British Journal of Nutrition(2000),83, Suppl. 1, S49-S57 S49

The metabolic syndrome — a neuroendocrine disorder?

Per Bjantorp* and Roland Rosmond
Department of Heart and Lung Diseases, University 6fgBorg, Sahlgren’s Hospital, S-413 45't8borg, Sweden

Central obesity is a powerful predictor for disease. By utilizing salivary cortisol measurements
throughout the day, it has how been possible to show on a population basis that perceived stress-
related cortisol secretion frequently is elevated in this condition. This is followed by insulin
resistance, central accumulation of body fat, dyslipidaemia and hypertension (the metabolic
syndrome). Socio-economic and psychosocial handicaps are probably central inducers of
hyperactivity of the hypothalamic—pituitary adrenal (HPA) axis. Alcohol, smoking and traits

of psychiatric disease are also involved. In a minor part of the population a dysregulated,
depressed function of the HPA axis is present, associated with low secretion of sex steroid and
growth hormones, and increased activity of the sympathetic nervous system. This condition is
followed by consistent abnormalities indicating the metabolic syndrome. Such ‘burned-out’
function of the HPA axis has previously been seen in subjects exposed to environmental stress
of long duration. The feedback control of the HPA axis by central glucocorticoid receptors
(GR) seems inefficient, associated with a polymorphism in therl of the GR gene locus.
Homozygotes constitute about 14 % of Swedish men (women to be examined). Such men have
a poorly controlled cortisol secretion, abdominal obesity, insulin resistance and hypertension.
Furthermore, polymorphisms have been identified in the regulatory domain of the GR gene
that are associated with elevated cortisol secretion; polymorphisms in dopamine and leptin
receptor genes are associated with sympathetic nervous system activity, with elevated and low
blood pressure, respectively. These results suggest a complex neuroendocrine background to
the metabolic syndrome, where the kinetics of the regulation of the HPA axis play a central
role.

Metabolic syndrome: HPA axis: Stress: Glucocorticoid receptor

The metabolic syndrome or syndrome X (Reaven, 1988) is ain a number of cross-sectional and prospective studies (for
cluster of symptoms generally considered to include insulin review see Bjmtorp, 199@). Central obesity is most
resistance, central obesity, dyslipidaemia and hypertension.prevalent among men and post-menopausal women, and
Insulin resistance has been considered to be the centramight contribute to the high incidence of cardiovascular
feature, because dyslipidaemia and perhaps hypertensiordisease in these groups. In moderate degrees, peripheral
may be secondary consequences to the prevailing hyper-obesity appears to be mainly a cosmetic problem. It is
insulinaemia (Reaven, 1988). Central obesity is, however, important to realize these differences in risks when the
more difficult to place in a pathogenetic context along this growing problems with obesity are considered “(@Bjorp,

line of explanation. 199%).

Obesity is now developing to alarming proportions in Central obesity is consequently the condition where the
several parts of the world (WHO, 1998). The major con- metabolic syndrome is most frequently found. The patho-
cerns are the co-morbidities associated with obesity such asggenesis for this combination of symptoms is not known.
type 2 diabetes mellitus, cardiovascular disease, stroke andrhis problem is of major importance because it may hide the
certain types of cancers, as well as the predictors (risk background to prevalent disease.
factors) of these diseases, including insulin resistance,
dyslipidaemia and hypertension, in other words, the meta-
bolic syndrome.

There is now strong evidence for an established difference Clinicians are struck by the immediately apparent differ-
between central (abdominal, visceral) and peripheral (gluteo-ences between central and peripheral obesity, and syste-
femoral) obesity in the associations to these diseases.matic descriptions appeared more than half a century
Central obesity shows most of the hazardous complicationsago (Kretschmer, 1921; Vague, 1947). Central obesity is

Cortisol secretion in obesity
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sometimes described as a ‘Cushingoid’ form of obesity Recent studies employing saliva cortisol
because of the apparent similarities with Cushing’s syn- W

drome. Therefore numerous studies have been performeqion between cortisol and the metabolic syndrome. These

on cortisol secretion in obesny.. The result's have shown, in studies have been performed on a random population basis
short, that obesity is characterized by an increased produc-in both middle-aged men (52 years) and women (40 years)
tion of cortisol, combined with an elevated fractional turn- ) Y y '

! . Only the results for the men are currently available, and will
over rate, which results in normal or lower-than-normal y y

circulating cortisol. The feedback control of the hypotha- tl)ggzt;)mmanzed in the following (Rosmoret al. 1998,

lamic—pituitary adrenal (HPA) axis has been found to be
normal, utilizing the conventional 1 mg dose of dexametha-
sone (Bjontorp, 199%).

Unfortunately, these studies have usually not separated
central and peripheral obesities, which would have been
desired (or even expected) knowing the difference in exter-
nal appearance of these both conditions: in fact only central
obesity should have been suspected to show pathological
features of cortisol secretion. There are, however, studies
where the features of cortisol secretion found in obesity in
general seem to be more pronounced in central than in

peripheral obesity (Bjmto_rp, 1999). : values of testosterone and insulin-like growth factor | (a
A common problem with these studies seems, however, o i e for growth hormone secretion), metabolic vari-
to be that the examinations performed have often been tho:seables (glucose, insulin, triglycerides total’ LDL and HDL
conventionally used in the clinical diagnosis of Cushing’s ' ! ! '
syndrome. Sgch methods are probabl;?too insensitive, \Qllvith cholesterol), as well as blood pressures and heart rate.
little discriminative power for milder forms of HPA axis
hyperactivity. These tests are also usually performed with Results and discussion
the proband in the unfamiliar milieu of a hospital or
laboratory and include venipunctures, both factors being
likely to disturb the sensitive regulatory system to be As expected, the diurnal cortisol curves showed a contin-
examined. Strain-causing events may occur under everydayuous spread of saliva cortisol concentrations. These results
life conditions, resulting when frequently repeated in dam- were not possible to sort out in a meaningful way in curves
aging long-term consequences. Cortisol secretion following of different, defined characteristics, even with arbitrarily
such events is only discoverable in the natural milieu. In chosen borderlines. To avoid these difficulties we therefore
turn, this means that sampling procedures must be employedused a measurement of cortisol variability over the day
that are not dependent on a laboratory setting. which depends mainly on the differences between morning
Cortisol in saliva meets such requirements because of the(high) and evening (low) cortisol values. By a statistical
possibility of delivering repeated saliva samples under most weighting procedure (Rosmorat al. 1998) of high or low
circumstances except during sleep. Furthermore, salivavariability, it was possible to visualize two types of diurnal
cortisol measures free, circulating cortisol, and is independentcurves (Fig. 1). One had high morning and low evening
of changes in saliva secretion (Kirschbaum & Hellhammer, values, and was considered to represent a normally func-
1994). Measurements of cortisol in saliva seem to be ideal for tioning HPA axis. Another type of curve was flat and
the requirements needed, and are relevant for the purposeshowed low morning values, not much different from
of examining minor perturbations of cortisol secretion in evening concentrations, probably a pathological condition.
everyday life. The use of the weighting procedure made it possible to
The usefulness of this methodology for the purpose in sort out these different day curves, but does not allow
qguestion has recently been beautifully documented in a quantification of the prevalence of the normal and patholo-
study of normal subjects (Smy#t al. 1998). The probands  gical cortisol secretion. This procedure utilizes all measure-
delivered saliva for cortisol measurements on six random ments from the men with a different weight of the analysed
time points over an ordinary working day, and reported variable and is exaggerating the difference. The variability
simultaneously the mood and environmental pressures,of the measured cortisols, used as a weighted separation
perceived at the time of sampling, due to ongoing, anticipated characteristic, is dependent mainly on the concentration of
or previously experienced problems. With these procedures itmorning cortisols, because the evening cortisols were not
was possible to demonstrate the dramatic influences of suchmuch different between the two curve types (Fig. 1).
factors on cortisol secretion, which varied in a ‘dose— Morning cortisol may therefore be used as a surrogate
response’-dependent manner up to 20-fold over a day. Notmeasurement of diurnal variability, and is less complex to
only previous, current and anticipated environmental factors handle to define arbitrary cut-off points. This procedure also
had an influence on cortisol concentrations, but also moods:seems justified by the high correlation between variability
a happy mood was followed by low cortisol, while feeling and morning cortisolr(=0[B70).
miserable or angry had the opposite effect. This study The average morning saliva cortisol waddl#4 7[2 (SD)
demonstrates the dramatic flexibility and sensitivity of the nmol/l. The values appear normally distributed. There were
HPA axis even during an ordinary working day. 12 men with values<5 nmol/l, and 47 men with between 5

e have used saliva cortisols to study the potential associa-

Saliva was collected repeatedly over an ordinary working
day, with perceived stress self-registered each hour from
morning to bed-time. This allowed examinations of the
kinetics of HPA axis activity including morning and eve-
ning concentrations, and total cortisol secretion over the
day. In addition, the response to a standardized lunch and
Istress-related cortisol were recorded, as well as the suppres-
sion by a low dose (Bmg) of dexamethasone. These
measurements were then set in relation to anthropometric
registrations (BMI; waist—hip ratio, WHR; and abdominal
sagittal diameter), determinations of overnight fasting

Characteristics of diurnal curves
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Fig. 1. Schematic representation of normal diurnal cortisol secretion
with high morning and low evening values, with a peak after lunch,
associated with health (upper curve), and a pathological secretion
with low morning and lunch values, associated with other endo-
crine abnormalities (low testosterone and growth hormone values),
abdominal obesity and the metabolic syndrome. In this condition
there are also signs of elevated activity of the sympathetic nervous
system. Curves obtained by a statistical weighting procedure (from
Rosmond et al. 1998).
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Fig. 2. Cortisol values in the morning, before lunch (sum of lunch
cortisol) and in the evening in men with a normal hypothalamic—
pituitary adrenal (HPA) axis function (high morning, low evening
cortisols) with high (thin line) and low (thick line) stress-related
cortisol, and in men with a pathological HPA axis function (low
variability; broken line). Sum of all cortisol values at 30, 45 and
60 min after a standardized lunch. Statistically significant compari-
sons with the men with normal HPA axis: morning, high stress, P=
0[004, low variability, P < 0[001; before lunch, high stress, P<0001;
lunch, high stress, P <0001, low variability, P < 005 (from Rosmond
et al. 1998, 19994, and unpublished results).
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and<<10 nmol/l. If an arbitrary cut-off point is set at the first
concentration, less than 5% had abnormal values. If insteadseen in Fig. 2, men with a normal HPA axis regulation and
<10nmol/l is chosen as a cut-off point, then about 20% high-stress-related cortisol secretion had significantly
had abnormal cortisol secretion. Although the selection of higher total cortisol secretion than men with a normal axis
borderline is totally arbitrary, such calculations suggest that and low stress-related cortisol secretion. The difference was
a pathological cortisol secretion was found in a small due to an apparent inability of the high-stress men to ‘wind
number of the men examined. down’ their cortisol values during the morning hours before
lunch, plus a larger food-induced cortisol secretion meas-
. ured during the standardized lunch. Evening values were,
Stress-related cortisol however, not different from men reporting low stress.
Stress-related cortisol secretion was calculated as a coeffi- A similar subdivision of the men with pathological HPA
cient of co-variability between all cortisol values and axis function (Fig. 1, lower curve) showed no striking
corresponding stress reports over the day. Stress was regisdifferences in cortisol values with low or high stress-related
tered as a yes/no variable. A high stress-related cortisol cortisol secretion (not shown).
value was due to high cortisol values on the occasions when This subdivision of arbitrary groups of men thus yielded
stress was reported. Similarly, low stress-related cortisol three groups: men with normal kinetics of the diurnal
secretion indicates low cortisol in relation to reported stress. cortisol curve (high morning, low evening cortisols; Fig.
The division line between high and low stress-related 1); with or without elevated stress-related cortisol; and with
cortisol was set where perceived stress had no measurabléow cortisol secretion (Fig. 2). The latter group was not
effect on cortisol values. subdivided because of apparent small or no differences in
It should be observed that this method of calculation does cortisol secretion in groups of high and low reported stress.
not provide information on the occasion, severity or dura-  We have interpreted these findings as follows. Men with a
tion of the perceived stress. Since it measures cortisol normal HPA axis regulation without much cortisol secretion
concentrations in relation to perceived stress on severalrelated to everyday stress have been considered as a normal
registered occasions over a day, this method provides anreference group. In men with stress sensitivity, who still
indication of the sensitivity of the system to react to have a normally functioning HPA axis, cortisol secretion
perceived stress with elevated cortisol secretion. Calculatedbecomes elevated over the day, particularly in the measure-
in this way, about 39 % of the men responded to perceived ments before noon. Food intake is also associated with an
stress with elevated cortisol secretion to a varying degree. elevated cortisol response, indicating an increased sensitivity
of cortisol secretion to a standardized, physiological stimu-
. lus. Taken together, these measurements suggest a fre-
Subgrouping guently activated and sensitized regulatory system of the
Firstly, groups of men with normal HPA axis regulation (as HPA axis in the group of men where a normal HPA axis
defined in the previous section; Fig. 1, upper curve) and high function is exposed to stress, with elevated cortisol secretion
or low stress-related cortisol, were separated out, and theas a consequence. This group constituted about one-third of
absolute saliva cortisol values over the day calculated. Asthe population.
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In a small part of the material, approximately 10 %, the intend to examine these phenomena as far as possible in
cortisol concentrations over the day are clearly different, humans, but we have already seen consistent statistical
showing little variability over the day, not much reaction to correlations between the supposed stages of HPA axis
perceived stress, and less stimulation by feeding than in theactivity derangements and factors which are known or
reference group. Total diurnal cortisol secretion was about suspected to increase HPA axis activity, such as psycho-
75 % of that in the group with a normal HPA axis with low social and socioeconomic handicaps, alcohol consumption,
stress-related cortisol, and the diminution was due mainly to smoking, and traits of depression and anxiety”(Bjorp,
low morning values and to a somewhat lower response to 1993, 1999).
lunch. Such a ‘rigid’ diurnal curve with low plasticity has
previously been observed after prolonged severe stress, such
as in war veterans, chronic pain and in circumstances of
being ‘cornered’ in a seemingly irreversible poor environ-
ment, causing ‘vital exhaustion’, a so-called helplessnessThe somatic variables were then compared between these
reaction (McEwen, 1998). groups (Rosmoncet al. 1998, 1998). Several striking
differences were then found in correlation analyses. In
men with a normal diurnal cortisol curve and low stress-
related cortisol basal, non-stimulated cortisol secretion was
The observations summarized above are so far cross-secnegatively related to anthropometric, metabolic and hemo-
tional. Results of detailed, controlled intervention studies in dynamic values. This was particularly clear when examined
animals are helpful for interpretation of the human data. In in relation to lunch cortisols (Table 1). In contrast, in the
rats which are chronically stressed, an early consequence isnen with normal diurnal kinetics of cortisol values, but with
a facilitation of the activity of the HPA axis during the high reported stress, resulting in elevated total (particularly
phases where the HPA axis is endogenously most activepre-noon and lunch) cortisols, positive relationships were
(Dallmanet al. 1992). This might correspond to our obser- found between cortisol values and sagittal, abdominal dia-
vations of an increased cortisol secretion during the pre- meter and metabolic variables, indicating the metabolic syn-
noon hours and during lunch in men who report stress drome. Furthermore, diastolic blood pressure was elevated in
involvement, because during this period the HPA axis is relation to cortisol secretion (Table 1).
most active in humans. When stress is prolonged the We interpret these results as follows. The group of men
repeated cortisol peaks during occasions of stress causevith normal diurnal cortisol values (high morning, low
elevated cortisol secretion, which eventually is followed by evening concentrations) and low sensitivity to stress, result-
a decreased ‘winding down’ of the stress-induced cortisol ing in normal cortisol secretion over the day, represents men
peaks, followed by a decreased, rigid cortisol secretion, awith an intact regulatory system for the HPA axis, with little
‘burn-out’, where low morning cortisols are a hallmark. At influence by diurnal stressors. This group then has been
this stage sympathetic nervous sytem activity is increasing, considered to represent a hormal condition, and constitutes
which might be considered as a compensatory phenomenorabout two-thirds of the population. Such a hormal HPA axis
to maintain homeostasis or allostasis in various somatic regulation of cortisol secretion, not much influenced by
systems (McEwen, 1998). This development might be what stress, is apparently proportional to healthy somatic variables.
we are seeing in the results of studies in humans, with The group with apparently normally regulated cortisol
first a stress-induced increased cortisol secretion, whichsecretion with high morning and low evening values, but a
then might be followed by a burn-out condition with low sensitization to perceived stress with elevated total cortisol
diurnal cortisol secretion. This might be considered as a values, showed positive relationships particularly to anthro-
‘Starling curve’ of the HPA axis. By follow-up studies we pometric and metabolic variables. Here cortisol might be

Associations between HPA axis activity and
somatic variables

Comparisons with animal studies

Table 1. Relations between indicated variables and cortisol secretion in men with normal and
pathological function of the hypothalamic—pituitary adrenal axis (HPA) in the basal state after lunch
and in relation to reports of perceived stress in 284 randomly selected 51-year-old men

Normal HPA Pathological HPA
Variables Basal Lunch Stress Basal Lunch Stress
Anthropometric - - ++ =) +++ 4+
Endocrine + + - -
Insulin - ++ ++ +++ +++
Insulin/glucose ratio - ++ ++ +++ o+
LipidS - ++ - +++ +++
Hemodynamic - - (+) 4+ 4 S

Anthropometric variables: BMI, waist—hip circumference ratio, abdominal, sagittal diameter.

Endocrine variables: testosterone, insulin-like growth factor .

Lipids: triglycerides, total LDL and HDL cholesterol.

Hemodynamic variables: systolic and diastolic blood pressures and heart rate.

Signs indicate the direction and approximate strength of significant correlations: low HDL indicated by positive labels.
Source: Rosmond et al. 1998, 1999a, and unpublished results.
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considered to be the trigger, particularly when challenges of centrally obese. Elevated free fatty acids induce insulin
various nature stimulated a sensitized system, including foodresistance in muscle (Randiet al. 1963) and provide
intake. Whether or not nocturnal cortisol secretion contributed substrate for hepatic production of lipoproteins ({Bjorp,
to a difference in total cortisol secretion was not measured. 1990). Elevated free fatty acids would therefore be expected
In the men with low, pathological cortisol secretion there to be responsible for or amplify the metabolic perturbations
were consistent, strongly positive relationships to measure-of the men in this subgroup with pathological regulation of
ment indicating central obesity (BMI, WHR and sagittal the HPA axis.
diameter), insulin, glucose, lipids (HDL, cholesterol nega- A better understanding is needed of the mechanisms for
tive), systolic and diastolic blood pressures and heart rate.the severe somatic perturbations of the subgroup of men
This was found both with stress-related cortisol and with with a pathological but low total cortisol secretion. The
cortisol secretion after lunch, and is a full-blown picture of strong relationships to an abnormal regulation of HPA axis
the metabolic syndrome including central obesity and ele- function rather than total cortisol secretion suggest that the
vated blood pressure (Table 1). We have interpreted this topathogenesis is in some way associated with neuroendocrine
mean that a pathologically regulated cortisol secretion is perturbations. The low sex steroid and growth hormone
strongly related to somatic abnormalities, particularly vis- secretions, as well as increased activity of the sympathetic
ible after HPA axis challenges (stress or lunch). In this nervous system, may well be other signs of central regula-
condition, however, total cortisol secretion is not elevated tory abnormalities which can be derived from primary
and is unlikely to be directly responsible for the peripheral aberrations in HPA axis regulation. There are probably
abnormalities. additional pathogenetic pathways. Although this subgroup
of pathological HPA axis regulation is limited in the
population (approximately 10 %), the powerful associations
to a broad risk-factor pattern of disease make it important to
understand this condition.
In the situation with a pathological HPA axis regulation, In summary, the metabolic syndrome appears under two
other potential causes than elevated cortisol secretion for theof the conditions of HPA axis activity examined. The firstis
associated somatic perturbations have to be sought. Twowith elevated, stress-related cortisol secretion, and the
possibilities seem apparent from the results obtained. second with a perturbed HPA axis function without elevated
Firstly, testosterone and IGF-I are consistently low in this cortisol secretion, a situation with a burn-out of the HPA
condition (Table 1), and may be at least partly responsible axis. It is presumed that in the first case cortisol is respon-
for the appearance of the metabolic syndrome. This possi-sible for the pathogenesis of the metabolic syndrome. For
bility seems likely in the face of observations of effects of the burn-out, low sex steroid and growth hormone secretions
these hormones in balancing cortisol effects on fat distribu- combined with an elevated activity of the central sympa-
tion and metabolism. Furthermore, substitutions with these thetic nervous system might generate the metabolic syn-
hormones are followed by marked improvements of the drome. The condition of elevated stress-related cortisol
metabolic syndrome, including visceral fat mass'(Bjorp, secretion appears to occur in about 20-25% of the men
1993, 1966). It should be noted that perturbations of the examined, and the pathological HPA axis function in some
regulation of the HPA axis are followed by inhibitions of 10% in approximate, arbitrary figures. This does not mean,
the central axes for growth and sex steroid hormone secre-however, that a total of 30—35 % of the men suffer from the
tion (Chrousos & Gold, 1992); in other words, HPA axis metabolic syndrome, because the associations between HPA
disturbances might be the primary factor for abnormalities axis perturbations and the metabolic syndrome are statistical
in the gonadal and growth hormone axes. phenomena. We have abstained from drawing further arbi-
An additional possibility might be that the central sym- trary borderlines with the ambition of giving prevalence
pathetic nervous system seems to be activated in thisfigures for the metabolic syndrome. However, it seems likely
condition of a pathological, burned-out HPA axis. This that a large fraction of the metabolic syndrome may be
possibility is indicated by the robust associations with recruited via these neuroendocrine pathways, affecting cen-
elevated blood pressure and heart rate (Table 1). Thistral axes of both endocrine regulations and the sympathetic
might correspond to observations in controlled animal nervous system.
experiments where a faltering HPA axis activity is followed The combined appearance of signs of activation of
by elevated activity of the sympathetic nervous system, several neuroendocrine pathways is an expected phenom-
perhaps as a protective compensation to maintain homeo-enon, and is probably due to the tight functional associations
static or allostatic conditions (Calogeet al. 1988). Such of the regulatory centres at several levels. In fact it is
activation has been considered as the trigger for the devel-difficult to activate one isolated pathway to the periphery:
opment of hypertension in the early hyperkinetic state usually combined responses to challenges are occurring
(Folkow, 1993). along both the HPA axis and the sympathetic nervous
Another consequence of elevated sympathetic nervoussystem, a ‘hypothalamic arousal’. When this progresses
system activity would be expected to be a stimulation of for a sufficiently long period, the gonadal, growth hormone
mobilization of free fatty acids. Elevated circulating free and thyroid axes become secondarily inhibited (Chrousos &
fatty acid concentration is a well established phenomenon in Gold, 1992). Such combined perturbations would be
central obesity (Kissebadt al. 1998). Although thiswas not  expected to affect several peripheral somatic systems in a
measured in the work discussed here, the men with signs ofpowerful way, probably including the pathogenesis of the
elevated sympathetic nervous activity were also clearly metabolic syndrome.

Involvement of sex steroid and growth hormones and the
sympathetic nervous system
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Genetic aspects Finally, a polymorphism has been localized to the 5
flanking region of the GR gene locus, utilizing the restric-
tion enzymerTthlll-1. This is associated with elevated basal
The metabolic syndrome is probably based on a number ofcortisol secretion and is found in 8 % (homozygotes) of the
predisposing genetic factors. Each component in this clustermen. The relationship to metabolic and other variables is
of symptoms might be based on polymorphisms of genes in uncertain (R. Rosmoneét al, unpublished results). How-
peripheral tissues regulating visceral fat accumulation, ever, this finding suggests the potential involvement of
insulin sensitivity, dyslipidaemia and blood pressure. polymorphisms of the promotor region of the GR gene,
Efforts to find such abnormalities have so far apparently and we are currently sequencing the first part of this
not been very successful (Bouchard & Perusse, 1996).domain.

Having seen the possibility of generating somatic perturba- It should be noted in this context that the preliminary
tions by central regulatory neuroendocrine errors, we haveresults of the studies in this sector indicate that the sensi-
focused on central regulatory candidate genes. It has beertivity of the central feedback control of the HPA axis
reported, for example, that cortisol secretion is strongly appears to be diminished in functional studies. This is in
genetically regulated: homozygotic twins show almost accordance with the findings of an elevated sensitivity of the
identical diurnal HPA axis activity (Linkowslet al. 1993). HPA axis upon perceived stress and feeding. Such a

The feedback control of the HPA axis seems to be mildly diminished sensitivity would have the potential to explain
deficient in the metabolic syndrome, visible with suppres- many of the phenomena observed, and is therefore impor-
sion of cortisol secretion with low doses of dexamethasone tant to pursue. The preliminary findings of associations of
(Ljung et al. 1996; Rosmondet al. 1998). Preliminary polymorphisms of the GR gene with HPA axis sensitivity
functional tests suggest that the sensitivity of the central seem to point in the same direction, possibly affecting
glucocorticoid receptors (GR) is diminished, which might regulation of GR density and therefore HPA axis sensitivity.
be due to a low density of these GRs. This could be a A potential functional importance of these polymorphisms
secondary phenomenon by down-regulation of GR density therefore has a high priority for further studies.
due to frequent HPA axis challenges, which under severe
conditions, such as Cushing’s syndrome or melancholic
depression, finally results in irreversible loss of brain sub-
stance in the areas of regulating GRs (McEwen, 1998).
There is of course also the possibility that such deficient There are also potentially interesting polymorphisms in
regulation of central GR density might be due to a genetic the regulatory pathways of the sympathetic nervous system.
susceptibility. A suspected area for such an error would then Dopamine receptors are involved in blood pressure regula-
be in the regulatory domain of the GR gene locus. tion via salt retention (dopamine receptor 1) or by control-

Studies using restriction fragment length polymorphism ling noradrenaline outflow from nerve endings (dopamine
(RFLP) have revealed some potentially interesting associa-receptor 2) (Missalet al. 1998). The latter receptor shows a
tions along these lines, again utilizing the material of men polymorphism which is strongly associated with elevated
described in the preceding sections. An advantage of thisblood pressure (R. Rosmord al., unpublished results). If
approach is the detailed phylogenetic characteristics of thisfunctionally important, such a polymorphism would be
material, and the likelihood that it represents the population at expected to increase the sensitivity of signals to regulatory
large. centres of the sympathetic nervous system and thereby

A polymorphism is found with the restriction enzyme increase blood pressure. This is of potential interest in
Bcll, localized to the first intron of the GR gene. This is view of the involvement of the sympathetic nervous
associated with poor control of cortisol secretion after system in the metabolic syndrome and in early hyperkinetic
feeding (Fig. 2; Table 2) (Rosmoret al. 199%), as well hypertension (Folkow, 1993).
as abdominal obesity, insulin resistance and elevated blood The leptin receptor shows polymorphisms which are also
pressure (Weavest al. 1992; Wattset al. 1992; Buemanet associated with blood pressure regulation, but in an opposite
al. 1997; Rosmoneét al. 199%). About 14 % of the men are  way. Leptin has recently been found in animal experiments
homozygotes for this polymorphism. Its localization in a to stimulate the central sympathetic nervous system, result-
non-coding area of the gene does not exclude a potentialing in elevated blood pressure. This is accomplished via
functional importance such as perturbed splicing of primary signals from the leptin receptor. With mutations of the
MRNA. This polymorphism might, alternatively, indicate a
functionally important polymorphism in the vicinity.

An interesting ,neWIy discovered phenqmenon_m steroid Table 2. Saliva cortisol after lunch in relation to a Bc/l polymorphism
hormone genes is the appearance of trinucleotide repeatsy the glucocorticoid receptor (GR) gene locus (from Rosmond et al.
(CAG). Such repeats in early exons interfere in a quantita- 1999b)
tive manner with transcription of steroid hormone receptor
genes (Riggingt al. 1992). The first exon of the GR gene is

Polymorphisms of genes involved in HPA axis regulation

Polymorphisms of genes involved in the regulation of the
sympathetic nervous system

Homozygotes  Wild type  Heterozygotes

. . n=30 n=289 n=99
silent. Sequencing the second exon has not revealed abnor- ( ) ( ) ( )
mal numbers of CAG repeats in men with the metabolic 30 110+ 71 8B(*)
syndrome in comparison with men without metabolic 42 e o LS
abnormalities or a group of normal subjects in the laboratory 1., peak (nmolfl) 1001** 62 79+

(M. Ottossonet al., unpublished results).
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receptor gene in rodent models resulting in a non-function- cortisol secretion, and a diminished dexamethasone suppres-
ing protein, blood pressure is not elevated despite severesion. In addition, exposure time for poor socio-economic
obesity and large elevations of both leptin and insulin status seems to worsen these associations (Rosmond &
(Hayneset al. 1997; Dunbaeet al. 1997). Bjorntorp, 1999). These findings might provide a mechanism

In the men we have studied, polymorphisms of the leptin for the ‘social inequality of disease’ (Brunnet al. 1997).
receptor gene locus are associated with considerably lower Furthermore, fully controlled experiments in primates
blood pressure. Men with elevated blood pressure appear toshow that exposure to moderate psychosocial stress
be essentially free of this polymorphism. Furthermore, men (change of hierarchy in a colony) is followed by a depres-
with abdominal obesity and elevated leptin and insulin levels sive psychological reaction, enlarged adrenals, a diminished
are apparently protected from hypertension if the leptin suppressibility of the HPA axis activity by low-dose dexa-
receptor is polymorphic (R. Rosmoret al., unpublished methasone, decreased secretion of sex steroid hormones,
results). and a full-blown metabolic syndrome, including visceral fat

In summary, the regulatory systems of both the major accumulation, insulin resistance, dyslipidaemia, elevated
centres for neuroendocrine—endocrine and autonomic ner-blood pressure, and early symptoms of type 2 diabetes
vous system signals to the periphery show polymorphic (impaired glucose tolerance) and coronary artery athero-
genes in RFLP studies. Further studies along these linessclerosis (Shivelyet al. 1997). This is what we find in
may lead to a better understanding of the genetic basis ofhumans exposed to psychosocial and other strains. The
the metabolic syndrome and primary hypertension. It is similarities strongly suggest a cause—effect relationship.
anticipated that sensitivity to environmental pressures
would be more pronounced in the presence of functionally
significant polymorphisms in the central regulatory systems
for neuroendocrine secretions and the autonomic nervousDirect intervention studies are informative in determining
system. cause—effect relationships. We have performed several such
studies with replacements of sex steroid and growth hor-
mones (Bjontorp, 1993). Convincing global improvements
have been obtained, suggesting that the involvement of a
The centres for both the regulation of the HPA axis and the diminished secretion of these hormones is of importance, as
sympathetic nervous system are susceptible to the influencediscussed above.
of a number of environmental factors. The function of these  Direct interventions against the HPA axis perturbations
centres is to serve as a buffer against such environmentalare trickier, for several reasons. Firstly, the mixed picture of
pressures through allostatic mechanisms (McEwen, 1998).involvement of this axis makes interventions complicated.
However, when such inputs become intensive, often We have, for example, tried a GR antagonist (RU 486,
repeated or prolonged, these protective mechanisms mayRoussel UCLAF, Paris) with the aim of blocking the
be damaging. peripheral GR without much success, perhaps due to a

Environmental challenges of this type are frequently lack of specificity, or a breakthrough of an endogenous,
collected under the heading ‘stress’. Under this collective compensatory increase of cortisol secretion, or perhaps
label are included a number of factors from psychological because we studied a mixed bag of HPA perturbations not
pressures to toxins, diseases, depression, anxiety, pain, etkknown at the time these studies were performed (unpub-
Among psychological factors, handicaps in psychosocial lished results). The danger of side effects by interference
and socio-economic conditions would be expected to pro- with this vitally important system is a major concern in trials
vide a basis for perception of anxiety, loneliness, boredom, awith agents interfering with cortisol metabolism.
limited latitude for one’s own decisions, monotonous, A different approach is to try interventions at levels
poorly paid work due to low education, etc. All these factors proximal to the centres regulating the neuroendocrine
have been found to be associated to perturbed HPA axisaxes. There are several features of the cascade of events
function in population studies, with some gender profile in leading to the neuroendocrine pathogenesis of the metabolic
relation to the impact on neuroendocrine regulations. For syndrome, which suggest involvement of the central sero-
example, men are more vulnerable than women as far astonergic system. This system is known to regulate the HPA
psychosocial (divorce and living alone) and socio-economic axis, and is involved in depression, anxiety, alcohol con-
factors (problems at work and unemployment) ({Bjorp, sumption and carbohydrate craving (Eriksson & Humble,
199%; Bjorntorp et al. 1999).We suggest that such factors 1990), all symptoms we have found to be involved in the
initiate frequent challenges of the allostatic mechanisms, neuroendocrine background to the metabolic syndrome. We
leading to peripheral disease-generating mechanisms in thehave therefore recently finalized a pilot study with a trial

Intervention studies

Environmental factors

long run. of a serotonin reuptake inhibitor (Cipramil, Lundbeck,
At least two types of observation indicate that this is a Copenhagen, Denmark) that does not influence appetite
correct interpretation. The Whitehall studies (Brunetal. regulation, which would prevent conclusions due to the

1997) have recently reported that a negative socio-economicconfounding effect of body weight decrease. This resulted
gradient is associated with abdominal obesity and the meta-in signs of improvement in both sympathetic nervous
bolic syndrome, confirming previous studies {Bjmwrp, system and HPA axis activities, with some improvements
1993). We find that a similar negative gradient is associated also in metabolic variables. These were men without much
not only with central accumulation of body fat mass, but symptom of depressive mood traits, and no significant
also with HPA axis perturbations, elevated stress-related changes occurred in such variables (unpublished results).
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This might mean that certain antidepressants act on neuro- Bcll restriction fragment length polymorphism at the glucocorti-
endocrine regulation of metabolism separately from their  coid receptor gene locuQbesity Research, 186—-192.
antidepressant action. Although a short-term study with Calogero AE, Callucci WT, Gold PW & Chrousos GP (1998)
relatively few subjects involvech 15), these preliminary Multiple regulatory feedback loops on hypothalamic-corticotropin
results encourage further attempts in this direction which are  '€1€asing hormone secretiogournal of Clinical Investigation

bei | d 82, 76-98.
now being planned. Chrousos GP & Gold PW (1992) The concept of stress and stress
system disorders: overview of physical and behavioral homeo-
Concluding remarks stasis.Journal of the American Medical Associatif7, 1244—
1252.

This review .summarizes n_euroendocrine abnormalities Dallman MF, Akana SF, Scribner KA, Bradbury MJ, Walker C-D,
associated with the metabolic syndrome. Focus has been gyack AM & Cascio CS (1992) Stress, feedback and facilitation
placed on cortisol and the regulation of the HPA axis. The i the hypothalamo-pituitary adrenal axidournal of Neuro-
results emerging show a complex picture, where perturbed endocrinology4, 517-526.
HPA axis regulations appear to be at least equally asDunbar JC, Hu Y & Lu H (1997) Intracerebroventricular leptin
important as raised cortisol levels in the presumed patho- increases lumbar and renal nerve activity and blood pressure in
genesis of the metabolic syndrome. This is indicated by the normal ratsDiabetes46, 2040-2045. o
negative associations between cortisol secretion andEriksson E & Humble M (1990) Serotonin in psychiatric patho-
somatic variables in the group with a normal HPA axis  Physiology. The Biological Basis for Psychopharmacological
function, not much affected by stressors, where the kinetics | '¢aiment. Progress in Basic and Clinical Pharmacologp.
. . 66-119 [R Pohl and S Gerson, editors]. Basel, Switzerland:
rather than absolute values of cortisol secretion seem to rger
relate to somatic health. Furthermore, the results in the g0 B (1993) Physiological organization of neurohormonal
subgroup with severely deranged HPA axis function with  responses to psychosocial stimuli. Implications for health and
low total cortisol secretion visualize this possibility parti- diseaseAnnals of Behavioural Medicing5, 236—244.
cularly clearly. Here again the kinetics of cortisol secretion, Haynes WG, Morgan DA, Walsh SA, Mark AL & Sivitz W1 (1997)
which is showing signs of a burn-out, is strongly associated Receptor mediated regional sympathetic nerve activation by
with somatic abnormalities, while cortisol secretion is low.  leptin. Journal of Clinical Investigatiori00, 270-278.
In this situation there is evidence of the influence of other Kirschbaum C & Hellhammer DH (1994) Salivary cortisol in
neuroendocrine and autonomic systems, and it may be psychoneuroendocrine research: recent developments and appli-
considered that the peripheral perturbations of endocrine,  .c&ions.Psychoneuroendocrinologhs, 313-333.

nthr metric. metabolic and hemodynami tems ar Kissebah AH, Krakower GR, Sonnenberg G & Hermes MMI
a opometric, metabolic a emodynamic systems are (2998) Clinical manifestations of the metabolic syndrome. In

consequences of complex, central, integrated disturbances. jandnook of Obesitypp. 601-636 [GA Bray, C Bouchard &
One might predict that the leptin system and more proximal  cpT James, editors]. New York: Marcel Dekker.

regulator systems are also involved, although the regulationkretschmer E (1921Korperbau und Characterlst edn. Berlin:
of the HPA axis may occupy a central position. This field  Springer (1967, 25th edn).

offers a challenge for further studies. Linkowski P, Van Onderbergen A, Kerkhofs M, Bosson D,
Mendlewics J & Van Cauter E (1993) Twin study of 24-h
cortisol profile: evidence for genetic control of the human
circadian clockAmerican Journal of Physiolog®64, 173—-181.
Bjorntorp P (1990) ‘Portal’ adipose tissue as a generator of risk Ljung T, Andersson B, Bengtsson B-Bjorntorp P & M&in P
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