low
birth weight has been associated with increased specific insulin, intact and 32–
33 split proinsulin concentrations ([97, 145]; Paper II). These factors were also
the ones that significantly reduced the strength of the association between physical
activity and cardiovascular mortality in Paper III. Proinsulin has been demon-
strated to be associated with PAI-1 levels in epidemiologic studies [94, 146,
147], and increases PAI-1 production in porcine endothelial cells [9] and in
HepG2 cells but not in human endothelial cells [148, 149]. Insulin increases
PAI-1 activity by decreasing the degradation of PAI-1 mRNA and has no effect
on the transcription of the PAI-1 gene [150]. Proinsulin, on the other hand,
increases the mRNA production and PAI-1 synthesis concordantly, and split
proinsulin has similar effect [151]. It has been hypothesised that the mecha-
nism by which increased insulin resistance leads to increase in PAI-1 levels is
not mainly through insulin but through intact and split proinsulin [148].

In the cohort under investigation in this thesis, proinsulin has been identi-
fied as an independent risk factor for coronary heart disease mortality and
morbidity [152]. It was also a predictor of the development of impaired glucose
tolerance and type 2 diabetes [153]. It is not known whether proinsulin is ather-
ogenic in itself [154] or is merely a better marker for insulin resistance [143,
144].

Mechanisms behind the insulin resistance
syndrome and the link with birth weight
As discussed earlier, contradictory results regarding the associations between
birth weight and serum lipids and abdominal obesity, respectively, have been
presented. These discrepant results may not only be dependent on methodo-
logical issues. Perhaps different mechanisms act in concert or separately. Thus,
there may be one insulin resistance that is associated with abdominal obesity
and dyslipidaemia with one etiological background and another insulin resist-
ance that is associated with truncal fat accumulation and altered sensitivity to
or regulation of glucocorticoids. It is possible that low birth weight is more
related to the latter type of insulin resistance in our population and to the
former in others.

Although there is a possibility of two mechanisms behind insulin resistance,
the two etiological types of insulin resistance may be difficult to separate. This
is for example illustrated in Figure 11 where the prevalence of the cluster of
factors associated with birth weight (in our study hypertension and insulin
resistance or glucose intolerance and truncal obesity or high PAI-1 activity) is
compared with the prevalence of the insulin resistance syndrome. The associa-
tion of birth weight with the insulin resistance syndrome is almost as strong as
that we have defined as being associated with birth weight. This is because
people with this cluster of factors associated with birth weight often also dis-
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play central obesity, increased serum triglyceride and lowered HDL cholesterol
concentrations, caused by for example dietary factors. In addition, all risk fac-
tors of the insulin resistance syndrome may not necessarily be seen in the same
individual [23].

The role of fat distribution
The measure of truncal fat (which is associated with birth weight [102], Paper
II) may represent a metabolic and hormonal situation different from that present
in central adiposity [56, 155], although the two states are associated. For exam-
ple, the waist/hip ratio has been more strongly related to HDL cholesterol and
triglycerides than has the subscapular/triceps skinfold ratio [56]. In contrast,
the subscapular/triceps skinfold ratio was more closely correlated with PAI-1
activity than was waist/hip ratio [90]. The role of adipose tissue in the produc-
tion and regulation of PAI-1 is reviewed in [7].

Low birth weight was associated with a smaller hip circumference ([108],
Paper II), perhaps due to a smaller pelvis associated with a smaller bone struc-
ture. An alternative hypothesis may be that a small hip is an indicator of the
hormonal status that influence skeletal muscle mass, structure and insulin re-
sistance. These factors are affected by the elevated cortisol secretion and re-
duced secretion of sex steroids and growth hormone recently observed in the
insulin resistance syndrome (reviewed in [26]). Long-term treatment with glu-
cocorticoids is known to cause accumulation of truncal fat and insulin resist-
ance. In addition, glucocorticoids increase the production of PAI-1 [156], and
concentrations of, or sensitivity to, glucocorticoids could be programmed in
fetal life [39, 157].

Regional adipose tissue growth and metabolism is influenced both by genet-
ic expression and by neuroendocrine and environmental traits (which may in
part also be determined by other genes). These genetic factors may also act in
concert with visceral fat to promote insulin resistance [25]. Effort is now made
to identify genetic explanations that are common for both birth weight and
insulin resistance.

The role of non-esterified fatty acids
An increased flux of non-esterified fatty acids (NEFAs) from visceral adipose
tissue is considered to have a central role in insulin resistance. Also the intracel-
lular lipid content of skeletal muscle is associated with the features of the insu-
lin resistance syndrome [158]. Although birth weight seems to be inversely
related with intracellular lipid content [158], the role of excess intracellular
NEFAs in insulin resistance associated with low birth weight has not been in-
vestigated. Raised intracellular NEFA concentrations could cause several of the
characteristics related with low birth weight. For instance, NEFAs could cause
insulin resistance and impaired glucose intolerance by blocking insulin-medi-
ated uptake and oxidation of glucose in the muscle through substrate competi-
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tion [159] or by direct action on the insulin signal [160]. NEFA also suppress
nitric oxide production in vitro [161] and this could increase blood pressure
[162]. The production of PAI-1 is also induced by NEFAs, a process that seems
to involve induction of gene transcription by intracellular fatty acids [10].

Clinical importance of low birth weight
Fetal undernutrition has been suggested as one of the mechanisms whereby low
birth weight predicts future disease [37, 38]. However, the role of maternal
nutrition for intrauterine growth and metabolic changes in humans [39, 163]
is not as clear as in rodents, where dietary changes during gestation can affect
cardiovascular and blood glucose homeostasis in the offspring [164]. Although
the clinical importance of birth weight on cardiovascular disease and risk fac-
tors may be low, knowledge about the factors behind these associations may
give insights about the etiological mechanisms of the risk factors. The change
in mortality that has been documented with a reduction in risk factors in adult-
hood is much larger than the about 2% decrease in risk of mortality which
would be achieved by a 0.1 kg-increase in the mean birth weight [163].

Physical activity and dietary fatty acids
Socio-economic situation is a strong confounder that has to be considered when
lifestyle factors as physical activity and dietary habits are investigated in relation
with disease outcomes [41]. We could adjust for some socio-economic factors
in our analyses, thus reducing the confounding effect. Independently of factors
as educational level and marital status, physical activity level was inversely asso-
ciated with PAI-1 activity and cardiovascular mortality, and positively associat-
ed with insulin sensitivity. Physical exercise has benefits on several of the com-
ponents of the insulin resistance syndrome [41, 134, 165], including insulin
sensitivity [42, 166] and incidence of type 2 diabetes [167]. Mechanisms sug-
gested include increased skeletal muscle blood flow, improved endothelial func-
tion [168], and improved uptake and utilisation of glucose [42], in addition to
reduced obesity and the metabolic improvement followed thereby [165]. The
fatty acid composition of skeletal muscle phospholipids [61, 169] and both the
fibre type distribution and the capillary density of skeletal muscle [170] may
also contribute mechanistically to the association between physical activity and
insulin resistance. It is not clear by which mechanism physical activity acts to
affect the activity of PAI-1, but it may be mediated via the increased insulin
sensitivity or improvement in other metabolic factors.

Dietary fat quality partly determines the fatty acid composition of the body
tissues. We demonstrated somewhat contradictory results regarding PAI-1 ac-
tivity and dietary fat quality. The intake of unsaturated fatty acids, considered
beneficial for the risk of cardiovascular disease [43], were positively associated
with PAI-1 activity, regarded as a risk factor for cardiovascular disease. The net
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result is probably not that the intake of unsaturated fatty acids should be recon-
sidered from a cardiovascular risk point of view. It has been hypothesised that
the increased PAI-1 levels are in fact a protective mechanism to counteract the
increased tendency for bleeding observed in Inuits with a large intake of long-
chain ω3 polyunsaturated fatty acids [43, 171].

Physical activity and dietary habits may thus revert, counteract or at least
postpone the perhaps genetically determined or in utero-programmed insulin
resistance syndrome and cardiovascular disease. Indeed, a healthy diet is associ-
ated with reduced weight in obese individuals, and physical activity programs
also tend to reduce body weight. The effects of low birth weight on insulin
resistance and blood pressure were largest in the highest tertile of BMI [68, 74].
The interaction between genetic and lifestyle determinants of PAI-1 activity
was demonstrated in one study where exercise significantly reduced PAI-1 ac-
tivity only in men homozygous for the 4G allele of the 4G/5G PAI-1 promoter
gene polymorphism [172]. The 4G allele is associated with higher levels of
PAI-1 due to the failure of a repressor protein to bind to this variant (reviewed
in [173]).

Strengths and limitations
The main weak point of the studies included in this thesis is that they do not
include the investigation of women. In the early 1970’s, it was believed that
those suffering the largest risk of cardiovascular disease were middle-aged men.
Women were believed to be at a much lower risk. Thus, several large-scale pop-
ulation-based studies on this topic include only men. However, it is now known
that postmenopausal women are at equally high risk of cardiovascular disease as
are men. The protective effect of oestrogen is also under due investigation. The
results from this thesis may well be applicable also to women, some of this is
supported in other studies, but further analysis of these issues in women are
very much warranted. The results may not either be applicable to younger pop-
ulations.

One must also be aware of a possible cohort effect. As the men in the study
were more thoroughly investigated than men not participating in such a study,
they may well be better off in terms of health and risk of disease. However, as
associations were mainly studied, these would probably not be affected by a
cohort effect, as there was a sufficient enough range of the variables. The site
where the study was performed, Uppsala, an academic city, would probably
also affect the values of the variables observed, but not necessarily the associa-
tions.

The cross sectional observations in this thesis have in common that no strict
conclusions regarding causality can be made, however strong an association
may be. The same is applicable for the association between change in physical
activity level and change in metabolic risk factors, as concomitant changes were
studied.
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The strengths of this study include that the investigations in this thesis were
all based on the same cohort of men, that the sample is population-based (al-
though only on men), and that a large variety of metabolic factors considered
to be risk factors for cardiovascular disease was investigated. For example, a
hyperinsulinaemic euglycaemic clamp test – the gold standard measure of insu-
lin sensitivity – was taken by almost every subject at the investigation at age 70
and measurements also included specific analyses of insulin, proinsulin and
split proinsulin (analysed after Paper I was published). It is also a fairly large
study considering the extensive metabolic investigations undertaken.

Conclusions and future perspectives
This thesis adds knowledge to the epidemiological view of the enigma of the
insulin resistance syndrome, PAI-1, birth weight, and lifestyle factors as physi-
cal activity and dietary habits and their interrelations. It is interesting to note
that PAI-1 is associated both with factors that can be modified and such that
cannot. In some instances, the results in this thesis, based on a population-
based sample of middle-aged to elderly men, support what has previously been
demonstrated only in cell cultures. Much remains to be investigated concern-
ing the mechanisms behind these associations. In this cohort, one obvious thing
to explore is the role of PAI-1 as an independent predictive factor for cardiovas-
cular disease.
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