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1. ABSTRACT

Anorexia nervosa (AN) still remains a highly morbid condition with the highest mortality
of any other psychiatric disorder. Beside acute refeeding techniques, no specific interventions
have been proven effective in changing the long-term course of AN. Extreme reduction of
food intake and hyperactivity characteristic for this starvation status result in severe weight
and fat loss together with multiple endocrine perturbations, altered glucose and lipid
metabolism as well as in delayed gastric emptying and other gastrointestinal complications.

Loss of adipose tissue is beside disturbances in thermoregulation, lipolysis and lipogenesis
associated with altered production and release of adipose tissue-derived proteins, so-called
adipocytokines, that play an important role in the autocrine and paracrine regulation of
adipose tissue metabolism as well as in the endocrine regulation of metabolism of other
peripheral tissues. Furthermore, some of adipocytokines act in the central nervous system to
regulate energy balance. Similarly, altered food ingestion in patients with AN could be related
to changed production and/or action of gastrointestinal hormones. Thus, both adipose tissue-
derived and gastrointestinal hormones could inform central nervous system about acute (food
intake) as well as about long-term (fat stores) energy disbalance in peripheral systems.

In the present Thesis, the roles of leptin and resistin, as the representatives of
adipocytokines, and ghrelin, the gastrointestinal hormone, in the pathophysiology of AN have
been studied. Although alterations in many endocrine systems have been clearly described in
patients with AN, the role of these recently characterized proteins in patients with AN is not
definitive. The research focused on the role of resistin in human physiology as well as in
pathophysiologic conditions, such as malnutrition, brought rather contradictory data.
However, the participation of both leptin and ghrelin in the long-term regulation of energy
balance as well as in the acute regulation of food intake is well established.

The unique technique of microdialysis allows direct in vivo sampling of interstitial fluid
from the studied tissue. Moreover, microdialysis is conseptually simple and the principle of
the technique could be likened to capillary. The limitation of the procedure is a molecular
weight of the tested and/or applicated molecules. That is the practical reason of limited using
of in vivo microdialysis to measure proteins. Although microdialysis has been used since 1987
in more than 3000 clinical trials mainly in the muscle and adipose tissue and has been
described as a suitable technique for in vivo measurement of concentrations or dynamic
changes in concentrations of glucose, adenosine, glycerol, aminoacids etc., as long as I know,

in vivo concentrations of adipocytokines have not been explored. Thus, in this Thesis the



unique microdialysis technique has been modified and used for in vivo measurement of leptin

and resistin levels in the extracellular space of abdominal adipose tissue for the first time.

The present Thesis is divided on abstract, introduction, results, discussion and
conclusions. In the introduction part, author is presenting an overview on the experimental
field closely connected with the studied questions. The text of introduction also includes the
original results of the author and embedded graphs. The result and discussion parts are
submitted together in a form of original articles of the author (3 published and 2 submitted for

publishing). Finally, the conclusion part summarizes the main results of this Thesis.



2. TARGETS OF THE THESIS

The present Thesis is mainly focused on the alterations of adipocytokines leptin and
resistin and gastrointestinal hormone ghrelin in patients with AN. The role of these proteins in
the long-term regulation of energy metabolism as well as in the short-term reflection of acute
energy disbalance (food intake; a single bout of exercise) is the point of interest. For better
understanding of the conditions in the site of production of leptin and resistin, concentrations
of these adipocytokines in plasma were compared with those found in the extracellular space
of abdominal adipose tissue using in vivo microdialysis. Before starting human studies,
microdialysis had been tested and modified in vitro to be applicable for in vivo sampling of
leptin and resistin from human subcutaneous adipose tissue. Plasma ghrelin levels were
measured under basal conditions and after either a caloric or non-caloric meal of the same
volume consumption. Furthermore, the effect of a single bout of exercise on plasma leptin
levels was determined. The results obtained in patients with AN were compared with those

found in healthy normal-weight women.

The main targets of the Thesis are:

A. In vitro experiments
L To in vitro test and modify the microdialysis technique to be applicable for ir vivo
sampling of leptin and resistin from human subcutaneous abdominal adipose
tissue.
B. In vivo experiments
II. To determine in vivo leptin and resistin concentrations in the extracellular space of
the abdominal adipose tissue of patients with AN and of healthy age-matched
control women and to compare obtained concentrations of leptin and resistin with

those measured in plasma of these subjects.

III.  To determine plasma ghrelin concentrations under basal conditions and after either
a non-caloric fibre or a standard nutritional mixed meal of the same volume
consumption and to test the response of plasma ghrelin on food intake, meal

volume and meal nutritional value.
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IV.  To define the effect of a moderate-intensity single bout of exercise (acute energy
disbalance) on plasma leptin levels in patients with AN and in healthy age-

matched control women.

The studies included in this Thesis have been supported by the Grant Agency of the Czech
Republic, No. 303/03/0376 and No. 303/00/1555. The project was done in collaboration with
the First Faculty of Medicine, Psychiatric Clinic, Charles University in Prague and with
National Institute of Health, Bethesda, USA.
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3. INTRODUCTION

3.1. ANOREXIA NERVOSA
3.1.1. Description of the disorder

The diagnostic criteria for AN are summarized in Table 1. AN is a severe psychiatric
disorder of unclear etiology associated with significant morbidity and mortality. In fact, the
illness often leads to chronic ill-health, and patients are 10times more likely to die from
complications of the illness than those without it (Hsu 1996). The most striking behavior in
individuals with AN is the persistent and willful restriction of intake which can lead to death
in 5 - 7% of patients within 10yr of the onset of their disorder. Another distinguishing
psychological feature is the irrational fear of becoming fat, frequently in concert with a
grossly distorted view of one’s self as overweight. This persists even in the presence of severe
emaciation and in the face of life-threatening medical sequelae. The patient often exhibits a
phobic response to food, particularly fatty and other calorically dense items. Anorexics
develop an obsessive preoccupation with food, eating, dieting, weight, and body shape, and
they frequently exhibit ritualistic behaviors involving choosing, preparing, and ingesting
meals. Extreme dieting is complicated by other weight-reducing behaviors. Exercise is
frequently compulsive and hyperactivity in underweight patients is a curious but often
encountered concomitant. Weakness, muscle aches, sleep disturbances, and gastrointestinal
complaints, including constipation and postprandial bloating, are common physical findings.
The 1illness is further associated with mood disturbances, as well as alterations of a wide
variety of hormonal and metabolic systems.

Currently, many investigators conseptualize these disorders as being due to a combination
of cultural-social, psychological, and biological factors. Among various factors associated
with increased risk for eating disorders belong female gender, dieting, middle and upper-class
social background, personality disorders, family disfunction, constitutional predisposition,
profession or pursuit that stresses maintaining a certain body weight etc.

In general, the response of patients with AN to psychoterapeutic or pharmacological
treatments has been limited. Basic principles and goals of nutritional interventions and

guidelines for clinical treatment of AN are shown in Table 2 and Table 3, respectively.
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Table 1. Diagnostic criteria for AN

A. Refusal to mantain body weight at or above a minimal normal weight for age and height (e.g., weight
loss leading to maintenance of body weight less than 85% of that expected; or failure to make expected
weight gain during period of growth, leading to body weight less than 85% of that expected).

B. Intense fear of gaining weight or becoming fat, even thought underweight.

C. Disturbance in the way in which one’s body weight or shape is experienced, undue influence of body
weight or shape on self-evaluation, or denial of the seriousness of the current low body weight.

D. In postmenarcheal females, amenorrhea, i.e., the absence of at least three consecutive menstrual cycles.
(A woman is considered to have amenorrhea if her periods occur only following hormone, e.g.,
estrogen administration.)

Specify type:

Restricting type: During the current episode of anorexia nervosa, the person has not regularly engaged in
binge-eating or purging behavior (i.e., self-induced vomiting or the misuse of laxatives, diuretics, or enemas).
Binge eating/purging type: During the current episode of anorexia nervosa, the person has regularly engaged

in binge-eating or purging behavior (i.e., self-induced vomiting or the misuse of laxatives, diuretics, or enemas).

Source: American Psychiatric Association Diagnostic and Statistical Manual of Disorders, DSM-Q, American

Psychiatric Association, Washington, DC, 1994.

Table 2. Basic principles and goals of nutritional intervention in AN

1. Increased energy intake to promote weight restoration, applying a weekly, stepwise increase to achieve
the goal weight gain (i.e., 0.5 — 1.0 kg/week).

2. Specific meal plan and dietary guidelines to promote normalization of intake, including some
limitations on the number of foods that patients may refuse to eat and accomodating patient
preferences that permit nutritional adequacy and weight gain.

3. A new approach to food choices, based on nutrient contributions and other qualities, rather than energy
content.

4. Formelly forbidden foods introduced with reassurance and sensitivity to a fear of uncontrollable eating
and weight gain.

5. Adequate dietary calcium to permit improved bone mineralization as weight is restored and hormonal
abnormalities are corrected.

6. Low-dose daily multiple vitamin with minerals especially if patients are chronically ill.

7. Avoidance of strategies to reduce energy intake and manage hunger (such as overuse of caffeine-

containing beverages, chewing gum) or promote energy expenditure (such as excessive exercise).

Source: The management of eating disorders and obesity, edited by DJ Goldstein, MD, PhD, Humana Press Inc.
1999, Totowa, New Jersey.
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Table 3. Guidelines for clinical treatment of AN

e Refeeding and weight restoration
e Institute pharmacologic therapy
e  Continue therapy for at least 3 month
Resumption of menstruation
Normalization of caloric needs
Remediation of physical complications
Remission of pathological eating and body-image distortions

e Revealuate need for continuing pharmacologic therapy

Source: The management of eating disorders and obesity, edited by DJ Goldstein, MD, PhD, Humana Press Inc.
1999, Totowa, New Jersey.

3.1.2. Medical complications

The majority of the medical consequences, including physiologic and metabolic changes,
observed in AN are present in starvation states or are a direct result of purging behaviors.
With nutritional rehabilitation and the discontinuation of purging behaviors, these abberations

can be expected to resolve.

3.1.2.1. Endocrine abnormalities

Endocrine abnormalities are characteristics for AN. Alterations of endocrine systems in
AN are summarized in Table 4. Among these abnormalities amenorrhea play an important
role as an indicator of the loss of body weight, especially of fat mass, under the individual
critical limit (Sharp and Freeman 1993). Interestingly, amenorrhea has been described in more
than 15% and the disregulation of menstrual cycle in 30% of patients with AN before the
weight loss, indicating that psychological factors may play a role (Fries 1977).

3.1.2.2. Hematological and electrolyte abnormalities

Common abnormalities in hematopoiesis include leukopenia with a relative leukocytosis.
With nutritional rehabilitation, the depressed white cell count returns to normal. Metabolic
alkalosis is frequently seen in patients who induce vomiting, with associated hypokalemia,
hypochloremia and elevated serum bicarbonate. A metabolic acidosis may be encountered in
some patients who abuse large quantities of laxatives. Volume depletion associated with
dehydration in those who fast or purge can increase aldosterone, leading to potassium
excretion from the kidneys, resulting in hypokalemia. In addition, this indirect renal loss of

potassium can compound direct loss through self-induced vomiting. The aforementioned
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electrolyte disturbancies are often associated with the physical symptoms of lethargy and
weakness.

Emaciation and electrolyte disturbancies can be associated with other significant
abnormalities, especially in those patients who purge. An electrocardiogram may show
flattening or inversion of T-waves, ST-segment depression, and a prolonged QT interval.
Severe hypokalemia can lead to serious arrhythmias and the risk of cardiac arrest. The risk of
heart failure is associated with the injudicious rapid refeeding of emaciated anorexics and

must be avoided during the period of weight restoration.

Table 4. Alterations of plasma hormonal and biochemical parameters in AN

! LH{ response to GnRH); I FSH
1/ = GH; ¥ IGF-1

= TSH (but delayed response to TRH)
= ACTH; ! reaction on CRH

d/= PRL; { response to TRH

Vo T4, 1 T3, 1/ =rT3; = fT4; 4 (T3

1/=serum cortisol ({ suppression in dexamethasone test)

Insulin; = glucose; = C-peptide

t cortisol excretion per day

{  DHEA, DHEAS

$ Estradiol ; | Estron; ¢ progesterone;
! Testosterone

| Serotonin

$

$

Plasma leptin; 1) plasma ghrelin; J plasma resistin; 1 plasma adiponectin

plasma EPI; plasma NE; plasma glycerol; plasma NEFA

Source: Nedvidkova et al. 2003; Dostalova et al. 2005; Dostalova et al. (unpublished results); Hoster D.W..
Eating Disorders: Obesity, anorexia nervosa, and bulimia nervosa. In: Williams Textbook of Endocrinology. Ed.

Wilson JD, Foster DW, W.B.Saunders Co., 1992.

3.1.2.3. Chemistry abnormalities

Laboratory tests reflecting liver function may reveal elevation of serum enzymes, most
likely indicating some degree of fatty degeneration. This may be observed in the state of
emaciation as well as during the period of refeeding. In younger patients, serum cholesterol
levels may be elevated. Carotinemia, which normalizes with weight restoration, is often seen
in malnourished anorexics. Parotid gland enlargement and an associated elevation in amylase

is often seen in anorexic patients who binge and self-induce vomiting.
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3.1.2.4. Gastrointestinal complications

Delay in gastric emptying due to extended caloric restriction may cause a sense of
postprandial discomfort and early satiety. Both are frequently observed and contribute to the
persistence of restricting behavior in AN. Constipation due to fluid and caloric restriction is
common and frequently requires management strategies. In patients who self-induce
vomiting, gastritis and esophageal erosions are possible complications. Acute gastric dilation
and esophageal rupture are rare medical emergencies and can lead to shock and death in

patients who binge.

3.1.2.5. Long-term complications

In those patients whose illness persists for several years or longer, the risk of osteoporosis
evolves. The degree to which bone density can be reversed with sustained nutritional
rehabilitation is unclear. Also the above mentioned amenorrhea can be counted among
chronic abnormalities, because amenorrhea is persisting in almost 50% of patients with AN
after weight restoration (Warren and Vande Wielle 1973) leading to inability to become
pregnant. Other long-term comlications include skeletal-muscular injuries, such as sprains and
fractures, resulting from compulsive physical exertion in a compromised patient, and the

persistence of a generally compromised medical state.

16



3.2. LEPTIN
3.2.1. Leptin physiology

Leptin is a 167 amino acid protein product of the ob gene that was discovered in 1994
through positional cloning in the ob/ob obese mouse, a model of morbid obesity resulting
from absence of leptin due to a gene mutation (Zhang et al. 1994). Human as well as murine
leptin is predominantly produced by adipocytes (Zhang et al. 1994) with subcutaneous
adipose tissue representing the main source (Hube et al. 1996; Van Harmelen et al. 1998),
next in the stomach (Mix et al. 2000) and to a minor extent by placenta (Jakimiuk et al. 2003),
mammary epithelium (Ishikawa et al. 2004), intestine (Aparicio et al. 2005), skeletal muscle
(Solberg et al. 2005), and the brain (Popovic et al. 2001).

Leptin expression is not only chronically regulated by whole body fat mass (Considine et
al. 1996), but also acutely by feeding and fasting consistent with its fast-acting role in appetite
control (Kolaczynski et al. 1996; Chan et al. 2003; Kmiec et al. 2005). Interestingly, leptin
production was shown to be a direct function of adipocyte size (Hamilton et al. 1995;
Couillard et al. 2000). In addition, a series of hormones and cytokines were reported to
regulate adipocyte leptin production in vitro and in vivo. Among these, insulin,
glucocorticoids, estrogens, and inflammatory cytokines have been shown to induce (Coppack
2001; Machinal-Quelin et al. 2002; Kanu et al. 2003), whereas catecholamines have been
shown to inhibit leptin production (Pinkney et al. 1998; Couillard et al. 2002).

Leptin circulates in the serum in a free form or bound to leptin-binding proteins, and the
sum of free and bound leptin (i.e., total leptin) is generally accepted standard of measurement.
Like other hormones, leptin is secreted in a pulsatile way and has a substantial diurnal
variation with an increase of about 50% in the late evening and the decline in early morning
hours that might be related to an intrinsic circadian component, meal timing, and the sleep-
wake cycle (Sinha et al. 1996; Simon et al. 1998; Elimam and Marcus 2002). Importantly,
women have higher leptin concentrations than men even after adjusting for BMI, which may
be due to differential body-fat distribution or the effects of sex steroids (Rosenbaum et al.
1996; Saad et al. 1997).

In addition to appetite and body weight regulation, leptin shares with other cytokines a
marked pleiotropism and is involved in the regulation of physiological processes as diverse as
reproduction (Chehab et al. 1996; Ashworth et al. 2000), hematopoiesis (Gainsford et al.
1996), angiogenesis (Sierra-Honigmann et al. 1998), immmune response (Gainsford et al.
1996), blood pressure control (Fruhbeck 1999), and bone formation (Ducy et al. 2000). The

wide spread distribution of leptin receptors furthermore suggests that leptin, in addition to its

17



effects on the central nervous system, also directly affects peripheral tissues (Tartaglia et al.
1995; Lee et al. 1996; Fig. 1).

Reduced leptin concentrations seen in congenital leptin deficiency and lipodystrophy
cause hyperphagia, impaired thermogenesis, insulin resistance, hyperlipidemia and
hypogonadism, all of which are reversible by leptin treatment (Ahima and Hileman 2000;
Flier and Elmquist 2004). In normal humans and rodents, the fall in leptin is an important
signal for the switch between fed and fasted states, leading to suppression of thyroid, growth
and reproductive hormones, stimulation of appetite and inhibition of thermogenesis and

immunity (Ahima 2000).
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Figure 1. Central and peripheral effects of leptin on the regulation of body weight and metabolic and
endocrine parameters. Leptin secretion by adipocytes is influenced by nutritional status, insulin,
glucocorticoids and sex steroids (note: Although catecholamines are not shown in the schema, both adrenaline
and noradrenaline have been shown to inhibit leptin production by adipocytes). Leptin receptor (LEPR) has been
found in brain, mainly in hypothalamus and in choroid plexus, where the food intake is regulated via modulation
of many neurotransmiters such as neuropeptide Y (NPY), glucagon-like peptide-1 (GLP-1) and melanocyte-
stimulating hormone (MSH). Leptin further takes part in regulation of secretion of thyroid hormones, cortisol
and sex steroids. LEPR has been found also in many peripheral tissues including lungs, liver, kidney, gonads and
stomach.

Source: Wauters M, Considine SV, Van Gaal LF. Human leptin: from an adipocyte hormone to an endocrine
mediator. Eur J Endocrinol 2000 143(3):293-311.
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3.2.2. Leptin and energy balance: mechanism of action

Leptin crosses the blood-brain barrier via a saturable possibly leptin receptor-mediated
transport mechanism (Banks et al. 1996). Central action of leptin on hypothalamic nuclei
results in inhibition of appetite and food intake, reduction of body weight, and increased
energy expenditure (Campfield et al. 1995) mainly by repressing neuropeptide Y
(NPY)/agouti-related (AgRP)

and amphetamine-regulated transcript (CART)

protein neurons and inducing  anorexigenic

proopiomelanocortin (POMC)/cocaine-
neurons (Kristensen et al. 1998; Ahima 2000; Cowley et al. 2001). Neurons expressing the
leptin receptor in the nucleus tractus solitarius also seem to play a role in regulating energy

balance (Schwartz et al. 2000) (Fig. 2 A, B).

Figure 2A. Adiposity signals such as _
insulin and leptin circulate in proportion T

to body fat mass and act on hypothalamic 7
ARC  neurons that project to - "\:K
hypothalamic areas such as the lateral [ s

hypothalamus (not shown) and nucleus . Brainstem
paraventricularis (PVN). In turn, these
“second order” necurons project to
hindbrain autonomic centers such as the

nucleus tractus solitarius (NTS) that

process afferent input from satiety signals Aéiposity . Food
such as cholecystokinin (CCK). Input signals Satiety intake
from descending, leptin-sensitive e.g., leptin signats

e.g.. CCK,

hypothalamic projections is integrated in At _
gastric distension

the NTS with vagally mediated input
from CCK, such that the timing of meal
termination is regulated by changes in
body fat content.

Figure 2B. Leptin acts directly on
arcuate nucleus neurons coexpressing
NPY and AgRP, and POMC and CART,
via the ObRb form of the leptin receptor
expressed on these cells. The former
neurons  stimulate  anabolic  and
orexigenic effects and are suppressed by
leptin, and the latter neurons stimulate
catabolic and anorexic actions that
promote weight loss, and are activated by
leptin. A key downstream target of these
neurons are  neurons  expressing
melanocortin 4 receptors (MC4R) that are
activated by the POMC product a-MSH,
and inhibited by the neuropeptide AgRP.
Activation of these neurons promotes
catabolism by reducing food intake and
increasing energy expenditure. Neurons
expressing BDNF in the ventromedial
hypothalamus may be downstream of the
MC4R neurons. Neurons in the lateral
hypothalamus  expressing  melanin-

N
-

Adipose tissue

Y

Gl tract

Lateral

Changes in Energy Intake
and Expenditure

AgRP, agouti-related protein; ARC, nucleus arcuatus; BDNF; brain-derived neurotrophic

concentrating hormone (MCH) receive
projections from leptin responsive arcuate
neurons, and activation of these widely
projecting neurons promotes feeding,
suppresses energy expenditure, and
promotes weight gain.

factor; CART, cocaine- and amphetamine-regulated transcript; NPY, neuropeptide Y;
POMC, proopiomelanocortin.

Source: Morton GJ et al. J Clin Invest 2005 115(3):703-710(A), Flier JS.
Cell 2004 116(2):337-350 (B).
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3.2.3. Leptin receptor

The leptin receptor (Ob-R) belongs to the cytokine receptor class I family, and contains
extracellular ligand-binding, transmembrane and cytoplasmic signaling domains (Myers
2004). Ob-Rs are activated by ligand induced receptor homo- and heterodimerization and
utilize janus kinases (JAK) and signal transducers and activators of transcription (STAT)
family proteins (Bates and Myers 2003; Myers 2004).

Multiple splice variants of Ob-R mRNAs encoding proteins with identical extracellular
domains but different intracellular domains have been detected. Although various Ob-R
isoforms (Ob-Ra-¢) are derived from alternative splicing of the Lepr transcript, most of the
effects of leptin on energy homeostasis and endocrine function occur in the brain through the
long form of the receptor (Ob-Rb). Ob-Rb and associated signaling molecules are present in
the arcuate nucleus within the hypothalamus, a brain region that is important for body weight
regulation, energy homeostasis, autonomic and hormonal regulation (Ahima 2000). Low
amounts of Ob-Rb were detected in peripheral tissues including adipose tissue.

Banks et al. (1996) first showed that leptin enters the rodent brain through a specific
saturable mechanism distinct from that of insulin. Leptin reaches the brain intact, and it was
initially thought that Ob-Rb acted as a ,leptin transporter® (Hileman et al. 2002). In
agreement with this notion, the brain transport of i.v. injected leptin is severely attenuated in
Koletsky rats lacking all membrane Ob-Rb. Nonetheless, leptin is still present in
cerebrospinal fluid of these animals (Banks et al. 2002). There is a close correlation between
brain leptin transport and circulating leptin, such that the brain transport is eliminated during
fasting in parallel with the rapid fall in leptin (Kastin and Pan 2000). Conversely, refeeding
increases brain transport contomitant with rising plasma leptin (Kastin and Pan 2000). These
adaptations might involve lipids or other nutritional factors (Kastin and Pan 2000; Banks et al.
2004).

3.2.4. The role of leptin in a short-term regulation of food intake and postprandial
satiety

Energy deficits induced by both (52 - 72)-hour fasting (Boden et al. 1996; Weigle et al.
1997) and energy restriction (Keim et al. 1998; Doucet et al. 2000; Weigle et al. 2003)
decrease circulating leptin concentrations, whereas 3-day overfeeding increases leptin
concentrations (Chin-Chance et al. 2000). The decrease and increase in leptin concentrations
observed under conditions of fasting or overfeeding, respectively, are greater than that

expected from the minor changes in adipose tissue stores (Boden et al. 1996; Weigle et al.
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1997; Chin-Chance et al. 2000). Thus,
leptin may also have a role as an acute
indicator of energy status, which
would promote short-term metabolic
and feeding responses prior to the
depletion of energy stores (Schwartz et
al. 2000).

Studies of leptin responses to food
show inconsistent results that may
reflect the heterogeneity of
postprandial timing of samples, meal
content, meal timing and method of
meal administration.  Postprandial
leptin concentrations were found to be
dependent on meal macronutrient
composition, with high-carbohydrate,
low-fat meals producing higher
postprandial leptin concentrations as
compared  with  high-fat, low-
carbohydrate meals (Havel et al. 1999;
Chin-Chance et al. 2000). 24-h
circulating leptin levels are also
reduced in women consuming high-
fat, low-carbohydrate diets compared
with those consuming a high-
carbohydrate, low-fat diet (Havel et al.
1999). In addition, high-fat feeding for
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Fig. 3. The effect of either caloric (standardized breakfast;

585 kcal, 32.6 g of fat, 17.6 g of protein, 50.0 g of carbohydrate)
or non-caloric (fiber; 0.11 kcal, 4 g of Psyllium in 250 mi of water)
meal of the same volume on plasma leptin levels (ng/ml) in healthy
control women (C, n = 6; A) and in patients with anorexia nervosa
(AN, n =5; B). Values are means + SEM. "p < 0.05 breakfast vs.
control trial, "'p < 0.05 fibre vs. control trial, $ resp. &p <0.05 vs.
basal in breakfast resp. fiber.

5 days produces leptin resistance accompanied by increased hypothalamic NPY

concentrations in rats (Lin et al. 2001). Regarding other dietary macronutrients, neither

protein nor fiber seem to impact circulating leptin concentrations (Heini et al. 1998; Groschl

et al. 2003; Knerr et al. 2003).

On the other hand, Romon et al. (1999) suggested that short-term regulation of

postprandial satiety and food intake is not influenced by leptin and Korbonits et al. (1997) did

not find significant acute change in leptin levels following a 1000 kcal meal when measured
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every 20 min for 3 h after food consumption. Moreover, plasma leptin levels in normal human
subjects showed no short-term changes after feeding a liquid mixed meal (Drewes et al.
1997). Interestingly, either a standard mixed meal or a dieting fiber of the same volume
consumed after 12 h of ovemight fasting had no significant influence on plasma leptin
concentrations in healthy women when measured in a 30 min intervals for two hours after
meal consumption, whereas the same meals significantly increased plasma leptin levels in
patients with AN (Dostalova et al. unpublished results; Fig. 3 A,B).

We could conclude that in healthy normal-weight subjects leptin is sensitive to relatively
short-term (days) fluctuations in energy balance, but a single meal consumed in usual daily
eating time (e.g., breakfast consumed at 08:00 h after overnight fasting) does not alter plasma
leptin levels. On contrary, when the daily meal schedule is changed, the 24-h leptin profile is
dependent on meal timing (Schoeller et al. 1997). Thus, leptin is, beside its well established
role as a factor reflecting body fat stores, probably also factor signaling day-to-day energy
disbalance rather than a signal of postprandial satiety. The rapid leptin response to food intake
observed in patients with AN could contribute to disability of these patients to gain normal
weight, because of abnormally prompt leptin response to a single meal and subsequent signal

to stop eating and supports an importance of leptin in the pathophysiology of AN.

3.2.5. Energy deprivation: a low-leptin state

As described earlier, leptin acts as a signal from the periphery to the brain, conveying
information about the amount of energy available in adipose tissue or acute changes in energy
availability (or both). Starvation elicits changes in several neuroendocrine axes; fall in thyroid
hormones to conserve metabolism; increase in stress hormones (cortisol) to mobilise needed
energy stores; and rise in GH with a decrease in IGF-1 — i.e., a state of decreased energy
expenditure for growth-related processes while enabling GH to increase use of alternative
fuels through lipolysis (see Table 4). These neuroendocrine alterations have adaptive value
by mobilizing needed energy stores and diverting limited resources towards important
physiological processes and away from energy-consuming processes that are not essential for
immediate survival (e.g., reproductive function). It was postulated that falling leptin
concentrations might mediate the neuroendocrine response to fasting (Ahima et al. 1996;
Chan et al. 2003). Low leptin concentrations were found to be important in signaling energy
deficit to the HP-axes. It is established that leptin has an important role in reproduction and
regulation of HP-gonadal (Moschos et al. 2002; Chan et al. 2003) and HP-thyroid

(Rosenbaum et al. 2002; Chan et al. 2003) axes. However, its role in regulation of HP-adrenal
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(Licinio et al. 1997; Ozata et al. 1999) and HP-GH-IGF-1 axes (LaPaglia et al. 1998) is not

definitive.

3.2.6. Leptin in anorexia nervosa

Serum leptin concentrations in women with AN are markedly lower than those of normal-
weight women as a result of decreased body weight and fat mass (Audi et al. 1998;
Nedvidkova et al. 2000; Fig. 4; Dostalova et al. 2005), with a strikingly reduced diurnal
variation of leptin concentrations (Balligand et al. 1998; Stoving et al. 1998). Interestingly,
concentration of the soluble leptin receptor, which is the main binding protein for leptin in
plasma, is raised in these patients (Kratzsch et al. 2002; Fig. 5; Dostalova et al. 2005),
resulting in an even lower free leptin index and suggesting a role for leptin binding proteins in

the regulation of energy homeostasis.

R Soluble leptin receptor decreases in
3 adipose ti . .
10 1 pose tissve response to refeeding in some studies
n(Cm) =28,n (CAT) =1
. N(ANg)) = 20, n (ANpT) = 8 (Kratzsch et al. 2002; Misra et al.
§ 2004), but not all (Krizova et al.
E’ 61 2002). Surprisingly, our primary
a + .
2 .l results have shown that in vivo leptin
ek concentrations in the extracellular
o i_L] space of abdominal adipose tissue of
0 patients with AN are unchanged in
controls AN

comparison to healthy normal-weight
Fig. 4. Leptin levels (ng/ml) in plasma and in extracellular

space of abdominal AT in healthy controls (C, n = 29) and women (Fig. 4; Dostalova et al.
in patients with anorexia nervosa (AN, n = 20). Plasma .

samples were taken at 0800 h and microdialysate samples 2005). However, the higher than
(n(C) =11, n(AN) = 9) were collected between 0800 h and
0930 h. Vailues are means + SEM. pl = plasma, AT= adipose

tissue, "*"p < 0.005 vs. controis, +p < 0.05 vs. plasma levels. with AN could be influenced by the

increased number of smaller adipocytes in the vicinity of the microdialysing membrane

expected local leptin levels in patients

(Dostalova et al. 2005). Additionally, patients with AN have lower concentrations of leptin in
cerebrospinal fluid and a higher ratio of cerebrospinal fluid to plasma leptin than healthy
controls (Mantzoros et al. 1997). Dietary treatment for AN results in an increase in serum
leptin concentrations as weight recovers (Hebebrand et al. 1997). Concentrations of leptin in
cerebrospinal fluid also increase to normal with dietary treatment but this rise occurs before
body weight has returned to normal, suggesting a possible mechanism for resistance to

weight gain (Mantzoros et al. 1997).
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The rise in leptin with dietary therapy correlates substantially with increasing
gonadotropins until gonadotropins peak, indicating that increasing leptin in response to
weight gain could activate the HPG axis (Holtkamp et al. 2003). Although patients with AN
can recover weight with therapy, this weight recovery is not always associated with
resumption of menstruation (Audi et al. 1998). An increase in free leptin index, however, is
associated with resumption of menstrual function but not with weight recovery alone (Misra
et al. 2004). Several observational studies have proposed a critical threshold level for leptin of
roughly 2 ng/ml that might be necessary for an increase in LH and thus menstruation to
resume (Audi et al. 1998; Holtkamp et al. 2003). Patients with AN using oral estrogen-

progesterone contraceptives manifest

80

n(C) = 1 significantly higher plasma leptin levels
N)=9 ARX

nAN W than those of the same BMI and body fat

501 content  without this  treatment

(Dostalova et al. unpublished results).

Blunted leptin production is not

SOb-R (Wml)
H

involved in AN etiology, but may be

20 4 responsible or at least contribute to the

genesis of certain  complications
. - associated with the disease (Brichard et
controls AN al. 2003). Firstly, low leptin levels may

Fig. 5. Soluble leptin receptor in plasma (sOb-R. U/mi) .
in healthy control women (C, n = 11) and in patients with  contribute to amenorrhea of AN, even

anorexia nervosa (AN, n = 9). Plasma samples were
taken at 0800 h. ( ) P though amenorrhea may occur before

Values are means + SEM. **"p < 0.005 vs. controls.

substantial weight loss. Leptin plays a
major role in reproduction as assessed by the failure of puberta maturation in humans with
total leptin deficiency or insensitivity and its reversal by leptin treatment (Cunningham et al.
1999). Administration of recombinant leptin restores puberty and fertility in ob/ob mice and
results in the onset of puberty at an appropriate developmental age in human congenital leptin
deficiency (Ahima et al. 1997). Secondly, leptin stimulates hematopoesis at the cell stem level
as shown by increased lymphopoiesis, myelopoiesis and erythropoesis and leptin also
stimulates immune functions (Brichard et al. 2003). Patients with AN frequently suffer from
mild anemia and moderate leukopenia accompanied by defective in vitro granulopoesis and
cytokine production dysregulation which lead to severe infections. Low leptin might
exacerbate these hematological and infectious complications. Thirdly, over 90% of patients

with AN exhibit osteopenia, which may persist despite weight recovery. Fall of leptin during
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starvation is accompanied by reductions in plasma osteocalcin, a marker of osteoblastic

activity and hence bone formation rate, and the leptin administration to starved mice prevents

this reduction in plasma osteocalcin (Goldstone et al. 2002). Low leptin may contribute to

reduce plasma osteocalcin and bone formation rate in patients with AN.

3.2.7. The effect of acute exercise on plasma leptin levels

If leptin is reflective of energy balance, it is conceivable that an increase in energy

expenditure, i.e., physical activity,
may also modulate plasma leptin. The
relationship between exercise and
energy balance is complex and may
be influenced by many factors, many
of those altered in AN. The relative
concentrations of the hormones and
metabolites that seem to upregulate
(cortisol, insulin, glucose) or
downregulate (epinephrine) plasma
leptin levels change rapidly during
and after exercise, depending on
exercise intensity, duration and the
fitness level of the subjects. How
these hormones may interact to
prevent the decline in leptin under
some conditions and not others
remains to be show. Accordingly,
recent data have shown that leptin
concentration is a  significant
correlate of  resting energy
expenditure in men, after statistical
adjusment for fat free mass and fat
mass (Doucet et al. 2000).

Recent studies focused on the

effect of acute exercise on plasma
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Fig. 6. Changes in plasma leptin levels (%) under the effect
of a bout of exercise (2 W.kg‘1 lean body mass, 45 min; A)
and during the control trial (B) in healthy controls (C, n = 15)
and in patients with anorexia nervosa (AN, n = 10). Plasma
leptin levels were measured at rest (0800 h), immediately
after the end of the exercise bout (1000 h) and after 90 min
ofrecovery (1130 h). VValues are expressed as means £ SEM.
*p < 0.05 vs. basal levels, *p < 0.05 vs. C group, $p < 0.05vs.
control trial.

leptin levels brought rather contradictory results with some showed no immediate effect on
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leptin levels while another showed a decline in leptin levels. Concretely, the results of Racette
et al. (1997) demonstrated that a short bout of moderate intensity exercise does not acutely
affect abdominal adipose tissue leptin production or circulating leptin in sedentary healthy
humans. Perusse et al. (1997) concluded that there are no meaningful acute (single bout of
exercise) or chronic (exercise training) effects of exercise, independent of the amount of body
fat, on leptin levels in human, despite large interindividual difference in response to exercise
found in this study. Moreover, 45 min of moderate-intensity cycle ergometer exercise did not
alter plasma leptin levels in healthy normal-weight women, when measured immediately after
and 90 min after an exercise bout (Fig. 6 A,B; Dostalova, Bartak et al. subm. to press).

On the other hand, plasma leptin levels in healthy men declined in response to 3-h
ergometer exercise to the same level as seen with 3-h epinephrine infusion, whereas leptin
mRNA expression was unaffected (Keller et al. 2005). Keller et al. (2005) further obtained
indirect evidence from the epinephrine infusion study to suggest that exercise effect on leptin
was mediated by epinephrine or epinephrine-induced changes in NEFA, insulin, or glucose
concentrations. Furthermore, Jurimae and Jurimae (2005) found that leptin is sensitive to
relatively short term (30 min) intense exercise when all major muscles are involved. The
study of Elias et al. (2000) has shown that the acute exhaustive exercise in male volunteers
leads to decline in plasma leptin levels.

We could conclude that plasma leptin concentrations in healthy normal-weight subjects
are unaltered by short duration (60 min or less), non-exhaustive exercise, but may be affected
by short-duration exhaustive exercise. Furthermore, it is of great importance of using a resting
session when evaluating the effects of exercise on serum leptin to control for fasting- and/or
circadian rhythm-induced leptin reductions (Zafeiridis et al. 2003; Dostalova, Bartak et al.
subm. to press). Among other important factors influencing the leptin response to acute
exercise belong age, sex, body composition (BMI, body fat), training status and previous diet
of the studied subjects and alterations of hormones affected by exercise having influence on
leptin levels. Next, it is possible of delayed (24 - 48 h) leptin responses after physical activity
(Van Aggel-Leijssen et al. 1999; Essig et al. 2000; Olive and Miller 2001). Moreover, it was
postulated by Hickey and Calsbeek (2001) that in order for exercise to alter serum leptin, a
threshold of energy deficit must be achieved. Finally, it was also hypothesized that circulating
leptin may be modulated by glucostatic factors at the level of the adipocyte.

Whatever the mechanism is, the decrease in leptin after exercise seems to be a natural part
of the mechanism for upregulating energy intake when expenditure increases, long before the

fat mass is reduced. All the above mentioned factors important in leptin response to exercise
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could be or directly are altered in hyperactive patients with AN. Our group has previously
found that AN is associated with markedly increased basal as well as exercise-stimulated
activity of SNS, especially NE levels, and exercise-induced lipolysis in subcutaneous adipose
tissue (Bartak et al. 2004). The importance of SNS in the decreased plasma leptin levels
associated with fasting is supported by numerous studies (Couillard et al. 2002). Thus, there
are several reasons why leptin response to exercise may have become a question of interest in
AN.

Although it is well established that underweight patients with AN have markedly
decreased plasma leptin levels (Nedvidkova et al. 2000; Dostalova et al. 2005), the effect of a
single bout of moderate-intensity exercise on plasma leptin levels in these patients is less
known. A single bout of moderate intensity exercise significantly decreased plasma leptin
levels in patients with AN, but not in healthy women, when control trial leptin levels were
taken into the account (Fig. 6 A,B; Bartak, Dostalova et al. 2003; Dostalova, Bartak et al.
subm. to press). Rapid exercise-induced leptin decline in patients with AN could be a part of
chronic adaptation to energy deficit in these patients with many factors influencing this
abnormally sensitive and prompt response to energy expenditure. However, our results did not
confirm that either NE or insulin are the salient factors responsible for the different response
of leptin to exercise in AN (Dostalova, Bartak et al. subm. to press). To our knowledge,
there is no other study examining the effect of moderate-intensity single bout of exercise on

leptin in AN.

3.3. GHRELIN
3.3.1. The discovery of ghrelin

The discovery of ghrelin has often been referred to as a classical example of reverse
pharmacology, since synthetic ghrelin analogues (growth hormone secretagogues, GHS) were
described first, while the natural receptor (GHS-R1a), its endogenous ligand (ghrelin) and the
physiological role of ghrelin in energy balance regulation have been discovered stepwise over
the last 25 years (Howard et al. 1996; Bowers 2001).

GHS are small synthetic molecules that stimulate growth hormone (GH) release from the
pituitary. GHS act through a specific G-protein-coupled receptor (GPCR), named GHS-
receptor, which is distinct from the receptor that binds GH-releasing hormone (Howard et al.
1996). This receptor was for some time an example of an “orphan GPCR", that is a GPCR
with no known natural ligand. Employing the ,,reverse pharmacology® paradigm with a stable

cell line expressing GHS-R, scientists searched for the endogenous ligand of GHS-R.
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The receptor most closely related to GHS-R is the motilin receptor (Feighner et al. 1999),
the human forms of these receptors share 52% aminoacid homology. Two receptors for
neuromedin U (NMU-R1 and -R2), a neuropeptide that promotes smooth muscle contraction
and supresses food intake, are also homologous to GHS-R (Hosoya et al. 2000; Kojima et al.
2000). Because motilin and NMU are found mainly in gastrointestinal organs, it was
speculated that the endogenous ligand for GHS-R may be another gastrointestinal peptide.
This speculation was confirmed finally by Kojima et al. (1999) by the isolation of ghrelin

from stomach tissue.

3.3.2. Ghrelin physiology

The major form of active human ghrelin is, like rat ghrelin, a 28-amino acid peptide with
an octanoyl modification at its third aminoacid, serine (Kojima et al. 1999). However, several
minor forms of ghrelin peptides were isolated during the course of purification (Hosoda et al.
2003). The fatty acid (n-octanoyl) side chain at serine 3, a biochemical feature which is
essential for ghrelin’s bioactivity, signifies this gastrointestinal peptide hormone as an
endogenous factor unique in mammalian biology (Hosoda et al. 2000).

Ghrelin is predominantly produced by the stomach (Kojima et al. 1999; Date et al. 2000),
whereas substantially lower amounts are derived from bowel (Date et al. 2000), pituitary
(Korbonits et al. 2001), kidney (Mori et al. 2000), placenta (Gualillo et al. 2001),
hypothalamus (Kojima et al. 1999), testes, ovaries, pancreas and other tissues (Rindi et al.
2004). Although the majority of circulating ghrelin is produced in the stomach, other sources
may increase ghrelin secretion in a compensatory manner. After gastrectomy, for example,
plasma ghrelin level is surprisingly reduced only by 65% (Ariyasu et al. 2001).

Based on rodent experiments (Date et al. 2000; Tolle et al. 2001) and clinical studies
(Arvat et al. 2000; Peino et al. 2000), it is evident that ghrelin is indeed a potent GH-releasing
agent. However, soon after its identification, ghrelin was found to have widespread activity
beyond stimulating GH secretion (natural GHS), including stimulation of lactotroph and
corticotroph secretion probably coupled with modulatory influence on gonadal axis (Broglio
et al. 2003; Otto et al. 2005), orexigenic effect coupled with control of energy expenditure
(Kojima et al. 1999; Tschop et al. 2000; Wren et al. 2001), influence on sleep and behavior
(Tolle et al. 2002), influence on gastro-entero-pancreatic functions and secretions (Broglio et
al. 2003), influence on the endocrine pancreatic function as well as on glucose metabolism
(Date et al. 2002), cardiovascular functions and modulation of cell proliferation (Broglio et

al. 2003). Ghrelin further interacts with other hormonal systems such as HPA and HPT axes.
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Differential effects of ghrelin might be mediated by separate ghrelin receptor (GHS-R)
subtypes as suggested by Ghigo et al. (2001). This group further showed that the orexigenic
effects of ghrelin are independent of its ability to stimulate GH secretion, suggesting distinct
GHS-R-subtypes. In the brain, receptors for ghrelin were detected in multiple hypothalamic
nuclei as well as in the hippocampus, substantia nigra, ventral tegmental area, and dorsal and
medial raphe nuclei (Tannenbaum et al.1998; Kojima et al. 1999; Shuto et al. 2001). IL.c.v.
administered ghrelin increases food intake and body weight gain as well as inducing GH

release (Nakazato et al. 2001; Shintani et al. 2001).
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Figure 7. Regulation of gastric-derived ghrelin by different signals. SST = somatostatin, CCK =

cholecystokinin, GH = growth hormone.
Source: Casanueva F, Diaguez C. Ghrelin: a new hormone implicated in the regulation of growth hormone

secretion and body energy homeostasis. Growth, Genetics and Hormones Journal 2004 20(1).
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In humans, circulating ghrelin
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low caloric diets (Wisse et al. 2001; Cummings et al. 2002), mixed lifestyle modifications
(Hansen et al. 2002), cancer anorexia (Shimizu et al. 2003) and chronic failure of the heart
(Nagaya et al. 2001), liver (Tacke et al. 2003), or kidneys (Yoshimoto et al. 2002). The first
publications comparing ghrelin circulating levels between females and males did not show
any difference when gender was taken into the account (Ariyasu et al. 2001). However,
recently was found that the 24-h ghrelin concentrations were 3-fold higher in women in the
follicular phase of their menstrual cycle when compared to men of the same age (Barkan et al.
2003).

3.3.3. Body weight-related ghrelin regulation and model of ghrelin as an adiposity signal
Peripheral signals communicate the status of body fat stores to the brain, and fluctuations

in them trigger compensatory changes in food intake and energy expenditure that resist

alterations in body weight (Cummings and Shannon 2003). An adiposity signal that

participates in energy homeostasis should manifest the following qualities:

A, it should circulate in proportion to body energy stores, and consequently, should be

modulated reciprocally by increases or decreases in these stores

B, it should gain access to the brain and interact there with receptors and signal transduction

systems in neurons that participate in body weight regulation
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C, exogenous administration of the compound should alter food intake and/or energy
expenditure, and chronic infusions should change body weight (or at least fat mass)
D, blockade of the signal should render the opposite effects

Until recently, leptin and insulin were the only hormones shown to satisfy these criteria
(Cummings and Shannon 2003). Somewhat surprisingly for a gut hormone, ghrelin fulfills all
of the established criteria for peripheral adiposity signals, and may thus be an unique
orexigenic counterpart to leptin and insulin in long-term body weight regulation. Circulating
ghrelin levels correlate inversely with the size of energy stores over a very wide weight range,
extending from emaciated victims of AN to super-obese humans and rodents with genetically
absent leptin signaling (Ariyasu et al. 2001; Otto et al. 2001; Tschop et al. 2001a; Cummings
et al. 2002; Shiiya et al. 2002; Nedvidkova, Krykorkova et al. 2002, 2003). Central targets
of ghrelin action are located in regions of the hypothalamus and brainstem that are not well
protected by the blood brain barrier and are known to regulate energy homeostasis
(Cummings and Shannon 2003; Faulconbridge et al. 2003). The best documented of these
targets are neurons in the arcuate nucleus of the hypothalamus that coexpress NPY and AgRP,
both prototypic anabolic neuropeptides that promote positive energy balance (Kamegai et al.
2001; Fig. 9). Almost all arcuate NPY/AgRP neurons express the ghrelin receptor (Willesen
et al. 1999), and ghrelin clearly activates these cells (Dickson and Luckman 1997; Nakazato
et al. 2001; Cowley et al. 2003). Furthermore, pharmacological blockade of either NPY or
AgRP signaling attenuates the orexigenic action of ghrelin (Nakazato et al. 2001; Shintani et
al. 2001). Peripheral or central ghrelin administration stimulates short-term food intake as
potently as does any known agent (Asakawa et al. 2001; Wren et al. 2001), and chronic or
repeated infusions increase body weight (Tschop et al. 2000; Nakazato et al. 2001; Wren et al.
2001). In addition to stimulating food intake, ghrelin can decrease energy expenditure
(Asakawa et al. 2001), fat catabolism (Tschop et al. 2000) and temperature (Lawrence et al.
2002). Thus, ghrelin affects all aspects of the energy homeostasis system in a conserted
manner to promote weight gain.

Additionally, an alternative and equally feasible pathway for ghrelin signaling from the
stomach is via an ascending neural network through the vagus nerve and brain stem nuclei
that ultimately reaches the hypothalamus (Asakawa et al. 2001). Vagotomy or atropine
administration abolished the gastric acid secretion induced by i.c.v. administration of ghrelin
(Date et al. 2001). In addition, i.c.v. administration of ghrelin stimulated firing of gastric
vagal efferent fibers (Date et al. 2001). These two results together suggest that ghrelin

stimulates gastric acid secretion via the vagus nerve.
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Figure 9. The possible dual hormonal and neuronal route for ghrelin as an orexigenic (apetite-stimulating)
signal from the gastrointestinal (GI) tract to the hypothalamus. Ghrelin stimulates food intake, balancing against
several inhibitory signals (e.g., insulin, leptin and PYY) from the periphery to the arcuate nucleus of the
hypothalamus. Ghrelin as an hormone can, in principle, increase food intake by either stimulating neuropeptide
Y (NPY) and agouti-related protein (AgRP)-containing neurons in the arcuate nucleus or acting indirectly
through the dorsal vagal complex in the nucleus tractus solitarius (NTS) in the brain stem. Note the inhibitory
pathway from NPY/AgRP-containing neurons to proopiomelanocortin (POMC) and cocaine- and amphetamine-
regulated transcript (CART)-containing neurons, through which ghrelin receptor activity can indirectly inhibit
the latter neurons. Ghrelin also acts by stimulating mainly gastric afferent vagal fibers, conceivably in a
paracrine manner when released from the endocrine cells in the gut. CCK, cholecystokinin; CRF, corticotropin-
releasing factor; MCH, melanin-concentrating hormone; PVN, paraventricular nucleus.

Source: Holst B, Schwartz TW. Constitutive ghrelin receptor activity as a signaling set-point in appetite
regulatin. Trends in Pharmacological Sciences 2004 25(3).
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3.3.4. Prandial ghrelin regulation and possible roles for ghrelin in meal initiation

The hypothesis that circulating ghrelin
1800

is a physiological meal initiator predicts —e— po. glucose (n = B)
. . 1600 + 4 iv. glucose (n = B)
that 1ts levels should rise before, and fall 1400 |
after, every meal, and peak concentrations % 1200 |
(=8
should be sufficiently high to stimulate £ 1000 -
[
appetite. Consistent with this model, §> 800 -
. . . £ 4
ghrelin levels in healthy human are indeed § °©°°
. . . . o 400 -1 p-o. glucose (100g) or
rapidly suppressed by nutrient ingestion i.v. glucose (0.3 mgrkg)
200 1
(Tschop et al. 2001b; Shiiya et al. 2002; . /‘\
Nedvidkova, Krykorkova et al. 2003), 0 0 20 40 60 80 100 120 140
time (min
and 24-hour plasma profiles reveal o (min) ]
Fig. 11. The effect of either intravenous (i.v., 0.3 mg/kg)
marked preprandial increases and or oral (p.o., 100g in 250 m| of tea) glucose administration

] . . on plasma ghrelin levels (pg/ml) in healthy control women
postprandial decreases associated with (C, n =6). Values are means + SEM.

every meal (Cummings et al. 2001). *p < 0.05 vs. iv. glucose, +p < 0.05 vs.basal levels.
Ghrelin levels increase before meals to values that have been shown to stimulate appetite and
food intake when generated by peripheral ghrelin administration in humans and rodents
(Wren et al. 2001), suggesting that these levels are sufficient to play a physiological role in
normal pre-meal hunger.

Our group found that both a standard mixed meal and dieting fiber of the same volume are
equally effective in suppressing plasma ghrelin in healthy women and that this postprandial
ghrelin response is abolished in patients with AN (Fig. 10 A,B; Nedvidkova, Krykorkova et
al. 2003; Nedvidkova, Dostalova et al. 2004a). These findings suggest that the acute
response of ghrelin to feeding is independent of meal nutritional value, but is rather related to
the presence of food in the stomach. We supported the hypothesis by observation that only
p.o., but not i.v., glucose administration leads to reduction of plasma ghrelin in healthy
women (Fig. 11; Dostalova, Nedvidkova et al. 2003). Although ghrelin decrease after food
consumption found in our study occured independently on the caloric value of the meal, the
maximum response of ghrelin was more rapid to fiber than to caloric meal. Shiiya et al.
(2002) observed reduction in plasma ghrelin levels after both p.o. and i.v. glucose
administration, but not after water load. Such a discrepancy in data could be in part explained
by higher dose of i.v. glucose used in the study of Shiiya et al. (2002). It remains
questionable, whether water load could be compared with food consumption accordingly.

Another point that is making, is the effect of caloric load of the meal on plasma ghrelin.
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Although not confirmed in our study (Nedvidkova, Krykorkova et al. 2003), Callahan et al.

(2004) concluded that the depth of postprandial ghrelin suppression is proportional to ingested

caloric load. However, the experimental protocol used in this study differed from that used by

our group (meal consumption in 09:00 - 09:15 h; macronutrient distribution: 35% of

carbohydrate, 45% of fat, 20% of protein).
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A. —e- breakfast (n = 6)
-9 fiber (n = 6)
800 -
£ \ 4
S 6001 \
£
®
£
o
o 400 -
& .
K.}
a breakfast
200 1 orfiber
0 20 40 €0 80 100 120 140
time (min)
4000
B.
—e— breakfast (n = 5)
—w— fiber (n =5)

%.: 3000 1
g
£
2 2000 {
£
o
]
£
7]
K.
2 1000 { breakfast

or fiber

0 /.T\ ™ . —

0 20 40 60 80 100 120 140
time (min)

Fig.10. The effect of either caloric (standardized breakfast;

585 kcal, 32.6 g of fat, 17.6 g of protein, 50.0 g of carbohydrate)
or non-caloric (fiber; 0.11 kcal, 4 g of Psyllium in 250 ml of
water) meal of the same volume on plasma ghrelin levels
(pg/ml) in healthy controls (C, n = 6; A) and in patients with
anorexia nervosa (AN, n = 5; B). Values are means + SEM.

"'p < 0.05 vs. basal levels in breakfast, *p < 0.05 vs. basal levels
in fiber.

The postprandial  ghrelin
response was found to be mediated
by meal macronutrient composition,
with carbohydrates being most
effective at suppressing ghrelin
concentrations (Erdmann et al.
2003; Greenman et al. 2004). In
agreement with these findings, our
results (Fig. 10A; Fig. 11) has
shown that in healthy women, p.o.
glucose administration of less
caloric load (393.4 kcal) leads to
the equal decrease in plasma ghrelin
as standard mixed meal (585 kcal;
50.0 g of carbohydrate) of the same
volume (in 120. min: breakfast ~ 51
%, glucose ~ 49%). Fat, fruit, and
vegetable ingestion significantly
increased ghrelin levels (Erdmann
et al. 2004). There is also evidence
that  incorporating a  high-
carbohydrate, low-fat diet for
weight loss may mitigate the
increase in ghrelin concentrations
observed during energy restriction

(Weigle et al. 2003). Although the

ingestion of a physiological dose of essential amino acids has been shown to increase ghrelin

concentrations (Groschl et al. 2003; Knerr et al. 2003), there is a conflicting evidence as to

whether a protein-rich meal has the same effect (Erdmann et al. 2003; Greenman et al. 2004).
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The impaired ghrelin response to food intake in patients with AN may be explained by the
chronic adaptation of these patients to food restriction with a single meal not to be sufficient
to change this status (Nedvidkova, Krykorkova et al. 2003). Somewhat surprisingly, obese
subjects, similarly to patients with AN, do not exhibit the decline in plasma ghrelin levels

after a standard mixed meal (English et al. 2002).

3.3.5. Ghrelin in anorexia nervosa

Extremely underweight women with untreated AN manifest ghrelin levels that are among
the highest reported in any humans (Ariyasu et al. 2001; Otto et al. 2001; Shiiya et al. 2002;
Tanaka et al. 2003a; Fig. 8; Nedvidkova, Krykorkova et al. 2003). Plasma ghrelin levels in
these patients decrease with nutritional therapy to a degree commensurate with the increase in
BMI, and levels can be fully normalized with adequate renutrition (Otto et al. 2001; Tolle et
al. 2003). The findings suggest a compensatory response of circulating ghrelin to energy
deficit resulting from other causes that drive this psychiatric disorder. Interestingly,
constitutionally thin women without body image disturbance or psychological disorders, with
a low BMI, do not display elevated plasma ghrelin concentrations (Nagaya et al. 2001). This
confirms that circulating ghrelin levels depend on body fat mass. It remains to be
demonstrated whether they are also directly influenced by feeding behavior and/or energy
intake habits.

Patients with AN who binge and purge have higher ghrelin values than nonpurgative
anorectics (Tanaka et al. 2003b). Thus, elevated ghrelin levels in AN patients who vomit
frequently may result from an additional stimulatory effect, beyond weight loss, rendered by
forced emptying of nutrients from the foregut — i.e., short-term ghrelin regulation.

Alternatively, there may be a direct, perhaps autonomic, effect of vomiting itself on ghrelin.

3.3.6. Ghrelin relationship to leptin

Regulation of ghrelin secretion, as well as its biological effects appear to be opposite to
those of leptin (Kalra et al. 1999; Schwartz et al. 2000; Tschop et al. 2000). During food
deprivation when leptin levels rapidly decline (Saladin et al. 1995) and NPY/AgRP
production is elevated, but POMC neurons are suppressed (Saladin et al. 1995; Schwartz et al.
1997; Sahu 1998), circulating ghrelin levels increase (Tschop et al. 2000; Arvat et al. 2001;
Tschop et al. 2001b) suggesting that leptin and ghrelin coregulate hypothalamic peptinergic
systems in opposite ways. Furthermore, plasma leptin levels in patients with AN show

significant negative relationship to plasma ghrelin levels, but this relationship is not observed
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in healthy women, suggesting the possible important role of the interactions between these
two hormones in the states of extreme energy deficit, such as AN, rather than under the states
of energy balance (Dostalova et al. unpublished results). Interestingly, low concentrations
of ghrelin were detected in the subcutaneous adipose tissue of both patients with AN and
healthy women (Nedvidkova, Krykorkova et al. 2002). These observations support the
hypothesis that ghrelin as a ,hunger signal® is the counterpart of leptin aiming to prevent
further energy deficit. However, considering the extreme complexity of hypothalamic
interactions of different peptinergic circuits and peripheral hormone receptors, it is necessary
to determine the hierarchy and direction of signaling flow within these systems to understand
ghrelin’s central effects on metabolic regulation. For that, a multidisciplinatory approach is
mandatory. From a teleological point of view, ghrelin and leptin might really be
complementary players of one regulatory system that has developed to inform the central
nervous system about the current status of acute and chronic energy balance (Tschop et al.
2000; Asakawa et al. 2001; Shintani et al. 2001). In addition, a specific role for ghrelin might

be to ensure the provision of calories that GH requires for growth and repair.

Table S: Possible clinical application of ghrelin

GH deficiency
Diagnosis of pituitary function
Child and adult GH deficiency
Eating disorder
AN
Bulimia nervosa
Prader-Willi syndrome
Gastrointestinal disease
Cardiovascular disease
Heart failure
Dilated cardiomyopathy
Osteoporosis
Aging
Catabolic state or chronic wasting syndrome
Cachexia (cancer, cardiac cachexia)
AIDS
Postoperative patients

Source:Kojima M, Kangawa K. Ghrelin:structure and function. Physiol Rev 2005 85:495-522.
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3.4. RESISTIN
3.4.1. Discovery of resistin

Thiazolidinediones (TZDs) have been clinically identified as drugs that lower blood
glucose and insulin levels, leading to improved insulin sensitivity in type2 diabetics (Day
1999; Reginato and Lazar 1999). Although TZDs have been shown to regulate a number of
factors contributing to insulin resistance and regulation of metabolism, it is plausible that
hirherto unidentified TZD-regulated genes also contribute to their antidiabetic and insulin-
sensitizing effects. To test this possibility a substantive screen was performed on 3T3-L1
adipocytes (Rangwala and Lazar 2000). This screen led to the identification of a novel mRNA
that is downregulated by rosiglitazone (Steppan et al. 2001). The novel gene encoded for a
114 amino acid polypeptide with an amino terminal signal sequence, suggesting that this is a
secreted molecule. Named resistin, the protein was found to contain a pattern of 11 cysteine
residues in a unique motiv (X11-c-x8-c-x-x3-c-x10-c-x-c-c-c-x9-cc-x6) (Steppan et al. 2001).
Resistin has been found to be secreted as a dimer (Rajala et al. 2002). When the cys-26
residue of resistin is mutated to an alanine, it is secreted as a monomer, suggesting that this
residue is critical for dimerization. Similar cysteine rich motifs are common among secreted

growth factors (Banerjee and Lazar 2001).

3.4.2. Murine resistin

In vitro studies showed that resistin is induced during adipocyte differentiation and, as
suggested by its signal sequence, is secreted into the media (Steppan et al. 2001). In mice,
resistin is highly and specifically expressed in white adipose tissue (WAT) (Steppan et al.
2001). Mouse studies also showed that resistin is detectable in the serum, demonstrating that
it can circulate in blood. Treatment of mice with TZDs lowered resistin protein levels, similar
to the effects observed in vitro (Steppan et al. 2001).

In both environmental (high-fat-diet-induced) and genetic (leptin-deficient, ob/ob; leptin
receptor-deficient, db/db) models of obesity in mice resistin serum levels were elevated
(Steppan et al. 2001). Additionally, both WAT mRNA and serum protein levels of resistin
dropped during fasting and increased during refeeding. Regulation of resistin by nutritional
status is interesting because it parallels that of leptin (Ahima and Flier 2000). In mice with
diet-induced obesity, immunoneutralization of resistin resulted in a 20% drop in blood
glucose, and improved insulin sensitivity as measured by insulin tolerance testing (Steppan et
al. 2001). Resistin also inhibited the differentiation of 3T3-L1 preadipocytes and was strongly

induced in streptozotocin-diabetic mice following treatment with insulin (Kim et al. 2001). In
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Sprague-Dawley rats a gene expression profile screening approach identified resistin as one of

the most strongly upregulated genes following a week of 60% high-fat diet (Li et al. 2002).
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Figure 12. Model to explain hyperresistinemia in mice and humans with obesity despite the species
differences in the source of plasma resistin. Circulating inflammatory cytokines TNF-o and 1L-6 are depicted
because of their role in resistin induction in human macrophages and their implied role in insulin resistance.
Other cytokines and inflammatory markers may also contribute to insulin resistance and/or resistin induction.

Source: Lehrke et al.: An inflammatory cascade leading to hyperresistinemia in humans. PloS Med 2004 |: e45.

3.4.2.1. Regulation of resistin gene expression

The discovery of resistin as a new adipose-specific secreted molecule implicated in
diabetes and obesity generated excitement in the field. A number of groups have investigated
regulation of resistin in animal models of diabetes and obesity and by a variety of agents

known to modulate insulin sensitivity. These results are summarized in Table 6.

3.4.3. Human resistin

Based upon the studies of resistin regulation and function in rodents a great deal of
interest was generated in determining how the rodent studies apply to the mechanism of type2
diabetes in humans. Translating the findings of murine resistin biology to human
pathophysiology has been complicated, however, by the fact that only two human
homoloques have been found for the three mouse genes (Steppan and Lazar 2002). Overall,
human resistin is only 53% identical with its murine counterpart, but identity is highest in the
C-terminal signature sequence region (Steppan and Lazar 2002). Furthermore, unlike murine
resistin, human resistin appears to be expressed at low levels in adipocytes, but is readily

detectable in mononuclear blood cells (Nagaev and Smith 2001; Savage et al. 2001).
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Studies in human brought rather contradictory results. Monocytes isolated from peripheral
blood and differentiated in vitro to macrophages show a fourfold induction of resistin mRNA;
treatment of these cells with rosiglitazone downregulates resistin expression by up to 80%
(Patel et al. 2003). Nagaev and Smith (2001) detected only a very low level of resistin in fat
or muscle samples of 42 individuals from control, insulin-resistant, or type2 diabetic patient
groups and did not find any correlation with insulin resistance. Savage et al. (2001) were
unable to detect resistin in lean patients, but found increased levels of resistin mRNA in
subcutaneous fat of morbidly obese individuals. However, similarly to the results of Nagaev
and Smith (2001), resistin mRNA levels were detected in only 4 of 14 subjects in freshly
isolated adipocytes and were not correlated with BMI (Savage et al. 2001). In this study was
also found that 24-h treatment of freshly isolated mononuclear cells with PPARYy agonists
failed to have any effect on resistin levels, in contrast to the effects in mice and those reported
by Patel et al. (2003). Furthermore, Savage et al. (2001) found that a patient with clinically
severe insulin resistance due to a mutation in PPARy has no detectable resistin in
subcutaneous fat. Janke et al. (2002) found that resistin is highly expressed in pre-adipocytes
isolated from plastic surgery patients, and that resistin expression decreased during
adipogenesis, contrary to the results in mice. Janke et al. (2002) failed to find any correlation
between adipose tissue resistin expression and body weight or insulin sensitivity. In healthy
normal-weight women, the relationship between plasma resistin and BMI, body fat, plasma
leptin levels and insulin sensitivity was not confirmed (Dostalova, Kunesova et al. subm. to
press). Several groups have investigated whether human resistin, as mouse resistin, is
increased in visceral adipose depots. Both Savage et al. (2001) and McTernan et al. (2002)
failed to see a difference between resistin expression in subcutaneous and omental abdominal
adipose tissue, although McTernan et al. (2002) detected 4.2-fold higher resistin expression
and protein than in peripheral fat depots in thigh and breast.
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3.44. Resistin and anorexia
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group found significantly decreased

plasma resistin levels and markedly increased resistin levels in the extracellular space of
abdominal adipose tissue of patients with a restrictive type of AN in comparison to healthy
women (Fig. 13; Nedvidkova, Dostalova et al. 2004b; Dostalova, Kunesova et al. subm. to
press). However, Housova et al. (2005) have found that patients with either a restrictive or a
purging type of AN show no significant difference in plasma resistin levels compared to
healthy women. Interestingly, Skilton et al. (2005) found that pathophysiologically relevant
concentrations of resistin, within the range of concentrations exhibited by patients with AN,
increase endothelial cell adhesion molecule expression, possibly contributing to increased

atherosclerosis risk in these patients.
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Table 6. Regulation of murine resistin gene expression

Model system

References

Suppressors
Thiazolidinediones
Obesity

Insulin

Tumor necrosis factor-a
Isoproterenol
Epinephrine
Somatotropin
Fasting
Lipopolysaccharide
Inducers
Thiazolidinediones
Glucose

Insulin
Dexamethasone
Hyperprolactinemia
Testosterone
Growth hormone
Refeeding
Lipopolysaccharide
No effect

IL-6
Lipopolysaccharide
Angiotensin-2
Growth hormone
B-agonists

3T3-L1s, mice, rats
mice

3T3-Lls

3T3-Lls

3T3-Ll1s

3T3-Lls

3T3-Ll1s

mice

mice

mice

3T3-L1s, rats
mice
3T3-L1s, mice
mice

mice

SDR rats
Mice
3T3-L1s, rats

3T3-Lis
3T3-L1s, mice
3T3-Lls
3T3-L1s
3T3-L1s, mice

Steppan et al. 2001
Way et al. 2001
Haugen et al. 2001
Rajala et al. 2002
Fasshauer et al. 2001
Shojima et al. 2002
Shojima et al. 2002
Steppan et al. 2001
Rajala et al. 2002

Way et al. 2001
Rajala et al. 2002
Kim et al. 2001
Haugen et al. 2001
Ling et al. 2001
Ling et al. 2001
Delhanty et al. 2002
Steppan et al. 2001
Lu et al. 2002

Rajala et al. 2002
Rajala et al. 2002
Fasshauer et al. 2001
Fasshauer et al. 2001
Moore et al. 2001

Source: RR Banerjje, MA Lazar. Resistin: molecular history and prognosis. J Mol Med 2003 81:218-226.
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4. RESULTS AND DISCUSSION

The present Thesis was mainly focused on the alterations of leptin, resistin and ghrelin

levels in plasma and in extracellular fluid from abdominal adipose tissue of patients with AN.

The next point of interest was the effect of acute energy disbalance (food intake; a single bout

of exercise) on plasma levels of leptin and ghrelin. The results obtained in patients with AN

were compared with those found in healthy age-matched women. The samples of extracellular

fluid from subcutaneous adipose tissue of patients with AN and of healthy women were taken

by in vivo microdialysis after previous modification of this method in vitro.

The main results of the Thesis could be summarized in the following points:

II.

III.

Microdialysis is a suitable technique for in vivo sampling of leptin and resistin
from human subcutaneous adipose tissue. For the sampling of leptin (16 kDa)
microdialysis membrane with 100 kDa cut-off and adding 40 g/1 of dextran-70 in a
perfusion fluid is needed, whereas for resistin (12.5 kDa) usually available
microdialysis system (microdialysis membrane with 20 kDa cut-off; perfusion
fluid with no colloid added) can be used. Thus, the molecular weight of the studied
substance is an important, but not the only, limiting factor in the set up of

microdialysis experiment (Article A; Article D).

The assesment of relative recovery of the substance for the specific type of
microdialysis catheter and for the selected perfusion rate is necessary step before
starting in vivo microdialysis sampling. The perfusion rate of the microdialysis
experiment should be chosen with respect for a limitation of the amount of a single
sample for analytical assesment, for the existence of indirect relationship between
perfusion rate and the percent of relative recovery of the substance and last, but
not least, for the proband undergoing the microdialysis experiment (the total

duration of the experiment) (Article A).
Patients with AN have markedly decreased total plasma leptin levels, whereas

soluble plasma leptin receptor (sOb-R) is significantly increased in these patients.

Thus, during chronic starvation, low circulating leptin levels together with up-
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IV.

VL

VIL

VIIL

IX.

regulation of the sOb-R in patients with AN may translate into reduced leptin

availability to peripheral and brain tissue (Article B).

In vivo free leptin levels in the extracellular space of abdominal adipose tissue of
patients with AN are not significantly different in comparison to healthy women.
Thus, markedly reduced plasma levels of total leptin in patients with AN do not
directly reflect leptin levels in the dialysate from abdominal adipose tissue of these

patients (Article B).

Patients with AN have markedly elevated fasting plasma ghrelin levels. Plasma
ghrelin is significantly negatively related to body fat content in both patients with
AN and in healthy women. Thus, the regulation of ghrelin during chronic

starvation is opposite to the regulation of leptin in this state (Article C).

In healthy women, the consumption of either a standardized mixed meal or non-
caloric fiber of the same volume leads to a significant decrease of plasma ghrelin
levels with the maximum ghrelin response occuring more rapidly (in 30 min) to

fiber than to caloric meal (Article C).

Short-term response of plasma ghrelin to feeding, which in healthy normal-weight
women is independent of food caloric value, is impaired in patients with AN
(Article C).

Patients with AN have significantly decreased plasma resistin levels and
significantly increased resistin levels in the extracellular space of abdominal
adipose tissue. Plasma resistin levels are not directly related to body mass index,
body fat content, plasma leptin levels and insulin sensitivity in either patients with

AN or in healthy women (Article D).

A single bout of moderate-intensity cycle ergometer exercise (2 W.kg" of lean
body mass; 45 min) leads to a significant reduction of plasma leptin levels in
patients with AN when measured immediately after and 90 min after the end of the
exercise bout. The reduction of plasma leptin levels observed during exercise in

healthy women is not a direct result of exercise, but rather the naturally occuring
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early morning decrease of plasma leptin that is lacking in patients with AN.
Neither norepinephrine nor insulin are the salient factors responsible for the

sensitive and rapid leptin response on exercise in patients with AN (Article E).
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Abstract

Microdialysis is a relatively new in vivo sampling technique, which allows repeated collecting of interstitial fluid and infusion of effector
molecules into the tissue without influencing whole body function. The possibility of using microdialysis catheter with a large-pore size
dialysis membrane (100 kDa) to measure concentrations of the adipocyte-derived peptide hormone leptin in interstitial fluid of adipose
tissue was explored. Krebs—Henseleit buffer with 40 g/l dextran-70 was used to prevent perfusion fluid loss across the dialysis membrane.
The relative recovery of leptin in vitro was determined using CMA/65 microdialysis catheter (100 kDa cut-off, membrane length 30 mm;
CMA, Stockholm, Sweden) and four perfusion rates were tested (0.5, 1.0, 2.0, 5.0 pl/min). Furthermore, the microdialysis catheter CMA/65
was inserted into subcutaneous abdominal adipose tissue of 11 healthy human subjects and leptin concentrations in the interstitial fluid
of adipose tissue in vivo were measured. The present findings are the first documentation on the use of microdialysis to study local leptin

concentrations in the interstitial fluid of adipose tissue.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Leptin; Microdialysis; Adipose tissue

1. Introduction

Knowledge about the local leptin concentrations in adi-
pose tissue, the main source of its production, in humans is
of great importance due to the role of leptin in energy home-
ostasis regulation and local disruptions in its production in
adipose tissue during conditions influencing fat depots in or-
ganism such as long-term fasting or obesity. A simple and
direct approach to obtain this information in vivo can be the
use of microdialysis, which is based on the similarity of the
dialysis membrane with blood capillary. Rosdahl et al. (4]
have shown that large-pore dialysis membrane (100 kDa) can
be used to study interstitial concentrations of metabolites in
skeletal muscle only if 40g/1 of dextran-70 is included in
the perfusate to prevent perfusion fluid loss. Furthermore, it
is important to establish to what extent the measured con-
centration of a compound in the dialysate reflects its true

* Corresponding author. Tel.: +420-2-24905-272;
fax: +420-2-24905-325.
E-mail address: jnedvidkova@endo.cz (J. Nedvidkova).
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level in the extracellular space. Under most circumstances,
microdialysis only allows measurement of a fraction of the
concentration of a substance in the extracellular space [1].
Microdialysis probes can be characterized by the assessment
of their recovery in vitro, as described by Lonnroth et al.
[11]. We tested leptin recovery in vitro at different flow rates
using large-pore dialysis membrane to explore its possibil-
ities for studying local leptin concentrations in interstitial
fluid of human adipose tissue in vivo.

2. Methods

2.1. In vitro experiments

These experiments were performed to determine the rela-
tive leptin recovery in vitro. Microdialysis catheter CMA/65
with 100kDa cut-off and membrane length 30 mm (CMA,
Stockholm, Sweden) connected to CMA/107 microdialy-
sis pump was used to set up the experiment. The micro-
dialysis syringe was filled with Krebs—Henseleit buffer
(KHB), which consists of 140mmol/1 NaCl, 3.9 mmol/l
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KCl, 2.5mmol/l CaCl;-2H,0, 1.2 mmol/l MgS0O4-7H;0,
0.8 mmol/l NaHPO4-2H,0, 0.8 mmol/l KH,PO4 and 40 g/i
dextran-70 (NaOH was used to obtain pH 7.4). Dextran-70
at a concentration of 40g/l was used to prevent perfusion
fluid loss. Catheters were immersed in test tubes contain-
ing standard leptin concentration (10ng/ml), which was
determined from the average leptin concentrations in hu-
man plasma. The temperature was maintained by digital
block heater at 37-38 °C. Four perfusion rates have been
tested (0.5, 1.0, 2.0, 5.0 pl/min). Fifteen independent sam-
ples were taken at each rate, collected at 45-min intervals.
Smaller perfusion rates were not used because of the large
volume of sample, which we usually need to measure lep-
tin by an analytical method. The relative recovery in vitro
(%) was calculated from the ratio of leptin concentration
in dialysate to leptin concentration in perfusate multiplied
by 100.

2.2. In vivo experiments

Eleven healthy women (mean BMI 20.9 + 1.47 kg/m?;
weight 60.4 + 5.41kg, height 169.9 £+ 4.76cm, percent
body fat 19.5 + 3.58%, age 23.3 + 2.57 years) were re-
cruited for this study. All subjects included in the study
were non-smokers, had no allergies, and had been free of
medications for at least 3 weeks before the experiment.
Volunteers had no history of weight loss because of eating
disorder, obesity, hypertension, gastrointestinal disease or
a psychiatric disorder in the past and had normal values
in physical examination and in electrocardiography. Blood
tests confirmed a normal blood count, liver and renal func-
tions. Volunteers were in the first 2 weeks of the follicular

phase of their menstrual cycle. All subjects provided written
informed consent prior to participating in the study, which
was approved by the Human Ethic Review Committee,
Institute of Endocrinology, Prague.

All subjects were admitted to the Institute of Endocrinol-
ogy at 7.00 a.m. They underwent a short medical survey
(blood pressure and heartbeat, EKG, respiration hearing).
The percent body fat was determined by bioimpedancy
(TANITA, Japan) and by anthropometric measurement. Mi-
crodialysis catheter was introduced into abdominal adipose
tissue at 7.15 a.m. The experiments were performed with
the subjects in supine position in a room kept at 24-25°C.

2.3. Microdialysis

Microdialysis catheter CMA/65 with 100 kDa cut-off and
membrane length 30 mm (CMA, Stockholm, Sweden) with
polyethylene sulfone membrane connected to CMA/107 mi-
crodialysis pump was inserted into abdominal subcutaneous
adipose tissue after local lidocain administration. Microdial-
ysis syringe was filled with sterile KHB with dextran to pre-
vent perfusion fluid loss [2]. The perfusion rate was 2 p.l/min.
Microvials with interstitial fluid samples were collected at
two 45-min intervals (8.00-9.30 a.m.) at least 45 min after
catheter introduction and bed rest to reach steady-state con-
ditions. Samples were kept on ice during the experiment,
immediately chilled and stored at —80°C. Leptin concen-
trations were determined by high sensitive RIA (Linco Re-
search, MO, USA) with the limit of sensitivity 0.05 ng/ml.
The resulting leptin concentration in the microdialysate is
the mean of two measurements at the two intervals, taking
into account leptin recovery.

relative recovery of leptin (%)
F-N

perfusion rate (ul/min)

Fig. 1. The relative leptin recovery in vitro (%) was indirectly proportional to perfusion rate (pnl/min). Four perfusion rates have being tested (0.5, 1.0,

2.0, 5.0 wl/min). Results are shown as mean & S.D., n = 15 at each rate.
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3. Results
3.1. In vitro recovery

The relative leptin recovery was 5.85 + 0.08% at perfu-
sion rate of 0.5 pl/min, 5.17 + 0.12% at perfusion rate of
1.0 wi/min, 4.30£0.11% at perfusion rate of 2.0 pl/min and
2.18 £ 0.13% at perfusion rate of 5.0 wl/min (n = 15 for
each rate). The relative leptin recovery in vitro was indi-
rectly proportional to the perfusion rate (Fig. 1).

3.2. Leptin concentrations in the interstitial fluid of
adipose tissue in healthy women

Concentrations of leptin in the interstitial fluid of adipose
tissue in healthy women (n = 11) were 2.59 + 1.99 ng/ml
using perfusion rate of 2 wl/min, as discussed above. The
microdialysate volumes of samples measured at 45-min in-
tervals were 84.58 4 7.22 wl, which confirms the view that
40 g/1 dextran-70 added is adequate to prevent perfusate loss.
Leptin concentrations in the interstitial fluid of adipose tis-
sue were analyzed by high sensitive RIA (Linco Research,
MO, USA), sensitivity limit of an assay was 0.05 ng/ml.

4. Discussion

The present study was designed to explore the possibility
of using microdialysis catheters with a large-pore dialysis
membrane (100kDa) to investigate the concentrations of
large peptide adipocyte derived hormone leptin in intersti-
tial fluid of adipose tissue. The 100 kDa membrane should
allow the study of larger molecules than conventional
membranes with a pore size < 20kDa, which, with two
exceptions [3.4], has been used in all previous microdial-
ysis investigations. Furthermore, the largest molecule used
previously to diffuse across the 100kDa pore membrane,
was insulin (5808 Da) [4].

On the other hand, the 100 kDa membrane has the dis-
advantage that it allows a greater loss of perfusate into the
interstitial space. The problem with the perfusate explains,
why 100 kDa pore membrane was not used in previous mi-
crodialysis research.

In our study, similarly to Rosdah! et al. [4,5] Krebs—
Henseleit buffer with dextran-70 (40 g/1) as a perfusate was
used to prevent perfusion fluid loss. Rosdahl et al. {4] have
shown that the loss of perfusate from the microdialysis
catheter could be prevented if a colloid is added to the per-
fusate and that this membrane is suitable for recordings of
molecules in the interstitial space and that large molecules,
such as insulin. diffuse across the dialysis membrane.
Leptin (16 kDa) is almost three times larger than insulin
(5.8 kDa). Despite this fact we assumed the accuracy of
the previous observations that a pore size of microdialysis
membrane three times greater than is the molecular weight
of the molecule is sufficient to permit diffusion across the

dialysis membrane [6]. Our results confirm that a 100 kDa
pore membrane is applicable for supervision of leptin in
the interstitial fluid of adipose tissue.

[t is important to establish to what extent the measured
concentration of a particular compound in the dialysate re-
flects its true level in the extracellular space. Under most
circumstances microdialysis only allows measurement of a
fraction of the concentration of a substance in the extracel-
lular space [1]. Microdialysis probes can be characterized
by the assessment of their recovery in vitro, as described by
Lonnroth et al. [11]. The relative recovery of leptin measured
in vitro is defined as a ratio between leptin concentration in
the dialysate and the concentration in the fluid surrounding
the probe (expressed as percentage) [1]. We have shown that
the relative leptin recovery reach the order of percent val-
ues and that the relative recovery is indirectly proportional
to the perfusion rate. Despite our attempt to simulate -the
tissue conditions in measuring the relative leptin recovery,
it was not possible to reach the same conditions as in vivo.
On the other hand, the relative recovery was measured at
different rates and a negative relationship between the per-
fusion rate and leptin concentration in microdialysate was
observed. This observation, together with at least 15 inde-
pendent measurements with minimal deviations at each per-
fusion rate, confirm the suitability of the procedure.

Our results achieved in human subcutaneous adipose
tissue in vivo using a protocol with 2 pl/min perfusion
flow show that perfusate loss does not occur when 40 g/l
dextran-70 is included in the perfusate. The selection of the
perfusion rate of 2 pl/min for in vivo experiments has two
main reasons. First, the minimal volume sample to assay
leptin is 100 ul. If a smaller perfusion rates were used, it
would take too much time to collect the required volume
of one leptin sample for the assay and we would lose the
acute reflection, e.g. after local drug application. Secondly,
the relative recovery measured at this rate is sufficient to
calculate leptin concentrations. At higher rates, the rela-
tive recovery of leptin is too low to give optimal results.
Despite our results, which show reduced leptin concentra-
tions in the interstitial fluid of adipose tissue compared to
leptin concentrations in plasma in healthy women, diurnal
decrease of leptin concentrations in plasma is in agreement
with a decrease in leptin concentrations in interstitial fluid
of adipose tissue in the morning (not shown). Furthermore,
leptin expression in other tissues, including human pituitary
[7]., stomach (8], placenta [9] and mammary epithelial cells
[10] could contribute to circulating leptin levels.

5. Conclusions

Microdialysis has been usually used for monitoring
small biologically active molecules in peripheral tissues.
The present study has for the first time shown that the in
vivo microdialysis is suitable for monitoring large pep-
tide adipocyte-derived hormones, such as leptin, in inters-
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titial fluid of human adipose tissue provided that a 100 kDa
pore microdialysis membrane was used with addition
of dextran-70 in the perfusate. Our results could be ap-
plied for measuring local changes in the production of
adipocyte-derived hormones which are important in energy
homeostasis regulation and could be important in clinical
research engaged in eating disorders or obesity.
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Abstract

Objective: The adipocyte-derived hormone leptin is involved in energy metabolism and body weight regulation. Plasma leptin concentrations
are significantly reduced in patients with anorexia nervosa (AN) and with severe malnutrition. Whether reduced plasma leptin is reflected by
its decreased production by the adipose tissue is unknown.

Methods: In the present study we measured leptin concentrations locally in the abdominal subcutaneous adipose tissue of 9 female AN
patients and 11 healthy controls by in vivo microdialysis.

Results: Adipose tissue free leptin levels were not different in patients with AN compared to controls (2.59£1.99 vs 2.36+0.25 ng/ml,
P>0.05). Plasma leptin soluble receptor (sOb-R) levels were significantly higher in patients with AN than in healthy subjects (58.05+38.69
vs 12.79+5.08 U/ml, P<0.01). The area of adipocyte in AN was considerably smaller than in the controls (183+104.01 ym’ compared to
2145.8+1003.41).

Conclusions: We conclude that decreased plasma leptin levels in patients with AN are not directly related to dialysate leptin levels in the

abdominal subcutaneous adipose tissue.
© 2004 Published by Elsevier B.V.

Keywords: Microdialysis; Anorexia nervosa; Leptin; Adipose tissue

1. Introduction

Leptin is a hormone with multiple functions, including
predominantly long-term regulation of body weight, energy
balance and body temperature by acting as a hunger
suppressant signal to the central nervous system [1,2]. In
eating disorders, leptin is involved in the development of its
symptoms rather than the pathogenesis itself [3]. Initially
thought to be expressed and secreted exclusively by
adipocytes, leptin has also been found in other human
tissues, including the pituitary, stomach, placenta and

* Corresponding author. Tel.: +420 224905272; fax: +420 224905325.
E-mail address: jnedvidkova@endo.cz (J. Nedvidkova).

0167-0115/$ - see front matter © 2004 Published by Elsevier B.V.
doi:10.1016/j.regpep.2004.12.029

mammary gland [4-8]. Nevertheless, adipose tissue remains
its main source responsible for 95% of leptin production [9].
Leptin levels can be influenced by such conditions as
satiety, amount of adipose tissue or diumal cycles. These
influences are mediated mostly by sympathetic regulators,
insulin, glucocorticoids, and glucose entry into adipocytes
[10]. These influences result in great inter- and intrapersonal
variations of leptin levels.

Plasma leptin exists in two forms: free and protein-
bound, which reflects leptin binding to its soluble receptor
(sOb-R), the major leptin binding activity in plasma [11-
13]. Expression of sOb-R and plasma leptin correlates
significantly and inversely with age, IGF-I levels, pubertal
stage and body composition [14,15,16]. In various eating
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disorders, plasma sOb-R levels were found to vary in the
manner opposite to leptin levels [17]. The relationship
between bound and free leptin may become clinically
relevant in physiological and pathophysiological states that
cause rapid changes in total plasma leptin, such as fasting
[13]. Leptin as index of adiposity is reduced by caloric
restriction and weight loss [18). It was found that while
physical exercise does not induce changes in circulating
leptin, fasting reliably affects serum leptin levels [19].

Anorexia nervosa (AN) is a psychiatric disorder charac-
terized by intensive fear of gaining weight, despite the
patient’s weight being normal or even below normal. This
abnormal behavior leads to voluntary reduction of food
intake, which results in severe weight and fat loss in affected
patients, thus endangering their lives [20]. Hyperactivity
often plays a role in developing and maintaining AN and
represents an obstacle to weight gain in refeeding [21].
Plasma leptin concentrations are significantly decreased in
subjects with AN [22,23]. It has been suggested that this
decrease may reflect fat loss during starvation [22,24].
Interestingly, weight gain results in significantly increased
plasma leptin {22,23] and decreased plasma sOb-R in AN
patients [15]. Leptin levels can also be influenced by lowered
insulin levels in AN patients [25], increased activity of
sympathetic nervous system (SNS) in abdominal adipose
tissue [26] and other factors. Holtkamp et al. [27] found that
therapeutically induced weight gain in AN patients accom-
panied by high serum leptin levels has prognosis of repeated
weight loss.

However, all these studies were based on measurement of
plasma total and free leptin concentrations but not on
measurement of leptin concentrations of local specific
adipose tissue. Microdialysis is a powerful and safe
technique that allows detection of in vivo local changes in
interstitial fluid concentrations of various molecules, includ-
ing hormones [28-31]. In previous study [26], we docu-
mented increased SNS activity, especially increased
norepinephrine (NE) levels in adipose tissue of AN patients,
but not in the whole body where the SNS activity was rather
decreased. It is known that catecholamines inhibit leptin
production [32]. Thus, we hypothesized that the increased
NE concentration in the extracellular space of abdominal
adipose tissue of AN patients may serve to protect the
organism from increased lipolysis by lowering leptin
production there. Therefore, we decided to determine leptin
levels in interstitial space of adipose tissue in AN patients
where the sympathetic activity is alternated.

2. Subjects and methods
2.1. Study subjects
Nine women with AN (age: 24.4%3.59 years; BMI:

15.4+1.59 kg/m?) and eleven healthy women (age:
23.3+2.57 years; BMI: 20.9+1.47 kg/mz) were enrolled in

this study. All subjects were non-smokers, had no allergies,
and had been free of medications for at least three weeks prior
to the study. Healthy women had no history of obesity,
hypertension, gastrointestinal diseases, eating disorders or
other psychiatric disorders, and had normal physical exami-
nation and electrocardiogram. Blood tests confirmed normal
blood count, liver and renal functions. Patients with AN were
diagnosed according to the fourth edition of the Diagnostic
and Statistical Manual of Mental Disorders (American
Psychiatric Association, 1994) [33] after detailed medical
and psychiatric evaluation. All patients with AN restrictive
type were examined after two weeks of hospitalization on the
Department of Psychiatry, still in acute state. Patients with
AN were clinically stabile and in relatively good health,
except for their eating disorder. All healthy women were in
the first two weeks of the follicular phase of their menstrual
cycle whereas all AN patients had amenorrhea. All subjects
provided written informed consent prior to participating in
the study, which was approved by the Human Ethic Review
Committee, Institute of Endocrinology, Prague.

2.2. Experimental procedures

Upon enrolment, subjects were prohibited to drink coffee
and alcohol and were asked to fast and drink only water the
night prior to the study. All subjects were admitted to the
Institute of Endocrinology at 7:00 a.m. After a short medical
examination (blood pressure, heart and respiratory rates
measurement, EKG), percentage of body fat (% BF) was
estimated by anthropometry measurement and bioimped-
ancy (TANITA, Japan). All subjects were then placed in
supine position on a comfortable bed in a room kept at 23—
25 °C and a venous catheter was placed in the antecubital
vein. A microdialysis catheter CMA/65 (CMA, Stockholm,
Sweden) with a membrane length 30 mm and with a
molecular cut-off of 100 kDa was inserted subcutaneously
under sterile conditions, 8-10 c¢m lateral to the umbilical
scar after local anesthesia with 0.1% lidocain. Immediately
after insertion, the catheter was perfused with physiologic
solution using a portable pump (CMA 107). Sterile Krebs—
Henseleit buffer (KHB, consisting of 140 mmol/l NaCl, 3.9
mmol/l KCL, 2.5 mmol/l CaCl,-2H,0, 1.2 mmol/l
MgS0O, - 7TH,0, 0.8 mmol/1 Na,HPO,-2H,0, 0.8 mmol/l
KH,PO,) was used as perfusion fluid. KHB pH was
adjusted to 7.4 with NaOH and dextran (40g/l) was added
to prevent perfusion fluid loss. A constant perfusion rate of
2 pl/min was maintained throughout the study. Blood and
microdialysate collection started at least 45 min after
catheter insertion and bed rest to reach steady state
conditions. Microdialysate samples were collected at 45
min intervals between 8:00 and 9:30 a.m. Blood samples for
leptin and sOb-R assay were collected into chilled
polypropylene tubes containing Na,EDTA and antilysin.
Plasma was immediately separated from whole blood by
centrifugation at 3000 rpm for 20 min at 4 °C and stored at
—20 °C until being thawn and assayed.
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2.3. Subcutaneous blood flow estimation

Subcutaneous adipose tissue blood flow in the abdominal
region was estimated by the ethanol washout method.
According to this method, differences between ethanol
concentrations in the perfusate (inflow) and dialysate
(outflow) indirectly reflect local changes in blood flow
[34,35]. The application of this procedure to the adipose
tissue has been previously validated by comparison with the
133X e washout [34]. Briefly, in our study ethanol (50 mmoV/
1) was added to the perfusion fluid and its escape from the
perfusate into the adipose tissue interstitial fluid was
assessed by measuring changes in dialysate/perfusate ratio.

Ethanol was measured using a standard enzymatic assay
(Sigma Diagnostics, USA). For simplicity, the microdialy-
sate ethanol concentration/perfusate ethanol concentration
ratio is referred to as “ethanol ratio”.

2.4. Calculation of relative leptin recovery

Before starting microdialysis perfusion, the relative
leptin recovery (RLR) was calculated in vitro at a temper-
ature of 37-38 °C and maintained by a digital block heater
to simulate body temperature. The CMA/65 catheter was
immersed into a solution containing a concentration of
leptin equivalent to the average plasma level, and a
microdialysis syringe was filled with KHB supplemented
with dextran-70 (40g/l) as described above. Different
perfusion rates (0.5, 1.0, 2.0, 5.0 ul/min) were tested to
investigate possible relative recovery vs perfusion rate
dependency. At each rate, RLR was calculated from 15
samples collected in perfusion rate-dependent intervals
according to the formula: RLR (%)=(leptin concentration
in dialysate/leptin concentration in standard solution)x 100.
A perfusion rate of 2 pl/min was selected for in vivo
microdialysis, based on the calculated in vitro RLR
corrected for experiment duration. The procedure is
described in detail in our previous report {31].

2.5. Biopsy

Thick needle aspiration samples were fixed in buffered
formalin and embedded in paraffin. Four micrometer
sections were stained H and E and the adipocyte areas were
measured with the LUCIA (Laboratory Universal Computer
Image Analysis-Laboratory Imaging Prague) image analysis
program.

2.6. Analytical procedures

Leptin was measured by RIA (Linco Research,
St.Charles, Missouri, USA). Samples were initially incu-
bated with 0.05 M of a phosphate-buffered saline solution
(0.025 M of EDTA, 0.08% of sodium azide, 0.05% of Triton
X-100 and 1% of RIA grade BSA, pH 7.4) and with anti-
leptin anti-serum for 24 h at room temperature. Next, '*°I-

leptin was added and samples were incubated for additional
24 h at room temperature. Antibody-bound leptin was then
precipitated by 1 ml of cold (4 °C) precipitating reagent
(goat anti-rabbit IgG serum, 3% PEG and 0.05% Triton X-
100 in 0.05M Phosphosaline, 0.025M EDTA, 0.08%
sodium azide) and tubes were incubated for 20 min at 4
°C and centrifuged for 30 min at 3000 rpm. After
centrifugation, supernatants were decanted and radioactivity
of pellets was quantified in a y-counter. The detection limit
of the assay was 0.05 ng/ml, with intra-assay coefficient of
variations (CVs) of 5.25% and 5.97%, and interassay CVs
of 8.9% and 8.67% for low (0.44 ng/ml) and high (4.24 ng/
ml) leptin levels, respectively. All assays were run twice in
duplicate.

Plasma sOb-R was measured by ELISA (BioVendor
Laboratory Medicine). Plasma samples, recombinant human
sOb-R standards and quality controls were diluted 1:2 with
dilution buffer and incubated in microtitration wells coated
with monoclonal anti-human sOb-R antibody for 1 h at
room temperature on an orbital microplate shaker at 300
rpm. The wells were then washed 3 x with a washing buffer.
After washing, a monocional anti-human sOb-R antibody,
labeled with horseradish peroxidase, was added and
incubated with the immobilized antibody—leptin receptor
complex for 1 h at room temperature and 300 rpm shaking.
Next, the wells were washed 4% and the substrate solution
was added. After an additional 5—-10 min incubation at room
temperature, the reaction was stopped by adding 0.2 M of
H,SO,4. Absorbance was measured at 450 nm with a
spectrophotometer (Dynex, USA). The detection limit of
the assay was 0.4 Unit recombinant human sOb-R/ml of
sample, with intra- and interassay CVs of 4.7% and 3.9%,
respectively.

2.7. Data analysis

All results are presented as mean+S.D. Microdialysate
leptin concentrations, calculated as average of the two
values measured at 45 min intervals between 8:00 and 9:30
a.m., were corrected for in vitro RLR. For evaluation of
relations between leptin concentrations and anorexia,
ANCOVA model was used with adjustment to constant
BMI and/or percent of body fat. To achieve Gaussian data
distribution and to stabilize the variance, leptin plasma and
adipose tissue levels were transformed by logarithmic and
rank transformation, respectively. Plasma and adipose tissue
microdialysate leptin levels relationship was analysed using
Spearman correlation.

3. Results

Baseline characteristics of the study subjects, including
anthropometric measurements, are summarized in Table 1.
At a perfusion rate of 2 pl/min, the in vitro RLR was
4.29+0.38%. Local adipose tissue blood flow was similar in
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Table 1
Characteristics of the study subjects

Controls (n=11) AN (n=9)
Age 23.3+2.57 24.4+3.59
Body weight (kg) 60.4+5.41 43.6+7.04*
Body height (cm) 169.9+4.76 168.0+6.30
BMI (kg/m?) 20.9+1.47 15.4+1.59*
Body fat (%) 19.5+3.58 4.1£0.85"
Total fat skinfold (mm) 120.5+25.17 42.1+18.78°
Abdominal fat skinfold (mm) 16.4+6.18 5.843.59*

Values are mean+S.D., AN=anorexia nervosa, BMI=body mass index.
* Values significantly different from control subjects, p<0.05.

AN subjects and the controls (ethanol ratio: 41.2+6.67% vs
40.9+5.26%). Plasma leptin concentrations were signifi-
cantly decreased in AN patients when compared to the
controls (1.9+0.81 vs 8.0+3.38 ng/ml P<0.0001) whereas
dialysed leptin levels from the abdominal subcutaneous
adipose tissue were not significantly different in the two
groups (2.61+1.99 vs 2.4+0.25 ng/ml) (Fig. 1). Plasma and
adipose tissue microdialysate leptin levels did not correlate.
Plasma sOB-R levels were significantly increased in AN
patients compared to healthy controls (58.1+38.69 vs
12.8+5.08 U/ml, P<0.01) (Fig. 2). The images of biopsies
are shown (Fig. 3). The area of adipocyte in the controls was
2145.841003.41 pm? and 183+104.01 um? in AN.

4. Discussion

AN is a severe psychiatric disorder associated with high
morbidity and mortality. Only recently, the neuroendocrine
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Fig. 1. Plasma and subcutaneous adipose tissue free leptin concentrations
(mean+S.D.) in patients with anorexia nervosa (AN) and healthy controls
(C). Plasma samples were collected at 8:00 a.m. whereas microdialysate
samples were collected every 45 min between 8:00 and 9:30 a.m.
***P<0.01 compared with controls.
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Fig. 2. Plasma leptin receptor (sOb-R) levels (mean+S.D.) in patients with
anorexia nervosa (AN) and healthy controls (C). Plasma samples were
collected at 8:00 a.m. ***P<0.01 compared with controls.

Fig. 3. Biopsies of subcutaneous adipose tissue from subject with normal
weight (a) and from an anorexia nervosa patient (b).
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regulation of energy metabolism and feeding behavior in
eating disorders, such as AN, has become object of intense
investigation [3]. Our group, for example, has previously
described abnormal plasma ghrelin response to food intake
in AN patients [36] and increased norepinephrine levels in
extracellular space of abdominal subcutaneous adipose
tissue [26].

In the present study, we found significantly decreased
plasma leptin concentration, and increased plasma soluble
Ob-R (sOb-R) in AN patients, in agreement with the
observations already reported [17,20,37]. Obviously, during
chronic starvation, low circulating leptin levels together
with up-regulation of the sOb-R in AN patients may
translate into reduced leptin availability to peripheral and
brain tissues [15]. It is also needed to point out that plasma
sOb-R levels are independently regulated by many different
physiological and pathophysiological conditions [14] and
sOb-R may modulate actions of leptin in tissues in which
direct action of leptin has been demonstrated [38].

Contrary to our expectations, there was no difference in
local subcutaneous adipose tissue dialysate leptin concen-
trations between AN patients and healthy controls, which
could mean that malnutrition and severe weight loss in AN
either do not interfere with changes in leptin levels in the
subcutaneous adipose tissue or their influence is somehow
compensated. We expected decrease of interstitial leptin
levels mainly due to increased norepinephrine concentra-
tions that we found in abdominal subcutaneous adipose
tissue [26].

The higher than expected local leptin concentrations in
AN patients could be explained by the increased number of
smaller adipocytes in the vicinity of the microdialysing
membrane. Our minibiopsies of abdominal adipose tissue in
AN patients and in the controls showed that the number of
adipocytes per volume is higher in AN patients than the
number of adipocytes in the controls (Fig. 1a,b). Therefore,
if SNS influences leptin production per cell, rather than per
volume, high local concetrations, similar to controls, still
can be achieved in AN. On the other hand, less leptin is
secreted into circulation due to reduced volume of abdomi-
nal adipose tissue.

The influence of sOb-R on adipose tissue interstitial
leptin concentrations is unequivocal at the present state of
knowledge. It does not penetrate the microdialysis mem-
brane due to its size so its local concentrations in vivo
cannot be determined. Although it is tempting to speculate
about them being proportional to serum concentrations, it
does not necessarily have to be the case. Up to date, little is
known about its site of synthesis.

We are aware that there are many influences to leptin
concentrations [10,32] and many of those factors are
alternated in AN [3,26] as well as the serum leptin levels.
Our microdialysis measurements had shown that the local
leptin concentration is not affected. This supports the view
that, in the case of AN, the diminished size of adipose tissue
is the major contributor to low serum leptin levels.
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ABSTRACT Studies have shown that ghrelin plays a major role in energy homeostasis and modulation of
feeding behavior. However, little is known about the influence of food consumption on plasma ghrelin levels in
humans. Therefore, we investigated responses of plasma ghrelin to food intake, meal volume and meal
nutritional value in healthy volunteers and women with anorexia nervosa (AN). After overnight fasting, all
subjects received either a standardized breakfast or fiber. Plasma ghrelin levels were measured before and after
the meal. Fasting plasma ghrelin was significantly higher in AN patients than in controls (1,800.6 + 47.0 vs
795.9 & 24.3 pg/ml, P < 0.001) (606.8 + 15.8 vs 268.2 + 8.2 pmol/l, P < 0.001), and correlated negatively with
percentage of body fat in both groups. Ghrelin levels markedly fell after consumption of either a standardized
meal or fiber in controls, but not in anorexic women. Thus, we concluded that the acute plasma ghrelin responsc
to food intake, which in healthy individuals is independent of meal caloric value, is impaired in women with
AN. This abnormality may be part of a chronic adaptation to prolonged food restriction, which attempts to

restore a normal feeding conduct by maintaining the drive to eat.

Introduction

Ghrelin is a novel peptide hormone
identified as the endogenous ligand of the growth
hormone secretagogue receptor. Predominantly
synthesized by the neuroendocrine-like oxyntic
cells of the gastric mucosa, ghrelin is also found in
the intestine, pancreas, and the arcuate nucleus of
the hypothalamus (1-3).

In addition to strongly stimulating growth
hormone (GH) release both in vitro and in vivo (4-
6), ghrelin seems to be involved in the control of
energy metabolism and feeding behavior in both
rodents and humans. In rodents, systemic and
intracerebroventricular injections of ghrelin increase
food intake, fat deposition and weight gain, while
ghrelin expression increases after prolonged fasting
(7,8). In healthy humans, plasma ghrelin
concentrations increase before meals, reach a nadir
within one hour after meals, and are higher in lean
than in obese subjects (9-11). Similarly to rodents,
when administered intravenously to humans, ghrelin
stimulates appetite and increases food intake
(12,13). At least in rodents, the orexigenic
properties of ghrelin, which are independent of GH-
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release stimulation, appear to be partially mediated by
activation of arcuate nucleus neurons expressing
neuropeptide Y and agouti-related protein, two
orexigenic peptides (14-16).

Anorexia nervosa (AN) is a highly morbid
pathologic condition with the highest mortality rate
among other psychiatric disorders (17). Patients with
AN experience hunger, but are prevented from eating
by intense fear of losing control over eating and
becoming overweight. This abnormal feeding behavior
leads to marked weight loss and several metabolic
disturbances, which in most cases are life-threatening
(17-19). Compared to healthy subjects, patients with
AN have higher fasting plasma ghrelin levels, which
return back to normal after weight gain, suggesting a
role for this hormone in the pathogenesis of their
psychiatric disorder (10,20,21). However, responses of
plasma ghrelin to eating in AN subjects have not been
explored. Therefore, we studied the response of plasma
ghrelin to food intake, meal volume and nutritional
value in patients with AN and healthy controls.

Study Design and Methods
Subjects. Five women with AN (age: 24.3 +
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2.69 years; BMI: 15.21 + 1.54 kg/m*; mean = SEM)
and six healthy women (age: 22.95 + 4.75 years;
BMI 21.63 = 1.24 kg/mz), were recruited for this
study. All participants provided written informed
consent before being enrolled in the study, which
was approved by the Human Ethic Review
Committee, Institute of Endocrinology, Charles
University, Prague. All subjects included in the
study were non-smokers, had no allergies, and had
been free of medications for at least two weeks
prior to the study. Healthy volunteers had no history
of obesity, hypertension, gastrointestinal disease,
eating disorders or other psychiatric disorders. They
had normal physical examination,
electrocardiogram, blood count, liver and renal
functions. Patients with AN were diagnosed
according to the 4" edition of the Diagnostic and
Statistical Manual of Mental Disorders (American
Psychiatric Association, 1994). All AN patients
were clinically stable and in relatively good health,
except for their eating disorder. All subjects were
asked to fast and drink only water on the night prior
to the study.

Protocol. All participants were hospitalized
in the Department of Psychiatry at Charles
University, Prague, for the entire duration of the
study. Subjects were weighed and measured without
shoes. Waist and hip circumferences were
determined at the level of the umbilicus and greater
trochanters, respectively. Percentage of body fat (%
BF) was estimated by bioimpedance (22). To test
the influence of both food volume and food
nutritional value on plasma ghrelin levels, all
subjects received a standard solid meal (585 kcal
(2,439 kj), 32.6 g of fat, 17.6 g of protein, 50.0 g of
carbohydrate) modified from Paris-Bockel et al.
(23) or non-caloric fiber (0.11 kcal (0.46 kj), 4 g of
Psyllium) at 8:00 AM on two consecutive days.
Blood samples were drawn before the meal and at
specific intervals (30, 60, 90 and 120 min) after the
meal. Samples were collected into chilled
polypropylene tubes containing Na;EDTA and
antilysin. Plasma was immediately separated by
centrifugation at 4 °C and stored at —80 °C until
being assayed.

Ghrelin assay. Plasma ghrelin was measured
by a commercial RIA kit that uses '’I-labeled
bioactive ghrelin as a tracer, and a rabbit polyclonal
antibody raised against human full-length
octanoylated ghrelin (Phoenix Pharmaceuticals,
Inc., Belmont, CA). Sensitivity, inter-assay CV and
intra-assay CV were 1 pg/ml, 6.2% and 9%,
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respectively.

Statistical analyses. All data are presented as
mean + SEM. Statistical differcnces between groups
were analyzed by unpaired t-test or Mann-Whitney
Rank sum test. Correlations between parameters were
examined using Spearman’s rank correlation
coefficient. Group by time interaction for ghrelin
response to meal was analyzed by one-way repeated
measure ANOVA followed by Dunnett’s test for
multiple comparisons with baseline. A P value < 0.05
denoted statistical significance.

Results

Baseline characteristics of the study subjects are
summarized in Table 1. Fasting plasma ghrelin was
more than two-fold higher in patients with AN than in
controls (1,800.6 £ 47.0 vs 795.9 + 24.3 pg/ml, P <
0.001) (606.8 + 15.8 vs 268.2 + 8.2 pmol/l, P < 0.001)
(Table 1) and correlated negatively with % BF in both
controls (R? = - 0.49; P < 0.05) and AN (R?=- 0.54; P
<0.05).

Following the standardized breakfast, plasma
ghrelin concentrations continuously and markedly
decreased in control subjects from 795.9 + 35.8 before
meal to 408.5 £+ 52.1 pg/ml (268.2 + 12.0 and 137.7 £
17.6 pmol/l, respectively) two hours after the meal (P <
0.05). Similarly, plasma ghrelin fell from 795.8 + 36.4
at baseline to 450.2 + 36.4 (268.1 = 12.3 and 151.7 +
12.3 pmol/l, respectively) 30 min after consumption of
Psyllium fiber (P < 0.05), remaining constantly low
thereafter (Figure 1A). In contrast, ingestion of either
standard breakfast or Psyllium fiber was accompanied
by either non-significant increases or no changes in
plasma ghrelin over two hours in patients with AN
(breakfast: baseline: 1,820 + 68.6, 30 min: 2477 + 199,
60 min: 1818 + 220, 90 min: 2,754 + 588, 120 min:
1,730 + 495; fiber: baseline: 1780 £ 71, 30 min: 2,250
* 242, 60 min: 2,184 £ 173, 90 min: 2707 = 706, 120
min: 2524 + 369 pg/ml (613.3 + 23.1, 834.7 + 67.0,
612.7+74.1,928.0 + 198.1, 583.0 £ 166.8; and 599.9 +
23.9,758.9 + 81.6, 736.0 + 58.3, 912.3 £ 237.9, 850.6 +
124.4 pmol/l) (Figure 1B). The percentage changes in
ghrelin responses after consumption of either the
standardized breakfast or Psyllium fiber were 36.0 and
26.0 at 30 min; - 0.2 and 23.5 at 60 min; 51.3 and 52.0
at 90 min; and — 5.0 and 41.8 in two hours,
respectively.

Discussion
Eating disturbances, such as AN and bulimia
nervosa, are severe clinical conditions associated with
increased morbidity and mortality. Patients affected by
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these disorders often deny their illness, an element
that, in addition to the complexity of the disease,
makes most of the current treatments unsuccessful.
New hopes have arisen through by the recent
progress in understanding the neuroendocrine
regulation of energy metabolism and feeding
behavior.

The newly characterized hormone ghrelin
appears to play a major role in the control of energy
homeostasis and adipogenesis (7,8). In support of
this hypothesis and in agreement with previous
reports (10,20,24), we found in our study that
fasting plasma ghrelin levels correlate negatively
with both BMI and % BF. In humans, ghrelin also
functions as an appetite stimulant. In fact, its plasma
levels rise before meals, inducing hunger, and fall
after food intake (9, 11). In our study, consumptions
of the standard 585 kcal (2,439 kj) breakfast or fiber
were equally effective in suppressing plasma
ghrelin in healthy women. These findings suggest
that the acute response of plasma ghrelin to feeding
is independent of meal nutritional value, but rather
related to the presence of food in the stomach.
However, it has been shown that in normal subjects,
plasma ghrelin also decreases after intravenous
administration of glucose, suggesting that ghrelin
secretion may not be influenced by stomach
expansion (10). Further studies are required to
characterize the cellular and molecular mechanisms
underlying ghrelin responses to food intake.

The importance of ghrelin in the control of
feeding behavior in humans is further supported by
the occurrence of altered levels of this orexigenic
hormone in patients with different eating disorders.
In fact, fasting plasma ghrelin was found to be
decreased in obesity (10,11) and increased in AN
and bulimia nervosa (10,20,21). Our study confirms
that women with AN have significantly increased
fasting plasma ghrelin when compared to healthy
controls. This abnormality may result from a
chronic adaptation compensating the abnormal
feeding conduct, in order to preserve energy
homeostasis. Baseline plasma ghrelin levels
measured in the present study were higher than
those reported by Otto et al. (20). Such a difference
might be explained by different experimental
procedures, including sample preparation and
timing of the assay (in our study we analyzed
samples no later than 5 days after sampling) and the
small number of patients in our study.

We also showed, for the first time, that in
patients with AN plasma ghrelin levels remain high
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after food intake, and do not fall even two hours after
meal consumption. This impaired response may
indicate that in subjects with AN, because of the
chronic food restriction and the consequent adaptation,
a single meal is not sufficient to suppress the drive to
eat, in order to regain a normal weight and replenish the
energy stores. However, weight gain in anorexic
patients is associated with decreased plasma ghrelin
(20). It is therefore conceivable that, in these patients,
correction of the abnormal feeding behavior over a
prolonged period of time may restore the normal acute
response of plasma ghrelin to single meals.

In summary, we have shown that the short-term
response of plasma ghrelin to feeding, which in healthy
subjects is independent of food caloric value, is
impaired in women with AN. Further research is
needed to clarify the basic mechanism underlying this
and other abnormalities associated with chronic food
deprivation.
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Table 1. Baseline characteristics of the study subjects (mean + SEM). C = controls; AN = anorexia nervosa;
BMI = body mass index; %BF = percentage of body fat; NS = not significant.

C (n=6) AN (n=5) P value
Age (years) 2295+4.75 24.3 £2.69 NS
BMI (kg/m2) 2163 +1.24 1521 + 1.54 <0.05
%BF 24.6 £ 1.59 7.2+0.88 <0.001
Fasting plasma ghrelin (pg/ml)* 7959 +24.3 1800.6 + 47.0 <0.001

*To convert values for plasma ghrelin to pmol/l multiply by 0.337.
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Figure 1. A. Plasma ghrelin (mecan + SEM) response to food intake in healthy women. Following a standardized
breakfast, ghrelin plasma levels decreased markedly and continuously over two hours. Similarly, ghrelin levels fell
thirty minutes after consumption of fibers, remaining low thereafter. *P <0.05 and *P < 0.05 vs baseline after
standardized breakfast and Psyllium fibers, respectively. B. Plasma ghrelin (mean + SEM) response to food intake in
women with anorexia nervosa (AN). Ingestion of a single standardized meal or fiber did not induce any significant
change in plasma ghrelin over two hours. To convert values for plasma ghrelin to pmol/l multiply by 0.337.

Downloaded from jcem.endojournals.org on December 28, 2005



ARTICLE D

Dostalova I, Kunesova M, Duskova J, Papezova H,

Nedvidkova J

Adipose tissue resistin levels in patients with anorexia

nervosa.

Subm. Nutrition.

48



Resistin in anorexia nervosa subm. Nutrition

Adipose tissue resistin levels in patients with anorexia nervosa
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ABSTRACT

Background. Resistin is a specific fat-derived hormone that affects fuel homeostasis and insulin action in
rodents. However, its role in human physiology and pathophysiological conditions, such as malnutrition, remains
uncentain. Material and methods. To enhance understanding of the role of resistin in the pathophysiology of
anorexia nervosa (AN), we measured plasma resistin levels in ten women with a restrictive type of AN and in
thirteen healthy age-matched women (C). Furthermore, we measured resistin levels in the subcutaneous adipose
tissue of 5 women from AN group and 5 women from C group, respectively, using in vivoe microdialysis
technique (CMA/107 pump, CMA/60 catheters, CMA Microdialysis AB, Solna, Sweden). Results. Body mass
index (BMI), percent body fat (%BF), fasting plasma leptin and insulin and HOMA-IR index were severely
decreased in patients with AN compared to C group. Plasma resistin levels were significantly reduced in patients
with AN (P < 0.05), whereas subcutaneous adipose tissue resistin levels were significantly increased in patients
with AN compared to C group (P < 0.05). In both groups, plasma resistin levels showed no significant
relationship to resistin in the dialyzate, %BF, BMI, HOMA-IR and fasting plasma leptin levels. Conclusions.
We demonstrated that AN is associated with decreased plasma resistin levels and increased resistin levels in
extracellular space of the abdominal adipose tissue. Plasma resistin levels in either patients with AN or in
healthy normal-weight women were not directly related to BMI, %BF, plasma leptin levels and insulin
sensitivity.

Key words: resistin, anorexia nervosa, microdialysis

INTRODUCTION increased by refeeding, suggesting that this factor

Resistin has been proposed as a fuel homeostasis
and an insulin action regulator in rodents [1], and
may also be involved in hematopoesis, immune
function {2] and inflammatory processes [3,4].

Whether or not human resistin is implicated in
insulin  resistance is still uncertain. Much
speculations remain not only due to the differences
observed between human and mouse tissue
expression of the gene [5]. Studies of resistin gene
expression in human adipose tissue have been
inconsistent [6,7] and the role of adipose tissue
resistin gene expression in human insulin resistance
was not confirmed [8]. Resistin expression tended to
be higher in obese than in lean subjects [7,9], and
was higher in abdominal than in other adipose depots
[9,10]. Plasma resistin levels were found not to be
different between non-diabetic obese and lean
subjects and correlated with insulin resistance, but
not with body mass index (BMI) [11]. On the other
hand, numerous other studies have not reported any
relationship between circulating resistin levels and
insulin resistance [12,13,14].

Initially, resistin was supposed to be under tight
nutritional control, being decreased by fasting and re-

may be an adipose sensor for the nutritional status in
rodents [1,15]. Although Valsamikis et al. [16] have
highlighted that serum resistin levels are reduced
with modest weight loss in obese individuals, other
studies in human seem not to support the original
hypothesis [17,18]. Furthermore, some of authors
showed that resistin expression in human white
adipose tissue was negatively regulated by
cholesterol [19] and by estrogen [20] and was not
related to adiposity, blood pressure, fasting plasma
glucose level [13], acute fasting and leptin
administration [12].

Anorexia nervosa (AN) is a psychiatric disorder
characterized by intensive fear of gaining weight
leading to deliberate food intake reduction and life
threatening weight and fat loss in affected patients
[21]. As expected, severe malnutrition in AN is
associated with altered glucose and lipid metabolism,
and multiple endocrine perturbations [22]. Some of
these abnormalities may be linked to altered
adipocytokine production [2]. In the study of
Housova et al. [18] plasma resistin levels in patients
with AN have not been found significantly different
from either controls or patients with bulimia nervosa
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and have shown no significant relationship to BMI or
fat content. However, in vivo resistin levels in human
white adipose tissue have not been explored. Our
group has previously shown that despite significantly
decreased plasma leptin levels in patients with AN,
leptin levels in adipose tissue of patients with AN are
unchanged [23], which demonstrated the importance
of regional in vivo measurements for better
understanding of the systemic hormone function.

Microdialysis is a powerful and safe technique,
which allows to detect in vivo local changes in
interstitial fluid concentrations of various molecules,
including hormones [24]. The spectrum of molecules
and tissues studied by microdialysis is getting wider.
For example, in our previous study [25], we
documented increased sympathetic nervous system
(SNS) activity, especially increased norepinephrine
(NE) levels, in adipose tissue of patients with AN.
More recently, our group has adopted the
microdialysis technique to study in vivo local
adipocytokines production in adipose tissue [26].

Based on our previous results, we hypothesized
that resistin concentrations in extracellular space of
abdominal adipose tissue of patients with AN may be
altered and may contribute to regional changes in
adipose tissue metabolism in AN. Therefore, we
decided to determine resistin levels in interstitial
space of adipose tissue in patients with AN by in vivo
microdialysis.

SUBJECTS AND METHODS
Study subjects

Ten women with a restrictive type of AN (age:
24.4 = 1.59 years; BMI: 15.6 + 0.55 kg/m’, percent
body fat (%BF): 6.9 £ 1.05) and thirteen healthy
control women (age 23.3 + 1.27 years; BMI: 20.7 £
0.35 kg/mz, %BF: 21.5 £ 1.64) were enrolled in this
study. All subjects were non-smokers, had no
allergies, and had been free of medications for at
least three weeks prior to the study. Healthy women
had no  history of obesity, hypertension,
gastrointestinal diseases, eating disorders or other
psychiatric disorders, and had normal physical
examination and electrocardiogram (ECG). Blood
tests confirmed normal blood count, liver and renal
functions. Patients with AN were diagnosed
according to the 4™ edition of the Diagnostic and
Statistical Manual of Mental Disorder [27] after
detailed medical and psychiatric evaluation. All
patients with a restrictive type of AN were
examinated after two weeks of hospitalization in the
Department of Psychiatry, still in acute state. Patients
with AN were clinically stable and in relative good
health, except for their eating disorder. All healthy
women were in the first two weeks of the follicular
phase of their menstrual cycle, whereas all patients
with AN had amenorrhea. All subjects provided
written informed consent prior to participation in the
study, which was approved by the Human Ethic
Review Committee, Institute of Endocrinology,
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Prague, Czech Republic, and was performed in
accordance with the guidelines proposed in the
Declaration of Helsinki.

Experimental procedures

Upon enrollment, subjects were prohibited to
drink coffee and alcohol, and were asked to fast and
drink only water the night prior to the study. All
subjects were admitted to the Institute of
Endocrinology at 07:00 h. After a short medical
examination (blood pressure, heart and respiratory
rates measurement, ECG), %BF was estimated by
anthropometry measurement and bioimpedance
(TANITA, Japan). All subjects were then placed in
supine position on a comfortable bed in a room kept
at 23-25 °C, and a venous catheter was placed in the
antecubital vein. A microdialysis catheter CMA/60
(CMA Microdialysis AB, Solna, Sweden) with a
membrane length 30 mm and with a molecular cut-
off of 20 kDa was inserted subcutaneously under
sterile conditions, 8-10 cm lateral to the umbilical
scar after local anesthesia with 0.1% lidocain.
Immediately after insertion, the catheter was perfused
with physiologic solution using a portable pump
(CMA 107). Sterile Krebs-Henseleit buffer [26] was
used as perfusion fluid. A constant perfusion rate of 2
pl/min was maintained throughout the study. Blood
and microdialysate collection started at least 45
minutes after catheter insertion and bed rest to reach
steady state conditions. Microdialysate samples were
collected at 45 minute intervals between 08:00 and
09:30 h. Blood samples for resistin and leptin assay
were collected into chilled polypropylene tubes
containing Na,EDTA and antilysin. Plasma was
immediately separated from whole blood by
centrifugation at 3,000 rpm for 20 min at 4°C, and
stored at —20 °C until being thawn and assayed.

Subcutaneous blood flow estimation

Subcutaneous adipose tissue blood flow in the
abdominal region was estimated by the ethanol
washout method [28,29]. Briefly, in our study
ethanol (50 mmol/) was added to the perfusion fluid
and its escape from the perfusate into the adipose
tissue interstitial fluid was assessed by measuring
changes in dialysate/perfusate ethanol ratio. Ethanol
was measured using a standard enzymatic assay
(Sigma Diagnostics Inc., St.Louis, Missouri, USA).

Calculation of relative resistin recovery and HOMA
index

Before starting microdialysis perfusion, the
relative resistin recovery (RRR) was calculated in
vitro. The procedure is described in detail in our
previous report [26].

Insulin resistance (IR) was estimated using the
homeostasis model assessment (HOMA) using the
formula : IR = fasting insulin x fasting glucose / 22.5
[30].
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Analytical procedures

Plasma and microdialysate resistin was measured
by a commercial human resistin RIA kit (Phoenix
Pharmaceuticals, Inc., Belmont, CA, USA). The
detection limit of the assay was 100 pg/ml and the
intra- and interassay variability was 4.5% and 7.4%,
respectively. Plasma leptin was assayed by
commercially available RIA kit (Linco Research,
St.Charles, Missouri, USA). Sensitivity was 0.05
ng/ml and the intra- and interassay variability was 4.6
% and 8.7 %, respectively. Plasma insulin was
measured by a commercial RIA (Immunotech,
Prague, Czech Republic). Sensitivity was 0.5 plU/ml
and the intra- and interassay variability was 3.4% and
4.3%, respectively. Plasma glucose levels were
measured in on Cobas Integra 400 plus (Roche
Diagnostics, GmbH, Mannheim, Germany). All
assays were run twice in duplicate.
Data analysis

All results are presented as mean + S.E.M.
Microdialysate resistin concentrations were corrected
for in vitro RRR. For evaluations of relations
between resistin concentrations and anorexia,
ANCOVA model was used with adjustment to
constant BMI and/or percent body fat. To achieve
Gaussian data distribution and to stabilize the
variance, resistin plasma and adipose tissue levels
were transformed by logarithmic and rank
transformation, respectively. Plasma resistin and
other paramethers relationship was analyzed using
Spearman correlation. A P value of 0.05 or less
denoted statistical significance.

RESULTS
Characteristics of the study subjects

Baseline characteristics of the study subjects,
including  anthropometric = measurements, are
summarized in Table 1. Patients with AN were
extremely malnutrished as evidenced by severely
decreased BMI, %BF and total and abdominal
skinfold relative to control (C) group (Table 1).

In vitro relative resistin recovery and abdominal
adipose tissue blood flow

At a perfusion rate of 2 pl/min, the in vitro RRR was
3.9 £ 0.18 % (Table 2). Local adipose tissue blood
flow was similar in AN subjects and C group
(ethanol ratio: 42.3 + 1.25% vs. 39.8 + 0.98%).

Plasma and in vivo abdominal adipose tissue
concentrations of resistin, plasma glucose, insulin,
leptin and HOMA index

Fasting plasma resistin levels were significantly
lower in patients with AN than in C group (243.8 +
21.90 vs. 312.6 + 15.73 pg/ml, P < 0.05) whereas
fasting dialyzed resistin levels from the abdominal
subcutaneous adipose tissue were significantly
increased in patients with AN compared to controls
(7320.0 £ 1090.78 vs. 4319.2 + 128.10 pg/ml, P <
0.05) (Fig.1A,B). Detailed data on plasma and
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adipose tissue resistin levels of subjects undergoing
microdialysis performance are given in Table 3A for
controls and in Table 3B for patients with AN,
respectively. Fasting plasma insulin (2.1 + 0.33 vs.
4.5 £ 0.24 mIU/L, P < 0.05) and leptin (1.7 = 0.30 vs.
7.8 = 0.89 ng/ml, P < 0.05) were significantly
decreased in patients with AN compared to controls,
whereas fasting plasma glucose was not significantly
different between groups (4.1 + 0.08 vs. 4.6 £ 0.10
mmol/l). Insulin resistance estimated by HOMA was
significantly decreased in patients with AN than in
controls (0.39 + 0.06 vs. 0.89 + 0.05, P < 0.05) (table

1).
Relationship resistin  with  other
parameters

Plasma resistin levels were not significantly
related to any other parameters studied, including
dialyzed resistin levels in the abdominal adipose
tissue, BMI, %BF, HOMA-IR and fasting plasma
leptin levels in either patients with AN or C group.

of plasma

DISCUSSION

The most important finding of this study is that
while plasma resistin  concentrations  were
significantly decreased in severely malnourished
patients with a restrictive type of AN, resistin
concentrations found in the extracellular space of
subcutaneous abdominal adipose tissue of these
patients were much higher compared to healthy age-
matched women. Furthermore, plasma resistin did
not correlate with any other parameters studied,
including BMI, %BF, fasting plasma insulin and
leptin and HOMA-IR either in patients with AN or in
healthy women.

AN is a severe psychiatric disorder associated
with high morbidity and mortality. Only recently, the
neuroendocrine regulation of energy metabolism and
feeding behavior in eating disorders, such as AN, has
become object of intense investigation [31]. Our
group, for example, has previously described
abnormal plasma ghrelin response to food intake in
patients with AN [32] and increased NE levels in
extracellular space of abdominal subcutaneous
adipose tissue [25].

In the only other study published so far plasma
resistin concentrations in patients with a restrictive
type of AN tended to be lower than in control
women, but in contrast to our results the difference
did not reach statistical significance [18]. Results
found in healthy normal-weight women demonstrated
that a modest decrease in energy intake sustained
over several weeks has no significant effect on
plasma resistin levels [17] and that plasma resistin
levels are not associated with markers of insulin
resistance and are not regulated by fasting, leptin
administration [12], adiposity and fasting plasma
glucose levels [13]. On contrary, Valsamakis et al.
[16] have highlighted that serum resistin levels are
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reduced with modest weight loss, but the results were
found in obese individuals.

Studies examined the relationship between BMI
and plasma resistin levels brought rather
contradictory results. While some studies have found
such results as correlation [33], others failed to
determine such an effect [11,12,18]. Here we show
that despite altered resistin levels in both plasma and
extracellular space of abdominal adipose tissue of
patients with AN, plasma resistin levels demonstrated
no signifficant relationship to either BMI or %BF.
We therefore suggest, that neither reduction of fat
mass nor several weight loss associated with AN is
an important factor affecting plasma resistin levels in
these patients. Possible explanation of low resistin
concentrations in plasma of patients with AN could
be diminished production in bone marrow [5],
eventually altered stability or clearance of resistin.
Although plasma resistin levels in both groups have
shown no relationship to resistin levels found in
extracellular space of subcutaneous abdominal
adipose tissue, we may not exclude the existence of
relationship between plasma and adipose tissue
resistin  because of the small number of
microdialysated probands in our study.

Although the initial report by Steppan et al [1]
suggested that resistin might constitute the link
between obesity and insulin resistance/diabetes,
resistin’s role in human physiology is currently
unclear and probably different from that in mice.
Also the producing cell type, which in human are the
macrophages and the site of the highest production
which is bone marrow [5], differ from mice.
Nevertheless, the evidence of the production of
resistin by human adipocytes was also demonstrated
[7,9].

Our microdialysis  experiments revealed
increased levels of resistin in the subcutaneous
adipose tissue of patients with AN. These results are
free of bias by differences in blood flow, as was
verified by ethanol washout method. Reasons for the
resistin increase in adipose tissue of patients with AN
might be multiple due to its pleiotropic character.
Interestingly, minibiopsies of abdominal adipose
tissue in patients with AN and in control women
performed previously by our group showed that the
number of adipocytes per volume is higher in
patients with AN than the number of adipocytes in
control women [23]. Since, beside the macrophages,
resistin is secreted by adipocytes [9], the high
adipose tissue resistin concentrations in patients with
AN could be in part explained by the increased
number of small adipocytes in the vicinity of the
microdialysing membrane. However, it remains of
interest, whether resistin shows a higher expression
in subcutaneous adipocytes of patients with AN.

The finding of increased resistin production in
abdominal adipose tissue of patients with AN may
have interesting etiopathogenetic consequences. The
changes of resistin levels in patients with AN may
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reflect defective mononuclear-macrophage functions
[2] and/or a number of mononuclear cells. Early
cytokines, including tumor necrosis factor-o. (TNF-
o) and interleukin-6 (IL-6), are responsible for
secondary induction or enhancement of resistin
expression in macrophages [34]. Kahl et al. [35]
found a significant increase in TNF-o and IL-6
mRNA expression in whole blood of patients with
AN at admission.

In conclusion, we demonstrated that AN is
associated with decreased plasma resistin levels and
increased resistin levels in the extracellular space of
subcutaneous abdominal adipose tissue. Plasma
resistin levels in either patients with AN or in healthy
normal-weight women were not directly related to
BMI, %BF, plasma leptin levels and insulin
sensitivity. Further investigation is needed to define
the role of resistin in eating disturbances, such as
AN.
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Table 1 Clinical, anthropometric, and major laboratory characteristics of the study subjects

C(n=13) AN (n=10)
Age (years) 233+ 1.27 244 +1.59
BMI (kg/m?) 20.7+0.35 15.6 £ 0.55%
Body fat (%) 21.5+ 1.64 6.9 £ 1.05*
Total fat skinfold (mm) 120.5 £ 12.17 42.1+4.78*
Abdominal fat skinfold (mm) 12.5+£2.13 4.8 +1.59*
Resisting (pg/ml) 312.6 + 15.73 243.8 £ 21.9*%
Resistinar (pg/ml) 4319.2 £ 128.10 7320.0 £ 1090.78*
Leptin (ng/ml) 7.8 £ 0.89 1.7 £ 0.30*
Fasting insulin (mIU/1) 45+0.24 2.1 £0.33%
Fasting glucose (mmol/]) 4.6+0.10 4.1+£0.08
HOMA-IR 0.89 = 0.05 0.39 + 0.06*

Values are expressed as means + S.E.M., C = controls, AN = anorexia nervosa, BMI = body mass index, PL =
plasma, AT = adipose tissue, * Values significantly diffent from C group, p < 0.05

Table 2 Relative resistin recovery (RRR, %) in vitro at four different perfusion rates (0.5, 1.0, 2.0, 5.0 yul/min).
The type of catheter CMA/60 with a molecular cut-off of 20 000 Da and type of portable pump CMA/107 (CMA
Microdialysis AB, Solna, Sweden) were used for the performance. Fifteen samples were taken at each perfusion
rate. The perfusion rate of 2ul/min was chosen for in vivo trials.

Number of samples Perfusion rate (ul/min) RRR (%)
15 0.5 6.4 £0.05
15 1.0 53+0.12
15 2.0 39+0.18
15 5.0 24+0.15

Values are expressed as means + S.E.M.

Table 3A,B Detailed data on plasma and adipose tissue resistin levels (pg/ml) of the 5 subjects from control (C)
group (C1-C5, A) and of 5 subjects from anorexia nervosa (AN) group (AN1-ANS, B) undergoing microdialysis

study.
A.
Control subjects (n=5) Plasma resistin (pg/ml) Adipose tissue resistin (pg/ml)
Cl 432.2 4703.9
C2 393.0 4408.0
C3 323.1 43243
C4 390.1 3909.6
CS 317.0 42523
Mean + SEM 371.1 £22.14 4319.6 = 128.09
B.
AN (n=5) Plasma resistin (pg/ml) Adipose tissue resistin (pg/ml)
AN1 202.8 5920.1
AN2 240.9 10049.9
AN3 2539 9890.7
AN4 282.0 5659.3
ANS 250.9 5080.0
Mean + SEM 246.1 £ 1279 7320.0 = 1090.78"

Values are expressed as means + S.E.M., C = controls, AN = anorexia nervosa.
* Values significantly diffent from C group, p <0.05
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Figure 1 Plasma resistin concentrations (pg/ml) in patients with anorexia nervosa (AN, n = 10) and in healthy
age-matched women (C, n = 13) (A). Resistin concentrations (pg/ml) in plasma and in extracellular space of
abdominal adipose tissue in patients with anorexia nervosa (AN, n = 10) and in healthy age-matched women (C,
n = 13). Resistin concentrations in extracellular space of abdominal adipose tissue were measured in 5 women
from AN group and in 5 women from C group, respectively (B). Values are expressed as means = SEM. *p <

0.05 compared to C group, 'p < 0.05 vs. plasma levels.
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ABSTRACT

Objective: The adipocyte-derived hormone leptin is involved in energy metabolism and body weight regulation.
Plasma leptin concentrations are markedly reduced in malnutrished patients with anorexia nervosa (AN).
However, the effect of an acute exercise on circulating leptin levels in patients with AN has not been explored.
Methods: We investigated the effect of 45 min cycle ergometer exercise (2 W kg™ of lean body mass (LBM)) on
plasma leptin, norepinephrine (NE), glycerol and insulin levels in 10 patients with a restrictive type of AN
(body mass index (BMI): 15.7 + 0.47 kg.m, percent body fat (%BF): 7.1 + 0.88) and in 15 healthy age-matched
women (C) (BMI: 21.2 + 0.42 kg.m™, %BF: 24.3 £+ 0.79). Over 3 h and 30 min, baseline, immediately
postexercise and 90 min postexercise blood samples were collected from an intravenous catheter. A control trial
conducted the next day consisted of the same blood sampling protocol without exercise.

Results: Basal and exercise-induced plasma leptin levels were markedly decreased in the AN group compared to
the C group (p<0.05). Plasma leptin levels immediately after and 90 min after an exercise bout were significantly
reduced compared to basal leptin levels in both AN and C group (p<0.05). Compared to the control trial, leptin
levels were significantly reduced immediately and 90 min postexercise in the AN group but not in the C group
(p<0.05). Basal and exercise-induced increases in plasma glycerol as well as NE levels did not significantly
differ between the groups. Basal and exercise-induced plasma insulin levels were significantly reduced in the
AN group compared to the C group (p<0.05).

Conclusions: We demonstrated that a single bout of moderate-intensity exercise significantly reduces plasma
leptin levels in patients with AN, but not in healthy women, when sampled immediately after and 90 min after an

exercise bout. Neither NE nor insulin are responsible for the different response of leptin to exercise in AN.

Key words: leptin, anorexia nervosa, exercise.

INTRODUCTION

Leptin is a hormone with multiple functions,
including predominantly long-term regulation of
body weight, energy balance and body temperature
(Campfield et al. 1995; Friedman et al. 1998). It is
produced predominantly by adipocytes and causes
satiety by regulating hypothalamic neurotransmission
and energy expenditure (Kiely et al. 2005). However,
large variations in plasma leptin levels have been
noted for a given level of body fat (Boden et al.
1996; Chin-Chance et al. 2000; Chan et al. 2003)
suggesting that other factors may be involved in the
regulation of leptin levels such as catecholamines,
insulin, free fatty acids, food intake, gender, sex, etc.
Recent data have provided evidence on the regulatory
role of leptin between energy intake and energy
expenditure in humans (Doucet et al. 2000; Hilton
and Loucks 2000; McMurray et al. 2005). Exercise
with concomitant alterations in energy balance may
influence leptin metabolism. However, in humans,
the effects of acute exercise differ depending upon
the volume and type of exercise. Either a reduction
(Elias et al. 2000; Jurimae et al. 2005; Keller et al.
2005) or no change (Perusse et al. 1997; Racette et
al. 1997; Zafeiridis et al. 2003; Ozcelik et al. 2004;
Sartorio et al. 2004) have been reported following a
single bout of exercise.

Exercise alteres concentrations of certain
hormones that may alter leptin concentrations,
including insulin, cortisol, catecholamines, growth
hormone etc. (Fisher et al. 2001; Kraemer et al. 2002;
Bartak et al. 2004). Among these lipolytic NE and
antilipolytic insulin play an important counteracting
role in the regulation of leptin production. As the
sympathetic nervous system (SNS) was established
to have a tonic inhibitory action on leptin synthesis
(Rayner et al. 2001), adrenergic regulation may
contribute to the rapid decline in circulating leptin
that occurs when the SNS is activated, such as during
fasting or exercise (Rayner et al. 2001; Hulver et al.
2003; Ricci et al. 2005). On contrary, it has been
demonstrated that leptin expression occurs after
elevation of insulin in response to feeding (Saladin et
al. 1995), and a decline in leptin levels follows
reduction in insulin during fasting (Boden et
al.1996). This decline of leptin during fasting should
be reversed by insulin administration (Govoni et al.
2005).

AN is a psychiatric disorder characterized by
intensive fear of gaining weight leading to deliberate
food intake reduction and life threatening weight and
fat loss in affected patients (Ferron et al. 1997). As
expected, severe malnutrition in AN is associated
with altered glucose and lipid metabolism, and
multiple endocrine perturbations. Some of these
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abnormalities may be linked to altered adipocytokine
production (Brichard et al. 2003). Several studies
have previously described markedly reduced basal
plasma leptin levels in malnutrished and underweight
anorectic patients (Casanueva et al. 1997
Nedvidkova et al. 2000; Dostalova et al. 2005).

However, responses of plasma leptin to a single
bout of exercise in patients suffering from AN have
not been explored. We hypothesized that in
underweight patients with AN, who have markedly
low plasma leptin (Dostalova et al. 2005) and insulin
levels (Dostalova et al. unpublished results) and
increased exercise-induced adipose tissue NE and
glycerol levels (Bartak et al. 2004), the production of
leptin during a single bout of exercise could be
altered. Therefore we decided to investigate the
effect of a single bout of exercise on plasma leptin,
NE, insulin and glycerol levels in patients with AN.
To account for a diurnal variation of leptin and for
the effect of 12 h fasting of the subjects, a control
trial consisted of the same blood sampling protocol
without exercise was conducted the next day after
exercise.

SUBJECTS AND METHODS
Study subjects

Ten women with a restrictive type of AN (age:
22.1 + 1.0 years; BMI: 15.7 + 0.47 kg.m™, percent
body fat (%BF): 7.1 + 0.88) and fifteen healthy age-
matched women (age: 21.3 + 0.9 years; BMI: 21.2 +
0.42 kg.m™, %BF: 24.3 + 0.79) were enrolled in this
study. All subjects included in the study were non-
smokers, had no allergies, and had been free of
medications for at least three weeks prior to the
study. Professional athletes were not included in the
study. Healthy women had no history of obesity or
malnutrition, hypertension, gastrointestinal diseases,
eating disorders or other psychiatric disorders, and
had  normal  physical examination and
electrocardiogram (ECG). Blood tests confirmed
normal blood count, liver and renal functions.
Patients with AN were diagnosed according to the
4th edition of the Diagnostic and Statistical Manual
of Mental Disorders (American Psychiatric
Association, 1994) after detailed medical and
psychiatric evaluation. All patients with a restrictive
type of AN were examinated after two weeks of
hospitalization on the Department of Psychiatry and
were clinically stable and in relatively good health,
except for their eating disorder. All healthy women
were studied during days 7 to 10 of their menstrual
cycle, whereas all AN patients had amenorrhea. All
subjects were asked to fast and drink only water on
the night before the study and not to use stimulant
drugs, such as caffeine, nicotine or alcohol, for 2
days before the experiment. All participants provided
written informed consent prior to participating in the
study, which was approved by the Human Ethic
Review Committee, Institute of Endocrinology,
Prague, Czech Republic, and was performed in
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accordance with the guidelines proposed in the
Declaration of Helsinki.

Experimental procedures

Upon enrollment to the study, subjects were
asked to fast (from 20:00 h) and drink only water the
night prior to the study. All subjects were admitted to
the Institute of Endocrinology at 07:00 h in two
following days. After a short medical examination
(blood pressure, heart and respiratory rates
measurement, ECG), %BF was estimated by
anthropometry measurement and bioimpedancy
(TANITA, Japan). All subjects were then placed in
supine position on a comfortable bed in a room kept
at 23-25 °C. An intravenous catheter was placed in
the antecubital vein, and a normal saline lock was
attached. Blood collection started at least 45 min
after catheter insertion and bed rest to reach steady
state condition. First blood samples were collected at
08:00 h after 12 h of fasting (resting levels), than
immediately after the exercise bout (at 10:00 h) and
finally 90 min after the end of the exercise bout (at
11:30 h). Similarly, the next day blood samples were
taken at 08:00 h, 10:00 h and 11:30 h, respectively,
without the exercise stimulation. All blood samples
were taken when subjects were in a supine position.
For each blood draw, the first 3 ml of blood (with
saline from the catheter lock) was withdrawn into a
discard tube preceding a 20 ml draw. The catheter
was after each draw flushed with physiological saline
(3 ml) to maintain patency. On the first day, subjects
underwent 45 min physical exercise on an
electromagnetically braked bicycle ergometer
(Cateye, Japan) at a power output of 2 Wkg"' of
LBM. After finishing an exercise bout all subjects
assumed a resting supine position on a comfortable
bed for further 90 min. The metabolic rate during
exercise was measured as oxygen consumption using
a modified paramagnetic oxygen analyzer Spirolyt
(Junkalor, Germany). ECG, heart rate and blood
pressure were monitored using an Eagle 3000
cardiomonitor (Marquette, Milwaukee, WI). Blood
samples for leptin assay were collected into chilled
polypropylene tubes containing Na,EDTA and
antilysin. Plasma was immediately separated from
whole blood by centrifugation at 3,000 rpm for 20
min at 4°C, and stored at —20 °C until being thawn
and assayed.

Analytical procedures

Plasma leptin concentrations were determined by
a commercial RIA (Linco Research, St.Charles,
Missouri, USA). The detection limit of the assay was
0.05 ng.ml", with intraassay coefficient of variations
(CVs) of 5.25% and 5.97%, and interassay CVs of
8.9% and 8.67% for low (0.44 ng.ml") and high
(4.24 ng.ml™) leptin levels, respectively.

Plasma NE was assayed by high-performance
liquid chromatography, using electrochemical
detection after purification on alumina (Holmes et al.
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1994). Plasma glycerol was measured by radiometric
kit (Randox Laboratories, GY105, Montpellier,
France). Plasma insulin was measured by a
commercial RIA (Immunotech, Czech Republic,
respectively). Sensitivity was 3.7 pmol.I" and the
intra- and interassay variability was 3.4% and 4.3%,
respectively. Plasma glucose levels were measured in
on Cobas Integra 400 plus (Roche Diagnostics,
GmbH, Mannheim). All assays were run twice in
duplicate.

Data analysis

All data are presented as mean + SEM. Data
were analyzed by two-way ANOVA with factors AN
and time, and using Bonferroni intervals. Tukey’s
interaction between factors was incorporated into the
statistical model. Statistical differences between
groups were analyzed by the Mann-Whitney rank-
sum test. Statistical differences between the phases of
the experiment were analyzed by Wilcoxon's paired
test. A P-value equal to or less than 0.05 denoted
statistical significance. All statistics were performed
using Statgraphics Plus 3.3 (Manugistics Rockville,
MA).

RESULTS

The baseline characteristics and the circulatory
response of the study subjects on exercise stimulation
are shown in Table 1 and Table 2, respectively.
Patients with AN were extremely malnutrished as
evidenced by severely decreased BMI and body fat
content relative to the C group (Table 1). Baseline
plasma insulin levels were significantly reduced in
AN compared to the C group, whereas fasting plasma
glucose did not significantly differ between the
groups studied (Table 1). The oxygen consumption
under basal conditions and throughout the exercise,
respectively, was comparatible in the groups studied
(Table 2). The resting heart rate, systolic and
diastolic blood pressure were markedly lower in
patients with AN than these variables in the C group
(Table 2). Exercise stimulation led to significant
excess in heart beat and systolic blood pressure, but
not in diastolic blood pressure in both groups when
compared to resting values (Table 2).

Basal and exercise-stimulated plasma leptin
concentrations

Basal plasma leptin levels were markedly
decreased in the AN group relative to the C group
(Table 1). Plasma leptin levels measured immediately
after an exercise bout and after 90 min of recovery
significantly decreased in both groups compared to
basal levels (Fig. 1a).

Comparision of exercise-stimulated and control trial
leptin levels

When compared the exercise-stimulated to
control trial plasma leptin levels, the decreases found
in the C group throughout exercise (either
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immediately or 90 min after the end of the exercise
bout), were nearly the same during control trial (Fig.
la,b). On contrary, immediately postexercise and 90
min postexercise plasma leptin levels were
significantly reduced in patients with AN compared
to control trial leptin levels (Fig. 1a,b). For the C
group, leptin levels declined to the same extent
during the control and exercise trials. However, in
the AN group, leptin concentrations only declined
during the exercise trial (Fig. 1a,b).

Basal and exercise-induced plasma NE, glycerol and
insulin concentrations

Basal and exercise-induced plasma NE (Fig. 2)
and glycerol (Fig. 3) levels, were not significantly
different between the groups. Plasma NE as well as
glycerol levels significantly increased during exercise
and fall to the levels conformable to those observed
under basal conditions in 90 min after the end of an
exercise bout (Fig. 2, 3). Basal and exercise-induced
plasma insulin levels were significantly reduced in
patients with AN compared to the C group (Fig. 4).
In both group, insulin levels were not significantly
changed immediately postexercise and 90 min
postexercise compared to basal levels (Fig. 4).

Relationship of plasma leptin with other parameters

Plasma leptin levels correlated positively with
BMI (R = 0.68, p = 0.03) and negatively with plasma
glycerol levels (R = - 0.82, p = 0.04) in AN, but not
in the C group. We did not confirm significant
correlation between baseline, exercise-stimulated and
post exercise leptin levels, respectively, and %BF,
plasma NE, insulin and glucose levels in any group
studied.

DISCUSSION

The most important finding of this study is that a
single bout of moderate-intensity exercise
significantly reduces plasma leptin levels in
underweight patients with a restrictive type of AN,
but not in healthy normal-weight women in
comparison with leptin levels found in these subjects
during control trial. Furthermore, basal and exercise-
induced plasma NE as well as glycerol levels were
not significantly different in patients with AN
compared to C group. Basal and exercise-induced
plasma insulin levels were significantly reduced in
patients with AN compared to C group. In both
groups, NE as well as glycerol levels were
significantly increased and plasma insulin levels
were not changed immediately postexercise
compared to basal levels.

Studies that have investigated effects of short-
term exercise on leptin have shown either reductions
(Kraemer et al. 1999; Elias et al. 2000; Jurimae et al.
2005) or no change (Perusse et al. 1997) in leptin
concentrations. In the study of Jurimae et al. (2005)
relatively short term intense exercise significantly
decreased plasma leptin levels and in the study of
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Elias et al. (2000) acute exhaustive exercise in male
volunteers led to decline in plasma leptin levels.
However, a control trial was not conducted in these
studies to determine whether diurnal changes
accounted for observed reductions. In the study of
Kraemer et al. (1999) a 30 min of exercise at 80% of
VO,max was associated with reduced leptin
concentrations in postmenopausal females, but the
reductions were due to the circadian rhythms of
leptin as determined from control trial samples from
the same subjects. Thus, reported reductions in leptin
levels during a single bout of exercise could be
attributed to circadian rhythms. The absence of any
reduction in leptin reported in short-term exercise
study may be due to the limited energy expenditure
of these exercise bouts (Hilton and Loucks 2000;
Kraemer et al. 2002) or the protocol of these studies
excluded prolonged postexercise blood sampling.
Previous studies that utilized aerobic running
exercise in lean healthy men have reported delayed
leptin reduction in 24 and/or 48 h after exercise, but
not immediately after the exercise bout (Van Aggel-
Leijssen et al. 1999; Essig et al. 2000).

A positive attribute of our study was that the
effects of exercise were compared with those
obtained during a control trial with the same subjects
to control for diurnal chnges and effects of overnight
fasting. Accounting for these factors is important for
the validity of the data (Zafeiridis et al. 2003). It is
well established that circulating leptin levels in
humans follow a diurnal pattern, with zenith and
nadir at about midnight and shortly after the morning
breakfast, respectively (Schoeller et al. 1997; Van
Aggel-Leijssen et al. 1999). The reduction in plasma
leptin levels that we observed during exercise in the
C group appears to be a continuation of the natural
latenight/early morning decline in plasma leptin
levels (Schoeller et al. 1997), since both exercise and
control trial leptin concentrations declined in nearly
the same manner. Another possibility could be that
the observed decrease of plasma leptin levels in the C
group is due to prolonged overnight fasting in both
exercise and control trials with exercise of low
energy expenditure having no effect on leptin levels
(Hilton and Loucks 2000). Moreover, it is also
possible that if our subjects had exercised for a
longer period and/or we had measured plasma leptin
levels for longer time, an exercise-induced reduction
in leptin might have taken place in healthy women.
Patients with AN could have altered timing of the
leptin regulation in acute energy disbalance.

We did not find any reduction in plasma leptin
levels during control trial in patients with AN.
Balligand et al. (1998) had previously demonstrated
that AN is associated with the complete lack of
diurnal leptin pulsation and short-term refeeding is
not sufficient to restore this abnormality. We suppose
that patients with AN are adapted on a state of
chronic starvation with markedly low leptin and
insulin levels and prolonged fasting is not sufficient
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to further decrease plasma leptin levels in these
patients. However, this observation does not explain
the rapid decrease of plasma leptin levels after a
single bout of exercise that we observed in patients
with AN.

Leptin responds to the difference between intake
and expenditure in healthy women (Hilton and
Loucks 2000). In other words, the threshold for
energy deficit (when acute exercise energy
expenditure exceeds energy intake) must be reached
in order for leptin levels to be suppressed by
exercise. Subjects in our study underwent the
exercise trial after 12 h of overnight fasting at a
power output of 2 W.kg' of LBM. Compared to
other studies, the intensity of exercise in our study is
low, but the intensity and duration of exercise had
been limited by the physical condition of extremely
malnutrished patients with AN. As the previous diet,
meal schedule and physical activity of patients with
AN had been controlled during the two week of
hospitalization, the results of our study could not be
influenced by before-exercise-trial fasting and/or
extreme physical activity of patients with AN.
However, we could not varify the unitary daily
caloric intake/energy expenditure in patients with
AN. The daily caloric value had been chosen
individually with respect for the pre-hospitalization
caloric intake and psychical attitude to food intake of
the patient. But, we confirmed that all patients with
AN included in the study consumed their diet as an
oral meals six time a day within the usual 12 h span
and adhered sedentary behavior for two weeks prior
exercise trial.

To our best knowledge, there are no published
data on the influnce of a single bout of exercise on
plasma leptin levels in patients with AN. Previously
published studies have shown that leptin decrease
under the effect of exercise is independent of weight
reduction (Ishii et al. 1998; Pasman et al. 1998).
These studies included the training program with diet
therapy or only diet therapy lasting for 6 weeks (Ishii
et al. 1998) or a very low energy diet and training
program for 4 months (Pasman et al. 1998).
However, patients with AN are in a state of chronic,
several-years-persisting, malnutrition associated with
chronic metabolic and endocrine adaptation to this
starvation status. Rapid exercise-induced leptin
decline in patients with AN could be a part of chronic
adaptation to energy deficit in these patients with
many factors influencing this abnormally sensitive
and prompt response to energy expenditure. This
response of leptin to exercise parallels the prompt
leptin increase after consumption of a standardized
mixed meal (585 kcal, 32.6 g of fat, 17.6 g of protein,
50.0 g of carbohydrate) in patients with AN, not seen
in healthy women (Dostalova et al. unpublished
results).

Exercise has been shown to alter concentrations of
certain hormones and neurotransmitters that may
influence leptin concentrations (Kraemer et al. 2002;
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Zafeiridis et al. 2003; Bartak et al. 2004; Stafford et
al. 2005). Among these catecholamines have been
shown to inhibit leptin production as well as plasma
leptin levels (Pinkney et al. 1998; Couillard et al.
2002), whereas insulin has been shown to stimulate
leptin (Govoni et al. 2005). Although we had initially
hypothesized that the activity of the SNS and insulin
could be important in the regulation of leptin during
acute exercise, the finding of different exercise-
induced leptin response in AN, yet there was no
difference in NE and insulin responses to exercise
between groups, indicates that something other than
NE (SNS activity) and insulin was responsible for the
different leptin responses. However, we could not
exclude the possibility that chronically low insulin
levels that we found in patients with AN affect the
glucose uptake in the adipocyte and thus, production
of leptin in adipose cells (Flier et al. 1997).
Kolaczynski et al. (1996) concluded that insulin does
not stimulate leptin production acutely, but they
demonstrated a long-term effect of insulin on leptin
production both in vivo and in vitro.

Although we failed to find differences in NE
and glycerol responses to exercise between AN and
C group, our group has previously found that AN is
associated with in vivo increased basal as well as
exercise-stimulated SNS activity, especially NE
levels, and unchanged basal, but significantly
increased exercise-stimulated lipolysis in the
subcutaneous abdominal adipose tissue (Bartak et al.
2004). Regulation of lipolysis by exercise is
potentially relevant to regulation of circulating leptin
levels, because lipolysis and leptin production during
exercise have been found to be inversely controlled
(Duclos et al. 1999). Thus, we could not exclude the
influence of excited activity of SNS and of increased
lipolysis in the abdominal adipose tissue of patients
with AN during an acute exercise (Bartak et al. 2004)
on exercise leptin production in these patients.

In summary, we demonstrated that patients with
AN, who have significantly decreased fasting plasma
leptin levels, show a significant fall in leptin levels
immediately after and 90 min after a single bout of
exercise. On the other hand, the decreases in plasma
leptin observed during both exercise and control
trials in healthy women could be explained by
prolonged overnight fasting and/or circadian
variation of leptin lacking in AN. Neither NE nor
insulin are the salient factors responsible for the
different response of leptin to exercise in AN.
Further investigation is needed to classify the
particular role of altered regulation mechanisms on
plasma leptin in the state of acute energy disbalance
in patients with AN.
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TABLE 1 Characteristics of the study subjects

C(n=15) AN (n = 10)
Age (years) 21309 22.1 £1.0
Height (cm) 171.9 + 1.86 170.8 + 1.11
Weight (kg) 62.2+ 1.54 45.8 + 1.89*
BMI (kg.m?) 212+ 042 15.7 + 0.47*
Body fat (%) 24.3+0.79 7.1+ 0.88*
Leptin (ng.ml™) 7.4 +0.81 1.5+ 0.32*
NE (pg.ml™) 151.6 + 18.26 177.1+22.37
Glycerol (umol.I™") 135.8 £ 17.41 139.9 £ 19.08
Insulin (pmol.1™) 28.3 £4.53 14.2 +3.67*
Glucose (mmol.I'") 4.7+0.08 4.1+0.11

Values are means + S.E.M., C = control group, AN = anorexia nervosa, BMI = body mass index, n = number of
probands. *p < 0.05 vs. C subjects.

TABLE 2 Circulatory response of the study subjects

C(m=15) AN (n=10)

Heart beat (b.min™) rest 83+2.5 71+2.9*
exercise 107 +3.1° 102+ 1.9"

Systolic blood pressure (kPa) rest 15+04 12+ 0.4*
exercise 17+0.3" 14 £ 0.4%*

Diastolic blood pressure (kPa) rest 10+ 04 8§+ 04*

exercise 10+0.3 8+ 04*

Oxygen consumption (W .kg™) rest 0.8+0.2 0.8+0.1
exercise 2.26+02" 2.39+0.17

Values are means + S.E.M., C = control group, AN = anorexia nervosa, n = number of probands. *p < 0.05 vs.
C subjects , " p < 0.05 vs. resting values.
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Figure 1. Changes in plasma leptin levels (%) under the effect of a single bout of exercise (2 W.kg" of lean
body mass; 45 min; A) and during the control trial (B) in patients with anorexia nervosa (AN, n = 10) and in
healthy women (C, n = 15). Plasma leptin levels were measured at rest (08:00 h), immediately after the end of
the exercise bout (10:00 h) and after 90 min of recovery (11:30 h). Values are expressed as means + SEM. p <
0.05 vs. basal levels, 'p < 0.05 vs. C group, sp < 0.05 vs. control trial levels.
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Figure 2. The effect of a single bout of exercise (2
Wkg' of lean body mass; 45 min) on plasma
norepinephrine (NE, pg.ml™) levels in patients with
anorexia nervosa (AN, n = 10) and in healthy women
(C, n = 15). Plasma NE levels were measured at rest
(08:00 h), immediately after the end of the exercise
bout (10:00 h) and after 90 min of recovery (11:30 h).
Values are expressed as means + SEM. p < 0.05 vs.
basal levels.
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Figure 3. The effect of a single bout of exercise (2
W kg of lean body mass; 45 min) on plasma glycerol
(micromol.I'") levels in patients with anorexia nervosa
(AN, n = 10) and in healthy women (C, n = 15).
Plasma glycerol levels were measured at rest (08:00
h), immediately after the end of the exercise bout
(10:00 h) and after 90 min of recovery (11:30 h).
Values are expressed as means + SEM. p < 0.05 vs.
basal levels.
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Figure 4. The effect of a single bout of exercise (2
W.kg! of lean body mass; 45 min) on plasma insulin
(pmol.I') levels in patients with anorexia nervosa
(AN, n = 10) and in healthy women (C, n = 15).
Plasma insulin levels were measured at rest (08:00 h),
immediately after the end of the exercise bout (10:00
h) and after 90 min of recovery (11:30 h). Values are
expressed as means + SEM. 'p < 0.05 vs. C group.
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5. CONCLUSIONS

Severe malnutrition and food restriction associated with AN lead to loss of fat mass and
delayed gastric emptying. The present Thesis was mainly focused on the roles of
adipocytokines leptin and resistin and gastrointestinal hormone ghrelin in the adaptive
response to starvation (long-term regulation of energy balance) and in the acute regulation of
energy intake/expenditure (caloric- or non-caloric meal; single bout of exercise). The
concentrations of leptin, resistin and ghrelin were measured in plasma of patients with a
restrictive type of AN and compared with those obtained in healthy normal-weight women.
Furthermore, in vivo concentrations of leptin and resistin in the subcutaneous abdominal
adipose tissue, the site of production of these proteins, were measured in both AN and control
women and compared with those found in plasma of these subjects. Before starting human
studies, microdialysis had been tested and modified in vitro to be applicable for in vivo
sampling of leptin and resistin from human subcutaneous adipose tissue.

The primary results of this Thesis have shown that in vivo microdialysis technique could
be used, beside to well-known sampling of small molecules, such as glycerol, to sampling of
adipocytokines leptin and resistin. Furthermore, it was pointed out that there are meaningful
differences between systemic (plasma) and local (adipose tissue) levels of leptin and resistin.
Plasma leptin and resistin levels were found to be significantly decreased in patients with AN,
whereas leptin and resistin levels in the subcutaneous adipose tissue of these patients were
found to be unchanged and increased, respectively. Moreover, the regulation of leptin as well
as ghrelin in the states of acute energy disbalance, such as meal consumption and a single
bout of exercise, has been found to be altered in patients with AN.

The results of the present Thesis confirm the roles of leptin, resistin and ghrelin in the
pathophysiology of AN. The alterations of systemic (plasma) as well as of local (adipose
tissue) levels of these proteins could play a part in the adaptive response to starvation and in
the disrupted regulation of acute energy intake/expenditure of patients with AN that leads to
inability of these patients to gain and mainly maintain normal weight. However, many
questions about the function of these factors in human physiology as well as in the
pathophysiological conditions, such as malnutrition, still remain for future experiments.

I evision that the results of this Thesis may advance the understanding of hormone-
induced regulations of adipose tissue metabolism and delayed gastric emptying in patients
with AN and so take a step forward to introduce more specific and effective pharmacological

interventions in AN.
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APPENDIX - microdialysis

Figure I. The in vivo microdialysis trial in healthy control woman. The microdialysis catheter (on photo
CMA/60 type of catheter with 30 mm membrane length and 20 kDa cut-off) is inserted subcutaneously under
sterile conditions after local anesthesia with 0.1% lidocain. Catheter is perfused with sterile Ringer solution

using a portable pump (CMA/107). A constant perfusion rate of 2 ul/min is maintained during the trial.

Figure II. The detail of CMA/60 microdialysis catheter.
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Figure III A, B. The principle of function of the microdialysis probe.



