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SUMMARY
Autoimmune chronic inflammatory diseases, affecting as much as 5-7% of the general
population, represent a considerable portion of human morbidity and many are known to be
heritable. The clinical observations strongly suggest that even in genetically predisposed
person, some trigger (an environmental exposure or change in the internal environment) is
required for initiation of autoreactivity. However, for most autoimmune diseases, the trigger
is unknown. Over the last decade, it has become apparent that obesity is an enhancer of
chronic inflammation, and white adipose tissue products – adipokines and gastric hormone
ghrelin have attracted attention for their immunomodulatory roles representing promising
avenues for pharmacotherapy of autoimmune chronic inflammatory diseases.
The purpose of this dissertation was to extend our understanding of the roles of
adipokines and ghrelin in chronic inflammation using an experimental model of rheumatoid
arthritis, adjuvant arthritis (AA) in rats. The chronic inflammation was studied under the
condition of (a) normofeeding, (b) overfeeding (using a model of early-life diet-induced
obesity, comprising small litter size and high-fat diet consumption) and (c) 40% foodrestriction to reveal to what extent nutritional factors affect adipokine and ghrelin levels and
subsequently the outcome of chronic arthritis.
Results from the AA studies under the condition of normofeeding showed that chronic
inflammation of AA is associated with decreased circulating leptin and adiponectin levels,
and increased circulating visfatin and ghrelin levels. Results on adipokines and ghrelin
obtained under the condition of overfeeding in AA were not significantly differing from
those of normofeeding. However, overfed AA rats displayed more severe arthrogram score
and systemic inflammation than normally-fed AA rats. On the other hand, food-restriction
during AA considerably attenuated arthritis severity and systemic inflammation and was
associated with a more profound fall of leptin and more increased surge of ghrelin than in the
other feeding conditions.
Leptin suppression and ghrelin activation in AA may function as part of the
compensatory mechanisms that turn down the activity of immune system. Similarly,
increased activity of the hypothalamic-pituitary-adrenal (HPA) axis and corticosterone levels
serve the same purpose. These hormones can take effect not only in inflammation, but also
in the control of appetite regulating mechanisms. Normal responses of mRNA expressions
for appetite-regulating neuropeptides (NPY, AgRP, CART) in the hypothalamic arcuate
1

nucleus (ARC) to decreased leptin and increased ghrelin and corticosterone signaling
indicate their functional impact in the control of energy balance during AA. However,
decreased food intake and perpetuation of inflammation reflect very low effectivity of these
compensatory mechanisms in AA. Interestingly, activated expression of IL-1β in the nARC
suggests its role in keeping AA-induced anorexia in progress. Furthermore, the results show
that circulating adiponectin and visfatin play rather modulatory than principal role in chronic
inflammation of AA, as the worsening or alleviating of inflammation was not associated with
the changes of their levels.
Our finding suggests that clinical improvements in food-restricted AA rats may be
attributed to strong leptin inhibition and ghrelin activation associated with weight loss. In
contrast, the increased severity of AA in overfed rats proves the hypothesis that obesity
bringing about metabolic disturbances (elevated triglyceride and cholesterol levels in the
liver) increases risk of the development of severe chronic inflammation. Among factors that
contribute to the inflammatory complications of obesity, hyperleptinemia at the onset of AA
appears to also deserve attention as it could play a role in intensifying responses of the
immune system.
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SOUHRN
Chronická zánětlivá autoimunitní onemocnění postihují 5-7% celosvětové populace,
čímž se řadí mezi velmi závažnou skupinu onemocnění. I když epidemiologické studie
potvrzují klíčovou roli genetických faktorů v etiologii autoimunitních chorob, za spuštěním
vlastního mechanismu autoreaktivity imunitního systému jsou různé další faktory vnějšího i
vnitřního původu. Výzkumy v posledním desetiletí poukazují na rozvoj systémového
subklinického zánětu během obezity, ve kterém hrají významnou roli tuková tkáň a její
hormonální faktory, adipokiny. Není vyloučeno, že u vnímavých jedinců může porucha
endokrinní funkce tukové tkáně během obezity způsobit zvýšenou predispozici rozvoje
chronických zánětlivých a autoimunitních onemocnění.
Předkládaná práce se zaměřuje na objasnění významu adipokinů a ghrelinu v
chronickém zánětu na experimentálním modelu lidské revmatoidní artritidy, adjuvantní
artritidy (AA) u potkanů. Dalším cílem bylo sledovat, do jaké míry mohou různé nutriční
režimy ovlivnit hladiny adipokinů a ghrelinu a následně rozvoj a závažnost AA. Jako nutriční
režimy byly použity: (a) normální nutriční režim se standardní dietou, (b) neonatální
překrmování navozené redukcí vrhu a po odstavu následované krmením hyperkalorickou
vysokotukovou dietou a (c) 40% omezení příjmu potravy od podání artrogenu až do
ukončení experimentu (18 dní).
V podmínkách normálního nutričního režimu jsme zjistili, že AA snižuje plazmatické
hladiny leptinu a adiponektinu, avšak zvyšuje plazmatické hladiny visfatinu a ghrelinu.
Stejné výsledky jsme našli u skupiny překrmovaných artritických potkanů. S tím rozdílem,
že překrmovaní potkani měli významně zhoršené artritické skóre (suma projevů stupně léze
končetiny: erytém a otok). Naproti tomu, omezení příjmu potravy během AA výrazně
zlepšilo hodnoty artritického skóre a vyvolalo větší pokles hladin leptinu a nárůst hladin
ghrelinu než bylo pozorováno u jiných nutričních režimů.
Potlačení tvorby leptinu a aktivace tvorby ghrelinu během AA má pravděpodobně
fyziologický význam jako součást kompenzačních mechanizmů, které potlačují aktivitu
imunitního systému. Stejnou měrou k těmto mechanizmům přispívá i aktivace osy
hypotalamus-hypofýza-nadledviny a permanentně zvýšená hladina kortikosteronu v AA.
Změny těchto hormonů zároveň ovlivňují mechanismy regulující příjem potravy. Zvýšení
mRNA exprese orexigenních neuropeptidů (NPY, AgRP) a snížení mRNA exprese
anorexigenního neuropeptidu (CART) v nucleus arcuatus naznačuje rozvinutí adaptační
3

reakce na ztrátu tělesné hmotnosti během artritické kachexie a zachovanou roli leptinu,
ghrelinu a kortikosteronu v její kontrole. Avšak z progredujícího zánětu a kachexie během
AA vyplývá, že tyto obranné mechanizmy nejsou dostatečné k potlačení hyperaktivity
imunitního systému. Nález zvýšené mRNA exprese IL-1β v nucleus arcuatus může
poukazovat na jeho významnou roli v udržování snížené chuti do jídla u artritických potkanů.
Význam snížených hladin adiponektinu a zvýšených hladin visfatinu v chronickém zánětu
AA je těžké interpretovat, jelikož ani zhoršení a ani zlepšení klinických projevů AA nebylo
spojeno se změnami jejich hladin. Proto se zdá, že role plazmatického adiponektinu a
visfatinu v rozvoji AA je spíš modulační než zásadní.
Výsledky předkládané práce naznačují klinické zlepšení AA omezením příjmu potravy,
které může být způsobeno výraznou inhibicí prozánětlivého leptinu a aktivací
protizánětlivého ghrelinu spojené s úbytkem tělesné hmotnosti. Na druhé straně, zhoršení
klinických projevů AA u překrmovaných potkanů potvrzuje hypotézu, že obezita spojená
s poruchami metabolismu lipidů (ukládání triacylglycerolů a cholesterolu v játrech) zvyšuje
riziko rozvoje a závažnost chronického zánětu. Mezi další faktory, které mohou přispívat ke
komplikacím obezity z hlediska zánětu, se řadí hyperleptinemie na začátku AA, která mohla
hrát podstatnou roli v zintenzivnění odpovědi imunitního systému.
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1. INTRODUCTION
In the last decade it has become apparent that many hormones, cytokines, signaling
proteins, transcriptional factors, and bioactive lipids are involved in the control of both
metabolic and immune pathways. Among these mediators, white adipose tissue (WAT)derived adipokines and gastric hormone ghrelin can be considered as an important link
between nutritional status, metabolism and inflammation. There is now a large body of
evidence that adipokines, many of pro-inflammatory nature, contribute to the obesity-related
low-grade inflammation resulting in the development of insulin resistance and diabetes,
atherosclerosis, cardiovascular diseases or malignant tumors. On the other hand, ghrelin has
been found to mediate anti-inflammatory responses including those which lead to the
attenuation of autoimmune processes.
Levels of adipokines and ghrelin follow body mass or the amount of body fat: The
accumulation of WAT and increased energy status in obesity causes rising levels of
inflammatory adipokines but a fall in ghrelin levels. This may perpetuate inflammation and
may be a risk factor for the development of multiple disorders of immune system including
autoimmunity.
Although research in the field of systemic autoimmune diseases such as rheumatoid
arthritis (RA) and its experimental animal models has answered some questions on the role of
adipokines and ghrelin in the pathological process of the disease, there are still many
ambiguous or contradictory findings among studies regarding the importance of these
peptides in the disease development. For instance, the important question whether changes of
adipokines during obesity can predispose susceptible individuals to the development of
autoimmune inflammatory arthritis still remains to be elucidated.
The relationship between obesity and RA is difficult to settle as chronic systemic
diseases bring about cachexia, and there is little documentation on body composition before
the onset of the disease. Moreover, and importantly the loss of lean body tissue in
inflammatory cachexia is often compensated for by gain in body fat. Therefore, there is an
increasing need for further investigation to what extent can adiposity (“obese” or
“cachectic”) affect immune system reactivity and autoimmunity. Research on approaches
that could elucidate mechanisms of cachexia and bring new strategies to treat this
complication in chronic inflammatory diseases is needed as well.
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Searching for mechanisms, modulators, pathogenesis of disease and novel therapy
strategies represents an exceedingly difficult challenge in human studies to be performed in
sufficient detail. The aspects of this issue are well accessible by taking the advantage of
experimental animal models of the diseases which comprises e.g. homogeneity of studying
group, specific predisposing immune or genetic defects of animals or the well-defined time
course of the disease, and permits invasive approaches. Although the findings from animal
studies are not always applicable into human medicine, they at least help us to understand the
pathogenesis of most human diseases and allow us to identify potential public health hazards.
The aim of this doctoral dissertation is to contribute to the elucidation of the importance
of adipokines and ghrelin in terms of their roles in immunity, metabolism, and control of
appetite, and thereby cachexia in chronic inflammatory arthritis using an experimental model
of RA, adjuvant arthritis (AA) in rats. Moreover, this dissertation focuses on the question to
what extent can feeding status (overfeeding and food restriction) modulate adipokine and
ghrelin levels in AA, and whether they can interfere with arthritis severity, cachexia and
metabolism in the disease.

1.1. ADIPOKINES
WAT is an important and very active endocrine organ which produces a variety of
endocrine, paracrine and autocrine factors coordinating number of physiological processes
(Fig. 1-1). These products include several hormones, cytokines and chemokines, and they
were initially introduced as “adipocytokines”. Nevertheless, this term was misleading
because not all adipocyte-secreted proteins are cytokines or cytokine-like. Therefore, the
term “adipokines” was then universally adopted, as it characterizes WAT products more
precisely. Adipokines are expressed and released predominantly by adipocytes, but they may
also be synthesized by stromavascular cells of WAT which consists of a diverse population
of monocytes, macrophages, lymphocytes, and pluripotent stem cells (e.g. preadipocytes),
and by cells of other tissues beyond the WAT (Trayhurn and Wood, 2004).
In this part of the dissertation the roles of leptin, adiponectin, visfatin and resistin are
described, with particular focus on their involvement in inflammation and autoimmunity such
as RA and its experimental models.
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Fig. 1-1: Adipose tissue as a highly active endocrine organ
Examples of adipose tissue-derived factors with their contribution to the regulation of various biological processes: Control of energy homeostasis and
body weight, lipid a glucose metabolism, insulin sensitivity, metabolism of steroids, inflammation and immune functions, bone and cartilage homeostasis,
blood pressure, coagulation, and reproduction. Abbreviations: LPL, lipoprotein lipase; CETP, cholesterol ester transfer protein; 11β-HSD-1, 11βhydroxysteroid dehydrogenase type-1; 17β-HSD, 17β-hydroxysteroid dehydrogenase; TGF-β, transforming growth factor-β; IL-1Ra, IL-1 receptor
antagonist; MCP, monocyte chemotactic protein; MIP, macrophage inflammatory protein; MIF, migration inhibitory factor; NGF, nerve growth factor;
3
PAI, plasminogen activating inhibitor.
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1.1.1. LEPTIN
1.1.1.1. LEPTIN: PRODUCTION AND BIOLOGICAL ACTIONS
Leptin, a 16kDa adipocyte-derived protein, was identified as a product of the obesity
(ob) gene of which a recessive mutation resulted in hyperphagia and decreased energy
expenditure (Zhang et al., 1994). Leptin is cytokine-like protein being structurally classified
as a member of the long-chain helical cytokine family, which also includes IL-6, IL-11, IL12 or LIF (Zhang et al., 1997). The leptin receptor (OB-R), a product of diabetes (db) gene
(Tartaglia et al., 1995), belongs to the class I cytokine receptor family, which uses gp130 as a
signal-transduction component in its receptor complex (Heldin, 1995). There were identified
six alternatively spliced isoforms of OB-R containing identical extracellular binding domain
but they differ by the length of cytoplasmic domains: A long isoform (OB-Rb), 4 short
isoforms (OB-Ra, OB-Rc, OB-Rd and OB-Rf), and a soluble isoform (OB-Re). However,
only the OB-Rb isoform is suggested to be the major signaling form having an extended
intracellular domain of approximately 300 cytoplasmic residues for efficient activation of the
JAK-STAT signaling pathway (Wang et al., 1996; Houseknecht et al., 1998). Leptin is
predominantly produced by adipocytes of WAT, and its circulating levels and gene
expression positively correlate with BMI, body fat content and adipocyte size (Houseknecht
et al., 1998; Jequier, 2002). Thus leptin levels are mainly dependent on the amount of body
fat. Nevertheless, a wide range of hormones also regulate leptin synthesis. Insulin and
glucocorticoids upregulate leptin production, while catecholamines and thyroid hormone
downregulate it (Wilding, 2001; Spinedi and Gaillard, 1998; Pinkney et al., 2000; Fried et
al., 2000). An opposite effect of sex hormones on leptin levels has been found. Whereas
estrogens increase leptin concentrations, testosterone decreases leptin production (Wabitsch
et al., 1997; Shimizu et al., 1997). This gender dimorphism is manifested in humans by
a higher serum leptin concentration in women than in man with similar body fat mass. This
may have an influence on the development of certain autoimmune diseases with higher
frequency in women than in men, as leptin has pro-inflammatory properties.
The main effect of leptin is to act as an adiposity signal on the specialized hypothalamic
pathways regulating food intake. It is transported across the blood-brain barrier (BBB) in
proportion to its plasma levels by a saturable transport system that is located at both the
capillary bed and the choroid plexus (Banks, 2008). High leptin signaling in state of positive
energy

balance

activates

catabolic

(pro-opiomelanocortin

[POMC]/cocaine

and

amphetamine-regulated transcript [CART]) neuronal circuits and suppresses anabolic
(neuropeptide Y [NPY]/agouti-related peptide [AgRP]) neuronal circuits to decrease food
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intake and increase energy expenditure. Low leptin signaling during a state of negative
energy balance has opposite effects (Schwartz et al., 2000; Valassi et al., 2008). However,
the activity level of the leptin transporter is not static, but is regulated by various
pathophysiological events (e.g. hypertriglyceridemia, or enhanced glucose, insulin, and
epinephrine levels). Moreover, several laboratories demonstrated impaired leptin transport
across the BBB in obesity, which can explain the phenomenon of leptin resistance in this
condition (Banks, 2008).
In addition to the control of energy homeostasis, leptin is a crucial factor for normal
development of reproductive system (Gamba et al., 2006), and also play a role in the
regulation of hematopoesis (La Cava and Matarese, 2004). At high concentrations, leptin
suppresses activity of HPA axis via inhibition of hypothalamic CRH secretion. Moreover,
leptin can also directly inhibit synthesis of glucocorticoids in adrenal gland (Heiman et al.,
1997).

1.1.1.2. LEPTIN: INFLAMMATION AND AUTOIMMUNITY
THE CYTOKINE-LIKE HORMONE: Leptin is an active modulator of various inflammatory
and immune responses (Fig. 1-2). Mice with leptin (ob/ob) or leptin receptor (db/db)
deficiency have defective cellular immunity, thymic and lymphoid atrophy, and display
increased mortality to various inflammatory stimuli (Webb et al., 1976, Meade et al., 1979;
Chandra, 1980; Howard et al., 1999; Faggioni et al., 1999; Takahashi et al., 1999; Loffreda et
al., 1998). Similar findings have been observed during starvation; when dramatic loss of
WAT results in a fall of leptin levels (Lord et al., 1998; Rodriguez et al., 2007). These
complications can be prevented by leptin replacement therapy, however, direct interactions
with functional OB-Rb receptor is required. Thus leptin therapy failed to restore immune
responses in receptor deficient (db/db) mice (Lord et al., 1998; Loffreda et al., 1998).
Interestingly, OB-Rb is widely expressed by monocytes/macrophages, natural killers (NK)
cells, T and B lymphocytes, and CD34+ haematopoietic bone-marrow precursors (La Cava
and Matarese, 2004).
The main effects of leptin in innate immunity involve the activation of proliferation and
phagocytosis of monocytes/macrophages and NK cells, chemotaxis of neutrophils and the
release of oxygen radicals by these cells. Additionally, leptin stimulates production of NO
and GH by peripheral blood mononuclear cells (PBMCs) and synthesis of leukotrienes by
alveolar macrophages (La Cava and Matarese, 2004). However, the effect of leptin on
cytokine production is still controversial. Some studies have shown enhanced pro9

inflammatory cytokine production including TNF-α, IL-6, IL-8 or IFN-γ by mouse or human
monocytes/macrophages incubated with leptin alone or co-incubated with leptin and
endotoxin (Loffreda et al., 1998; Santos-Alvarez et al., 1999; Zarkesh-Esfahani et al., 2001).
In contrast to these findings, leptin treatment significantly reduced TNF-α and IL-6 levels
and promoted survival during sepsis in endotoxin injected primates (Xiao et al., 2003).
Consistently, leptin administration increased concentrations of anti-inflammatory cytokine
IL-4 and decreased pro-inflammatory cytokines TNF-α and IL-1β that resulted in the
attenuation of experimental pancreatitis in rats (Jaworek et al., 2002; Warzecha et al., 2002).
Moreover, leptin has been also reported to increase the secretion of IL-1-receptor antagonist
from human monocytes (Gabay et al., 2001). Although these observations on leptin
immunomodulatory effects are not always consistent, in summary they indicate that leptin is
an active participant of innate immunity and its deficiency increases mortality to acute
inflammation.
In adaptive immunity, leptin markedly stimulates proliferation of naive T cells and
secretion of IL-2 by these cells, whereas it minimally affects the proliferation of memory T
cells. On memory T cells, leptin promotes the switch towards Th1-cell immune responses by
increasing IFN-γ and TNF-α secretion while suppresses Th2-cell immune responses
producing IL-4 and IL-10. Leptin also prevents apoptosis of T cells that normally
accompanies fasting through upregulation of anti-apoptotic protein bcl-xL via leptin
receptors on lymphocytes (La Cava and Matarese, 2004). Further effect of leptin involves
suppression of CD4+CD25+ regulatory T cells proliferation (De Rosa et al., 2007).
Leptin expression and release is under the control of different inflammatory stimuli. It
has been shown that acute inflammation and pro-inflammatory cytokines, such as TNF-α, IL1, IL-6, and LIF positively regulate leptin expression in adipose tissue and circulating leptin
levels (Gualillo et al., 2000; Grunfeld et al., 1996; Sarraf et al., 1997), whereas long-term
exposition to IL-1 or TNF-α negatively regulates leptin production (Bruun et al., 2002; Sato
et al., 2003).

CHRONIC INFLAMMATION

AND

AUTOIMMUNITY: Although the absence of leptin causes

increased mortality to acute infections, leptin deficient (ob/ob) mice are resistant to Th1mediated

experimental

autoimmune

diseases

including

experimental

autoimmune

encephalomyelitis (EAE), arthritis, glomerulonephritis, colitis, type 1 diabetes mellitus
(T1DM) and hepatitis (La Cava and Matarese, 2004; Matarese et al., 2007). Interestingly,
leptin surge has occurred before the clinical manifestation of EAE and consequently leptin
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potentiated progression of the disease. It is important to note, that the decrease in serum
leptin levels induced by acute starvation was able to delay EAE onset and attenuated clinical
symptoms by promoting a Th2-mediated cytokine switch (Sanna et al., 2003). Moreover,
leptin replacement to ob/ob mice, which are normally resistant to both active and adoptive
EAE, results in the development of the disease. Additionally, in normal mice leptin
administration worsened the progression of EAE (Matarese et al., 2001).
The role of leptin in the pathogenesis of RA is still questionable. Some studies
demonstrated increased circulating leptin levels in RA patients compared to controls
(Bokarewa et al., 2003; Otero et al., 2006; Gunaydin et al., 2006) or confirmed that there
exists an important dependence between the risk of aggressive course of RA and increased
leptin levels (Lee et al., 2007; Targonska-Stepniak et al., 2008). On the other hand, different
groups of authors showed that leptin levels of patients with RA did not significantly differ
from controls, and were rather positively correlated with BMI than with disease activity
(Anders et al., 1999; Nishiya et al., 2002; Popa et al., 2005; Hizmetli et al., 2007). There is
also a study which described lower leptin levels in patients with RA compared to controls
and no relations of leptin to BMI or disease activity score (Tokarczyk-Knapik et al., 2002).
Some of these discrepancies probably reflect the difficulty inherent in analyzing results from
patient populations that are heterogeneous with regard to BMI, degree of the disease severity,
stage of the disease process, or treatment regimes (e.g. glucocorticoids, methotrexate) with a
potential for altering leptin levels (De Vos et al., 1995; Jurcovicova et al., 2009).
The possible role of leptin in arthritis may consist in its local effects in joint cavity, but
whether they are protective or harmful it is still unclear. Figenschau et al. (2001) found that
human chondrocytes possess functional leptin receptor and their incubation with leptin
showed an increased proliferation of chondrocytes and an enhanced synthesis of extracellular
matrix. Furthermore, leptin injection into joint cavity of the rat knee strongly stimulated
anabolic functions of chondrocytes via induction of IGF-1and TGF-β (Dumond et al., 2003).
These findings suggest that leptin might have a protective role against destructive course of
arthritis. However, Otero et al. (2003; 2005) have demonstrated a pro-inflammatory and
detrimental role of leptin in joint inflammation as leptin in synergy with IFN-γ or IL-1
induced NOS2 production in mouse chondocytes. Moreover, leptin has been shown to
promote concentration- and time-dependent increase in pro-inflammatory IL-8 production
via OB-Rb in both RA and osteoarthritis (OA) synovial fibroblasts (Tong et al., 2008). In
cartilage cultures of OA patients, leptin enhanced not only IL-8, but also NO, PGE2 and IL-6
production (Voulteenaho et al., 2009) and it was able to induce synthesis of matrix
11

metalloproteinase 9 and 13 (MMP9, MMP13) involved in cartilage damage (Simopoulou et
al., 2007; Iliopoulos et al., 2007).
Given that obesity is associated with low-grade inflammation and increased production
of leptin, the question arises whether obesity can predispose susceptible individuals to the
development of RA or modulate the course of the disease. Interestingly, it has been showed
that food restriction in patients with RA reduced circulating leptin levels accompanied by
decreased CD4+ T-cell activation and an increased number and function of IL-4-producing
Th2 cells that resulted in attenuation of measurements of the disease activity (Fraser et al.,
1999). Furthermore, chronic arthritis was less severe in food restricted rats (Jurcovicova et
al., 2001) and in leptin deficient (ob/ob) mice (Busso et al., 2002). On the other hand, there
was described that higher BMI was associated with increased leptin levels and a less severe
radiographic joint damage of small joint in patients with RA (Van der Helm-van Mil et al.,
2008; Rho et al., 2009). However, leptin also positively correlated with the disease activity
score in 28 joints (DAS28), and the IL-6 and CRP levels in RA patients (Rho et al., 2009). In
the light of the presented contradictions, it is difficult to assess the relationship between
obesity associated hyperleptinemia and the severity of arthritis. More experimental evidence
is needed to gain a clearer picture of the leptin role in RA.
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BMI
Undernutrition

Overnutrition
Adipose tissue

↑ susceptibility to acute
inflammation/infections

Monocytes/macrophages
↑ proliferation and
phagocytosis
Neutrophils
↑ chemotaxis and release of
oxygen radicals
NK cells
↑ proliferation and cytotoxicity

Leptin

↑ susceptibility to chronic
inflammation/autoimmunity

+
Naive T cells
↑ proliferation and IL-2 secretion
Memory T cells
↑ Th1-cell immune responses
(↑ IFN-γ and TNF secretion)
↓ Th2-cell immune responses
CD4+CD25+ regulatory T cells
↓ proliferation
↓apoptosis of T cells
↑ bcl-xL

Fig. 1-2: Leptin, a factor through which nutritional status modulates immune
responses
Leptin production reflects the amount of energy stored in the adipose tissue. Expression of
leptin is increased in conditions that are associated with expansion of the adipose tissue
during overnutrition, and decreased with a fall in amount of the adipose tissue during
undernutrition. Leptin modulates both innate and adaptive immunity. It activates
proliferation and phagocytosis of monocytes/macrophages and cytotoxicity of NK cells. In
neutrophils, leptin stimulates chemotaxis and the production of oxygen radicals, such as
hydrogen peroxide and superoxide. In adaptive immunity, leptin induces proliferation of
naive T cells and IL-2 secretions by these cells. On memory T cells, leptin upregulates Th1cell immune responses and downregulates Th2-cell immune responses. Leptin inhibits
CD4+CD25+ regulatory T cells proliferation, and also prevents apoptosis of T cells through
upregulation of anti-apoptotic protein bcl-xL (Adapted from a review by Stofkova, 2009).

1.1.2. ADIPONECTIN
1.1.2.1. ADIPONECTIN: PRODUCTION AND BIOLOGICAL ACTIONS
Adiponectin was independently characterized by four research groups, as a protein with
alternative names: Acrp30 [adipocyte complement-related protein of 30 kDa] (Scherer et al.,
1995), apM1 [adipose most abundant gene transcript 1] (Maeda et al., 1996), adipoQ [name
derived from the high specificity to adipose tissue and the similarity to complement factor
C1q] (Hu et al., 1996), and GBP28 [gelatin binding protein of 28 kDa] (Nakano et al., 1996).
Adiponectin structurally belongs to the collagen super-family and shares homologies with the
collagens, complement factors, TNF-α, and the brain-specific factor cerebellin. The primary
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structure of adiponectin contains an N-terminal signal sequence, a variable domain, a
collagen-like domain, and a C-terminal domain (known as globular adiponectin). Monomeric
adiponectin (30 kDa) can trimerize to make a low-molecular weight (LMW) trimer that
further associates through disulfide bonds to form a middle-molecular-weight (MMW)
hexamer or high-molecular-weight (HMW) 12- to 18-mers. Both trimers and other oligomers
of adiponectin are present in the circulation, whereas monomeric adiponectin has not been
observed in the circulation and therefore it appears to be confined to the adipocytes (Tilg and
Moschen, 2006). Adiponectin isoforms differ in their biological function, possibly depending
on target tissue and activated receptor subtype. AdipoR1 and AdipoR2 are two major
subtypes of the adiponectin receptor that contain seven transmembrane domains, and are
structurally and functionally distinct from G-protein-coupled receptors. AdipoR1 is
abundantly expressed in skeletal muscle and binds with high affinity globular adiponectin,
whereas AdipoR2 is predominantly expressed in the liver and binds full-length adiponectin
(Kadowaki and Yamauchi, 2005).
Adiponectin is most abundantly produced in WAT by both fat and non-fat cells (Fain et
al., 2008). Actually, adiponectin is present in bloodstream at high concentrations under the
physiological conditions. However, obesity, type 2 diabetes mellitus (T2DM), and
cardiovascular diseases are mostly associated with decreased circulating adiponectin levels.
Conversely, weight loss results in significant increase of adiponectin production (Bruun et
al., 2003; Sheu et al., 2008; Inadera et al., 2008).
Several studies demonstrated that adiponectin administration decreases plasma glucose
levels and increases insulin sensitivity. Acute treatment of mice consuming a high-fat/highsucrose diet with the globular domain of adiponectin (gAcrp30) decreased plasma glucose,
free fatty acids and triglycerides and caused weight reduction without affecting food intake
(Fruebis et al. 2001). Recombinant adiponectin triggered a transient decrease in basal glucose
levels in normal and diabetic mice without stimulating insulin secretion and increased the
ability of sub-physiological levels of insulin to suppress glucose production in isolated
hepatocytes (Berg et al., 2001). Moreover, a moderate rise in circulating levels of adiponectin
inhibited both the expression of hepatic gluconeogenic enzymes and the rate of endogenous
glucose production in conditions in vivo in mice (Combs et al., 2001).
The regulation of metabolism by adiponectin involves the activation of AMPK (5´AMP-activated protein kinase) through which adiponectin inhibits gluconeogenesis in liver,
and stimulates free-fatty acid oxidation in skeletal muscle and liver. However, adiponectin
also acts through the activation of peroxisome proliferator-activated receptor alpha and
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gamma (PPAR-α, -γ) to stimulate fatty-acid oxidation and decrease tissue triglyceride
content in muscle and liver (Kadowaki and Yamauchi, 2005). Additionally, adiponectin has
been shown to have direct effect on glucose uptake in skeletal muscle and adipose tissue via
increasing GLUT4 translocation into plasma membrane (Ceddia et al., 2005; Fu et al., 2005).
Recently, a new role for adiponectin in the central regulation of energy homeostasis has
been reported, but adiponectin’s effects on food intake showed considerable diversity in
different studies. Whereas Kubota et al. (2007) have found stimulatory effect of i.v.
administered adiponectin on food intake through AMP-activated protein kinase in the
hypothalamic arcuate nucleus (ARC), other authors found leptin/insulin-like anorexigenic
action of centrally administered adiponectin (Coope et al., 2008). These opposite findings on
adiponectin effects could be related to different isoforms of administered adiponectin, and
adiponectin concentration or route of its administration. On that account, the physiological
importance of adiponectin in the hypothalamic regulation of energy homeostasis remains to
be clearly defined.

1.1.2.2. ADIPONECTIN: INFLAMMATION AND AUTOIMMUNITY
ANTI-INFLAMMATORY ADIPOKINE : Adiponectin has been consistently shown to be an antiinflammatory adipokine especially with regard to its protective effects on the vascular wall.
Its deficiency in adipo-/- mice is manifested by increased neointimal formation in response to
external cuff injury (Kubota et al., 2002) and high concentrations of TNF-α in circulation
(Maeda et al., 2002). Actually, adiponectin is able to inhibit TNF-α–induced adhesion of
human monocytes on endothelial cells as well as TNF-α–stimulated expression of adhesion
molecules (VCAM-1, E-selectin, ICAM-1) and IL-8 in human aortic endothelial cells (Ouchi
and Walsh, 2007). Moreover, adiponectin can inhibit transformation of macrophages into
foam cells, stimulate production of NO leading to vasodilatation, and attenuate
oxidative/nitrative stress (Ouchi and Walsh, 2007; Li et al., 2007).
Further anti-inflammatory effects of adiponectin involve suppression of IL-2-induced
NK cell cytotoxic activity (Kim et al., 2006), and inhibition of B-cell lymphopoiesis in
stromal cell culture (Yokota et al., 2003). Additionally, adiponectin can induce the
production of anti-inflammatory mediators, IL-10 and IL-1-receptor antagonist, through
activation of IP3-kinase in primary human monocytes, monocyte-derived macrophages, and
dendritic cells (Wolf et al., 2004). In response to LPS, adiponectin has been shown to
suppress maturing and growth of macrophages as well as to inhibit their functions including
phagocytosis and TNF-α gene expression (Yokota et al., 2000). However, other studies
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revealed different effects of adiponectin isoforms LMW and HMW on monocytes or
macrophages stimulated by LPS. The LMW adiponectin showed anti-inflammatory
properties by inhibiting LPS-mediated IL-6 release and stimulating anti-inflammatory IL-10
secretion by monocytes, while the HMW adiponectin displayed pro-inflammatory activity
inducing the secretion of IL-6 by these cells (Neumeier et al., 2006). Additionally, the HMW
adiponectin augmented the IL-8 production by macrophages in the presence of LPS (Saijo et
al., 2005).
In experimental models of acute inflammation, adiponectin has been reported to either
protect from inflammatory insults or not to affect inflammatory responses. Adiponectinknockout mice treated with low dose of caerulein developed pancreatic damage and
inflammation compared to wild-type mice. Moreover, the acute pancreatitis in adiponectinknockout mice was attenuated by adenovirus-mediated over-expression of adiponectin (Araki
et al., 2008). Similarly, after subtotal renal ablation in adiponectin-knockout mice, treatment
with adenovirus-mediated adiponectin resulted in amelioration of albuminuria, glomerular
hypertrophy, tubulointestinal fibrosis and reduction of elevated chemokines to the same
levels as those in wild-type mice (Ohashi et al., 2007). On the other hand, immune responses
to endotoxin and Concanavalin A were not significantly different when compared
adiponectin-knockout mice to wild-type mice (Pini et al., 2006).
Interestingly, pro-inflammatory cytokines, such as TNF-α and IL-6 have been postulated
as strong inhibitors of adiponectin gene expression or protein secretion (Ouchi and Walsh,
2007). Reduced adiponectin plasma levels and WAT gene expression were also associated
with higher inflammatory mediators such as CRP and IL-6 (Engeli et al., 2003).

CHRONIC INFLAMMATION AND AUTOIMMUNITY: In contrast to reduced adiponectin levels in
chronic low-grade inflammation associated metabolic diseases, elevated adiponectin levels
are present in most of chronic inflammatory and autoimmune diseases including RA,
systemic lupus erythematosus, T1DM, and inflammatory bowel disease. In these patients,
increased adiponectin levels were mostly independent of BMI, and rather positively then
negatively correlated with inflammatory markers and disease activity (Fantuzzi, 2008).
There is some evidence that adiponectin can be an important factor in ethiopathogenesis
of inflammatory joint diseases. Increased levels of adiponectin have been clearly shown in
synovial fluid of patients with RA compared to patients with OA (Schaffler et al., 2003;
Senolt et al., 2006). Nevertheless, there were no differences in serum adiponectin levels
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between patients with RA and OA (Senolt et al., 2006), but increased serum adiponectin in
patients with RA compared to healthy controls (Senolt et al., 2006; Otero et al., 2006).
With regards to joints, Ehling et al. (2006) have reported that not only articular
adipocytes, but especially synovial fibroblasts are primary producers of adiponectin in RA.
Interestingly, when synovial fibroblasts of RA patients were incubated with recombinant
adiponectin, an increase of key mediators of destructive arthritis, IL-6, IL-8 and MMP-1 was
observed (Ehling et al., 2006; Kitahara et al., 2009). Additionally, upregulation of NOS2, IL6, MMP-3, MMP-9, and monocyte chemoattractant protein 1 (MCP-1) by chondrocytes has
been found after adiponectin stimulation (Lago et al., 2008). Although these findings
strongly suggest that adiponectin can act as a destructive factor in joint homeostasis exerting
significant pro-inflammatory and matrix-degrading effects, adiponectin increase in RA was
not associated with disease activity, and moreover it negatively correlated with leukocyte
count in synovial fluid (Senolt et al., 2006). Furthermore, some studies confirmed a
protective role of adiponectin in joint inflammation. Interestingly, adiponectin was observed
to reduce pro-inflammatory TNF-α, IL-1β, and MMP-3 expression in stimulated RA synovial
fibroblasts (Lee et al., 2008), and to upregulate tissue inhibitor of metalloproteinase-2
(TIMP-2), and downregulate IL-1β-induced MMP-13 in OA chondrocytes (Chen et al.,
2006). Another finding that indicates potential anti-inflammatory effects of adiponectin have
been shown in mouse model of RA, collagen-induced arthritis (CIA), where adiponectin
delivery significantly reduced the severity of the disease including decreasing histological
scores of inflammation, cartilage damage, bone erosion, and mRNA levels of proinflammatory cytokines (Lee et al., 2008; Ebina et al., 2009).
Taken together, the question whether adiponectin plays a protective rather than a proinflammatory or destructive role in inflammatory and autoimmune diseases is still a matter of
debate and further studies are needed to fully elucidate its importance in these pathological
processes. The above mentioned effects of adiponectin on chondrocytes and synovial
fibroblasts are shown in Fig. 1-3.
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Fig. 1-3: Effects of adiponectin on chondrocytes and synovial fibroblasts
Articular adipose tissue and synovium of patients with inflammatory joint diseases are a
significant source of adiponectin. According to recent findings, adiponectin can modulate
joint homeostasis in inflammatory and degenerative joint diseases by dual effects. On one
hand, adiponectin exhibits destructive and pro-inflammatory effects inducing NOS2, IL-6,
MMP-3, MMP-9, and MCP-1 in chondrocytes and MMP-1, IL-6 and IL-8 in synovial
fibroblasts. On the other hand, it acts as a protective factor upregulating TIMP-2 and
downregulating IL-1β-induced MMP-13 in chondrocytes and reducing TNF-α, IL-1β, and
MMP-3 expressions in synovial fibroblasts. (Adapted from a review by Stofkova, 2009).

1.1.3. VISFATIN
1.1.3.1. VISFATIN: PRODUCTION AND BIOLOGICAL ACTIONS
Visfatin, an adipokine isolated by Fukuhara et al. (2005), corresponds to a protein
identified previously as pre-B cell colony-enhancing factor (PBEF), a 52 kDa cytokine
expressed and secreted by lymphocytes (Samal et al., 1994). Visfatin is also called Nampt
because of its significant sequence and functional homology with nicotinamide
phosphoribosyltransferase, an enzyme involved in nicotinamide adenine dinucleotide (NAD)
biosynthesis (Rongvaux et al., 2002). The term “visfatin” was adopted for this protein
because of its predominant production in visceral adipose tissue (Fukuhara et al., 2005;
Pagano et al., 2006). However this observation was not always confirmed by further studies;
e.g. Berndt et al. (2005) reported no differences in visfatin mRNA expression between
visceral and subcutaneous adipose tissue in humans.
The biological role of visfatin is not entirely understood, but several studies indicated
glucose lowering and insulin-mimicking/-sensitizing effects of visfatin. Mice heterozygous
for a target mutation in the visfatin gene had modestly higher levels of plasma glucose
(Fukuhara et al., 2005), impaired glucose tolerance and reduced glucose-stimulated insulin
secretion relative to control mice (Revollo et al., 2007). Initial studies showed that visfatin
exerted insulin-mimetic effects in various insulin-sensitive cell cultures through binding to
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insulin receptor (IR) at a site distinct from insulin and stimulated phosphorylation of IR, IR
substrate-1, -2 (IRS-1, IRS-2), and downstream signaling kinases: Akt (protein kinase B) and
MAPK. In vitro, visfatin treatment enhanced glucose uptake in 3T3-L1 adipocytes and L6
myocytes, and suppressed glucose release in hepatocytes (Fukuhara et al., 2005).
Interestingly, the transfection of visfatin plasmid enhanced plasma visfatin level and
improved insulin sensitivity in rats with insulin resistance induced by high-fat diet (Qin et al.,
2008). Correspondingly, Sun et al. (2009) demonstrated that overexpression of visfatin led to
increased insulin sensitivity and decreased plasma cholesterol levels in both normally fed rats
and rats on high-fat diet. These effects were mediated at least partially through upregulation
of the tyrosine phosphorylation of IRS-1 and the mRNA levels of PPAR-γ and sterol
regulatory element-binding proteins 2 (Sun et al., 2009). Insulin-like effects of visfatin have
also been described on human osteoblasts where visfatin induced tyrosine phosphorylation of
IR, IRS-1, and IRS-2 (Xie at al., 2007). However, another study described that visfatin does
not have insulin-mimetic effects, but rather functions as an extracellular NAD biosynthetic
enzyme (Nampt) critical for glucose-stimulated insulin secretion in pancreatic β-cells
(Revollo et al., 2007). Moreover, stimulation of GLUT1 protein expression and its migration
into cellular membranes has also been described as one of mechanisms of visfatin actions on
mesangial cells (Song et al., 2008).
According to above mentioned beneficial effects of visfatin on glucose homeostasis,
visfatin has been speculated to provide a compensatory mechanism in response to
hyperglycemia in conditions of insulin resistance. The in vitro experiments demonstrated
direct effect of glucose on visfatin release from adipocytes that depended on the
phosphatidylinositol 3-kinase (PI3K)/Akt pathway activation (Haider at al., 2006b).
Additionally, upregulation of visfatin levels in states of hyperglycemia, i.e. in patients with
diabetes mellitus, has been observed in several studies (Chen et al., 2006; Hammarstedt et al.,
2006; Lopez-Bermejo et al., 2006). However, Berndt et al. (2005) did not found significant
correlation of plasma visfatin levels and parameters of insulin sensitivity, including fasting
insulin, fasting plasma glucose concentrations, and the glucose infusion rate during the
steady state of a euglycemic-hyperinsulinemic clamp independent of body fat percent.
Moreover, glucose administration did not alter circulating visfatin levels at 60th and 120th
minute of the oral glucose tolerance test in humans (Marcinkowska et al., 2007). Such
conflicting data on visfatin circulating levels were also found in obese humans. Some studies
confirmed the increased levels of circulating visfatin (Haider et al., 2006a; ZahorskaMarkiewicz et al., 2007; Jin et al., 2008; Davutoglu et al., 2009), but there is also a study
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which showed reduced plasma visfatin levels in obese subjects (Pagano et al., 2006).
Paradoxically, both weight reduction (Haider et al., 2006c; Manco et al., 2007; De Luis et al.,
2008; Sheu et al., 2008) as well as overnutrition downregulated circulating visfatin
concentrations in humans (Sun et al., 2007). The controversial findings on visfatin levels,
reaching the increased (Fukuhara et al., 2005), unchanged (Kloting and Kloting, 2005) or
decreased levels (Mercader et al., 2008) during the obesity and metabolic syndrome were
also reported in various rat or mouse models of obesity. With regard to these observations in
humans and animals, the regulation of visfatin production under the conditions of obesity and
diabetes mellitus is still not completely clear and also seems to differ across the species and
genetic background.

1.1.3.2. VISFATIN: INFLAMMATION AND AUTOIMMUNITY
Visfatin is not only an adipocyte-specific protein. The expression of visfatin gene was
originally found in human peripheral blood lymphocytes, and was termed pre-B cell colonyenhancing factor (PBEF) as it increased the effect of IL-7 and stem-cell factor on pre-B-cell
colony formation (Samal et al., 1994).
Visfatin appears to be an important mediator of inflammation (Fig. 1-4). Moschen et al.
(2007) demonstrated that recombinant visfatin induced dose-dependent production of proinflammatory IL-1β, TNF-α, and IL-6 as well as anti-inflammatory cytokines like IL-10, and
IL-1 receptor antagonist in human monocytes. Moreover, visfatin enhanced the surface
expression of the co-stimulatory molecules important to activate T cells, such as CD54,
CD40 and CD80 in monocytes, and was able to act as a potent chemotactic factor for CD14+
monocytes and CD19+ B cells. In vivo, i.p. injection of recombinant murine visfatin
significantly increased circulating IL-6 levels and IL-6 mRNA expression in the small
intestine in mice (Moschen et al., 2007). Other studies demonstrated that visfatin was also
synthesized and released by neutrophils in response to inflammatory stimuli and that it
functioned as an inhibitor of apoptosis resulting from variety of inflammatory stimuli (Jia et
al., 2004). Interestingly, pharmacological inhibition of visfatin reduced the intracellular
concentration of NAD in inflammatory cells and circulating TNF-α level during endotoxemia
in mice. Thus, visfatin links NAD metabolism to inflammatory cytokine secretion by
leukocytes (Busso et al., 2008). In addition, lack of visfatin expression strongly affected the
development of both T and B lymphocytes and deteriorated cellular resistance to
genotoxic/oxidative stress. These findings indicate that visfatin may confer to cells of the
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immune system the ability to survive during stressful situations such as inflammation
(Rongvaux et al., 2008).
Visfatin could also promote the process of atherosclerosis. In vitro, visfatin increased
leukocyte adhesion to endothelial cells by induction of the cell adhesion molecules ICAM-1,
VCAM-1 and E-selectin, and expression of IL-6 and IL-8 in the conditioned medium of
endothelial cells (Kim et al., 2008; Lee WJ et al., 2009). Additionally, visfatin treatment led
to reactive oxygen species generation (Kim et al., 2008), and activation of angiogenic factors
including endothelial fibroblast growth factor-2 (FGF-2) (Bae et al., 2009), and matrix
metalloproteinase (MMP) -2 and -9 (Adya et al., 2008) as well as MCP-1 and its putative
receptor CCR2 in endothelial cells (Adya et al., 2009).
Visfatin gene expression is regulated by inflammatory mediators. TNF-α and oxidized
low-density lipoprotein increase visfatin expression in monocytes (Dahl et al., 2007).
However, in adipocytes, visfatin gene expression has been found to be downregulated by
TNF-α and IL-6 (Kralisch et al., 2005a; Kralisch et al., 2005b; Li et al., 2009).
Many inflammatory conditions are accompanied by upregulation of visfatin: e.g. acute
lung injury (ALI) – increased visfatin gene expression in lung tissue of animal ALI model
and visfatin protein levels in both bronchoalveolar lavage fluid and serum in animal ALI
models and as well as in humans with ALI (Ye et al., 2005), chronic obstructive pulmonary
disease – increased plasma visfatin in humans (Liu et al., 2009), inflammatory bowel disease
– elevated plasma levels of visfatin and its mRNA expression in colonic tissue in humans
(Moschen et al., 2007), psoriasis – increased visfatin gene expression in PBMC in humans
(Koczan et al., 2005).
A marked increase of visfatin plasma levels was also demonstrated in patients with RA
(Otero et al., 2006). Additionally, significantly higher visfatin gene expression was found in
synovial tissue, and cultures of PBMCs and PBGs in patients with RA compared to healthy
controls (Matsui et al., 2008). Nowell et al. (2006) described regulation of visfatin production
via STAT-3-dependent IL-6 trans-signaling in synovial fibroblasts in RA. Brentano et al.,
(2007) reported that the TLR-2 ligand bacterial lipoprotein, the TLR-4 ligand LPS, IL-1β,
TNF-α, and visfatin itself upregulated visfatin mRNA in RA synovial fibroblasts. Moreover,
visfatin activated NF-kappaB and activator protein 1, and induced IL-6, IL-8, MMP-1 and
MMP-3 in RA synovial fibroblasts (Brentano et al., 2007). Additionally, visfatin serum and
synovial fluid levels positively correlated with the degree of inflammation and clinical
disease activity in RA patients (Brentano et al., 2007). The increased visfatin circulating
levels were also confirmed in CIA in mice compared to healthy controls (Busso et al., 2008).
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Moreover, the severity of arthritis in mice was reduced by a specific inhibitor of
Nampt/visfatin enzymatic function (Busso et al., 2008).
Visfatin may also have a possible inflammatory influence on osteoarthritis. Although
visfatin circulating levels were found lower in OA patients than in RA patients (Matsui et al.,
2008), visfatin was highly produced in human OA chondrocytes (Gosset et al., 2008). In
searching for the functions of visfatin in OA-affected human chondrocytes, Gosset et al.
(2008) found that visfatin, similarly like IL-1β, triggers excessive release of PGE2, due to
increase of microsomal PGE synthase 1 and decrease of NAD+-dependent 15-hydroxy-PG
dehydrogenase synthesis. In this study, visfatin also stimulated MMP-3 and MMP-13
synthesis and expression of a disintegrin and metalloproteinase (ADAMTS) -4 and -5 that
indicated catabolic function of visfatin in chondrocytes (Gosset et al., 2008).
In general, these observations provide the evidence that visfatin could be considered as a
pro-inflammatory and destructive mediator in arthritis. Thus, visfatin quantification may
serve as a marker of the degree of inflammation and disease activity.

1.1.4. RESISTIN
1.1.4.1. RESISTIN: PRODUCTION AND BIOLOGICAL ACTIONS
Resistin, also called FIZZ3 (found in inflammatory zone) or ADSF (adipocyte-specific
secretory factor), was identified as a 12.5 kDa polypeptide expressed and secreted by white
adipose tissue, and functioned as an inhibitor of adipogenesis, whose mRNA expression is
markedly increased during 3T3-L1 and primary preadipocyte differentiation into adipocytes
(Holcomb et al., 2000; Kim et al., 2001). The term “resistin” was originally proposed for its
role as a mediator of insulin resistance (Steppan et al., 2001). Resistin belongs to the family
of cysteine-rich proteins, termed RELMs (resistin-like molecules). In its structure, cysteine
residues comprise 11 of 94 (12%) amino acids (Banerjee et al., 2001).
Resistin expression in adipose tissue is affected by nutritional status, with decreasing
mRNA levels during fasting and increasing mRNA levels after food consumption (Kim et al.,
2001; Steppan et al., 2001; Nogueiras et al., 2003; Valsamakis et al., 2004). In addition,
resistin gene expression was significantly upregulated by glucose and mediators known to
increase plasma glucose levels such as glucocorticoids (Haugen et al., 2001; Shojima et al.,
2002).
The most widely discussed effect of resistin has been the induction of insulin resistance.
Although some studies confirmed impaired glucose tolerance and insulin action in response
to resistin as well as positive correleation of increased circulating resistin levels with
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hyperinsulinemia and hyperglycemia (Steppan et al., 2001; Rajala et al., 2004), these
observations were not without controversy. In various models of rodent obesity associated
with impaired insulin sensitivity, there has been shown reduced resistin mRNA expression in
adipose tissue (Way et al., 2001; Juan et al., 2001; Milan et al., 2002; Fukui et al., 2002,
Maebuchi et al., 2003; Haluzik et al., 2006) or in isolated adipocytes (Le Lay et al., 2001). In
human studies, resistin circulating levels or gene expression have varied from increased to
unchanged in obesity or type 2 diabetes mellitus (Degawa-Yamauchi et al., 2003; Savage et
al., 2001; Baranova et al., 2006; Nagaev et al., 2001; Heilbronn et al., 2004; Chen et al.,
2006; Anderlova et al., 2007).
The negative effects of resistin on glucose homeostasis and insulin sensitivity could
involve inhibition of the intrinsic activity of cell surface glucose transporters (Moon et al.,
2003), suppression of GLUT4 translocation (Palanivel et al., 2006) or its gene expression (Fu
et al., 2006), induction of suppressor of cytokine signaling-3 (SOCS-3) (Steppan et al., 2005;
Brown et al., 2007), blockade of insulin signal transduction pathways of PI3K/Akt and of ccbl associated protein (CAP)/c-cbl (Sheng et al., 2008), stimulation of hepatic glucose
production probably through decreased activity of AMP-activated protein kinase and
increased expression of gluconeogenic enzymes in liver (Banerjee et al., 2004) or activation
of free fatty acids release from adipose tissue (Pravenec et al., 2006).

1.1.4.2. RESISTIN: INFLAMMATION AND AUTOIMMUNITY
Analyses of resistin gene expression across a wide array of human tissues revealed that
not WAT, but peripheral blood mononuclear cells (PBMCs), macrophages and bone marrow
cells are a major source of human resistin (Kaser et al., 2003; Patel et al., 2003). Therefore,
resistin may be rather involved in the inflammatory processes than in the modulation of
adiposity and glucose homeostasis. Several studies demonstrated that inflammatory stimuli
mediate resistin production. In human PBMCs, pro-inflammatory cytokines such as IL-1, IL6 and TNF-α, as well as LPS have strongly induced resistin mRNA expression (Kaser et al.,
2003). On the other hand, in adipocytes and preadipocytes, TNF-α administration
significantly decreased resistin mRNA expression (Fasshauer et al., 2001; Li et al., 2003).
Interestingly, LPS stimulated resistin mRNA levels in both types of cells, adipocytes and
white blood cells in vivo and in vitro (Lu et al., 2002; Lehrke et al., 2004).
Resistin, per se, acts as a pro-inflammatory factor (Fig. 1-4). In the culture of
macrophages recombinant human resistin enhanced secretion of pro-inflammatory cytokines,
TNF-α and IL-12, and was able to induce the nuclear translocation of NF-κB transcription
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factor (Silswal et al., 2005). In 3T3-L1 adipocytes resistin potentiated TNF-α, IL-6 and
monocyte chemoattractant protein-1 (MCP-1) production (Fu at al., 2006). Moreover,
stimulation of human PBMC with recombinant resistin led to a marked upregulation of the
genes for TNF-α, IL-6, IL-1β, and resistin itself. Interestingly, these stimulatory effects on
cytokine release were mediated through NF-κB transcription pathway triggered by resistin
(Bokarewa et al., 2005). Resistin also suppressed chemotaxis of human polymorphonuclear
leukocytes (PMNLs) and decreased the oxidative burst stimulated by Escherichia coli and by
phorbol myristate acetate, but did not affect PMNL phagocytosis (Cohen et al., 2008).
Although resistin receptor has not yet been identified, several intracellular signaling
pathways induced by resistin have been reported. In various cell lines resistin can
phosphorylate MAPKs (extracelular signal-regulated kinase [Erk], and p38), PI3K/Akt
pathway as well as the inhibitory protein IκBα and the p65 subunit of NF-κB. Resistin also
increases intracellular calcium concentration via activation of both phospholipase C (PLC)
and calcium influx from the extracellular environment (Filkova et al., 2009).
Recent studies indicate that the pathogenesis of atherosclerosis is highly connected with
resistin-induced inflammatory process. Resistin has been demonstrated to directly induce
expression of VCAM-1, ICAM-1 and MCP-1, and concomitantly reduce TNF receptorassociated factor-3 (TRAF-3) expression on endothelial cells (Verma et al., 2003; Kawanami
et al., 2004). Moreover, resistin promotes macrophage-foam cell formation by affecting class
A scavenger receptor, CD 36 and ATP-binding cassette transporter-A1 in macrophages (Lee
TS et al., 2009).
Resistin likely plays an important role in RA, with major production and/or
accumulation in the joints affected by inflammation (Bokarewa et al., 2005; Senolt et al.,
2007). Increased resistin levels in synovial fluid have been reported in patients with RA
compared to patients with non-inflammatory joint disease such as OA (Schaffler et al., 2003;
Bokarewa et al., 2005; Senolt et al., 2007). Also, the intensity of resistin expression was
significantly higher in sublining synovial fibroblasts and inflammatory cells from patients
with RA than those with OA (Senolt et al., 2007). Furthermore, the resistin levels in RA
synovial fluid (Schaffler et al., 2003; Bokarewa et al., 2005) or in circulation (Migita et al.,
2006; Senolt et al., 2007; Forsblad d’Elia et al., 2008) showed a significant positive
correlation with inflammatory markers of the disease as well as with the disease activity.
Clinical studies comparing resistin circulating levels in RA patients to healthy controls have
varied from increased (Migita et al., 2006) to unchanged (Otero et al., 2006; Forsblad d’Elia
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et al., 2008). However, resistin levels in synovial fluid were much higher than those found in
circulation in patients with RA (Bokarewa et al., 2005; Senolt et al., 2007).
The importance of local pro-inflammatory effects of resistin have demonstrated
Bokarewa et al. (2005) in healthy mice injected with recombinant resistin into knee joints.
Surprisingly, these mice developed arthritis and showed infiltration of synovial tissue with
leucocytes associated with hypertrophy of synovial lining layer and panus formation
(Bokarewa et al., 2005). Furthermore, treatment of mouse cartilage cultures with
recombinant resistin induced proteoglycan degradation as well as synthesis of proinflammatory cytokines and PGE(2) (Lee JH et al., 2009). Similarly, in human cartilage
cultures resistin has been shown to negatively affect proteoglycan biosynthesis (Lee JH et al.,
2009). With regard to these findings, increased resistin levels during arthritis may contribute
to joint inflammation.
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Macrophages
↑ TNF-α, IL-12

Adipocytes
↑ TNF-α, IL-6, MCP-1

PBMCs
↑ TNF-α, IL-6, IL-1β

Increased resistin levels

PMNLs
↓ chemotaxis
↓ oxidative burst

Endothelial cells
↑ ICAM-1, VCAM-1, MCP-1
↓ TRAF-3

INFLAMMATION
Synovial fibroblasts
↑ IL-6, IL-8
↑ MMP-2, MMP-3
Chondrocytes
↑ PGE(2)
↑ MMP-3, MMP-13
↑ ADAMTS-4, ADAMTS-5

Increased visfatin levels

B-cells
↑ pre-B cell colony formation

Endothelial cells
↑ ICAM-1, VCAM-1, E-selectin
↑ IL-8, IL-6, MCP-1
↑ MMP-2, MMP-9, FGF-2
↑ ROS generation
Monocytes
↑ IL-1β, TNF-α, IL-6
↑ IL-10, IL-1Ra
↑ CD54, CD40, CD80

Fig. 1-4: Involvement of resistin and visfatin in inflammation
Inflammatory stimuli increase resistin and visfatin production. These adipokines act as specific
immunomodulatory factors generating pro-inflammatory responses. Resistin stimulates
adipocytes, macrophages and PBMCs to produce pro-inflammatory cytokines, and innibits
chemotaxis and oxidative burst of activated PMNLs. On endothelial cells, resistin induces
expression of VCAM-1, ICAM-1 and MCP-1, and reduces expression of TRAF-3. Visfatin,
originally identified as pre-B-cell colony enhancing factor, upregulates the production of pro- and
anti-inflammatory cytokines IL-1β, TNF-α, IL-6, IL-10 and IL-1 receptor antagonist (IL-1Ra) in
monocytes, and enhances the surface expression of the co-stimulatory molecules CD54, CD40 and
CD80 in these cells. In joint inflammation visfatin exhibits pro-inflammatory and matrix
degrading effects by affecting the synthesis of MMPs, ADAMTS, and PGE (2) in chondrocytes as
well as pro-inflammatory cytokines and MMPs in synovial fibroblasts. Visfatin with its proinflammatory effects on endothelial cells may also influence the process of atherosclerosis
inducing ICAM-1, VCAM-1, E-selectin, IL-8, IL-6, MCP-1, FGF-2, and MMP-2/-9 production as
well as ROS (reactive oxygen species) generation (Adapted from a review by Stofkova, 2010).
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1.2. GHRELIN
1.2.1. GHRELIN: PRODUCTION AND BIOLOGICAL ACTIONS
Ghrelin was discovered as a 28-amino acid peptide produced in stomach that functions as
an endogenous ligand for growth hormone secretagogue receptor (Ghsr) (Kojima et al., 1999).
Ghrelin has a unique post-translational modification: the hydroxyl group of the third serine
residue (Ser3). Hosoda et al. (2003) isolated several minor forms of ghrelin peptide from
human stomach that could be classified into four groups with regard to the type of acylation at
Ser3: nonacylated (des-acyl ghrelin), octanoylated (C8:0), decanoylated (C10:0), and possibly
decenoylated (C10:1). Interestingly, the biologically active ghrelin is presumably only the
acylated ghrelin. For instance, nonacylated ghrelin did not activate Ghsr in hypothalamus or
pituitary and therefore it did not stimulate GH release in humans and rats. However, the
octanoyl group at Ser3 of ghrelin is rapidly hydrolyzed to des-acyl ghrelin in blood samples.
Thus, des-acyl ghrelin circulates in amounts far greater than acylated ghrelin, and it may
represent either a pre-form of acyl-modified ghrelin or the product of its deacylation (Hosoda
et al., 2006).
The main ghrelin receptor is Ghsr-1a, which is widely expressed in central
neuroendocrine tissues. Hypothalamus and the somatotroph cells in pituitary gland are targets
of ghrelin to stimulate and amplify pulsatile GH release (Howard et al., 1996). Importantly,
Ghsr-1a is mainly expressed in the hypothalamic ARC, a crucial area of appetite regulation.
Transgenic rats with selectively attenuating ghrelin receptor protein expression in the ARC
(expressing an antisense Ghsr mRNA under the control of the promoter for tyrosine
hydroxylase) have been significantly smaller at birth and have shown decreased body weight
and weight of adipose tissue compared to healthy controls (Shuto et al., 2002). Other ghrelin
receptor Ghsr-1b has been described as a dominant-negative mutant of Ghsr-1a, resulting in
attenuation of its constitutive signaling (Leung et al., 2007).
Ghrelin is predominantly expressed in stomach. It has been found in round, compact,
electron-dense granules of X/A-like cells in oxyntic glands whose hormonal product and
physiological functions have not previously been clarified. X/A-like cells are not in
continuity with the stomach lumen but rather are closely associated with the capillary
network of the lamina propria, supporting an endocrine role of ghrelin. Moreover, removal of
the acid-producing part of stomach in rats reduces circulating ghrelin by eighty percent
(Hosoda et al., 2006).
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Ghrelin has also been identified in neurons of the ARC involved in the control of energy
homeostasis (Cowley et al., 2003). It was found that ghrelin levels are inversely associated
with BMI. Restriction of caloric intake, starvation, weight loss or insulin-induced
hypoglycemia stimulates ghrelin expression and secretion. Conversely increased food intake,
glucose load, insulin level and obesity is associated with decrease in ghrelin level (Tschop et
al., 2000; Cummings et al., 2001; Tschop et al., 2001, Toshinai et al., 2001). In rats, ghrelin
enhances food intake in a dose dependent manner. In humans, intravenous infusion of ghrelin
at physiological doses induces hunger and causes short-term enhancement of food intake
(Wren et al., 2000). These effects of ghrelin are mediated by activation of NPY/AgRP
neurons and inhibition of POMC neurons (Valassi et al., 2008). Vagus nerve is likely to be
an important mediator of ghrelin action as blockade of the gastric vagal afferent or vagotomy
abolished ghrelin-induced feeding after its parenteral administration in rats (Asakawa et al.,
2001; Date et al., 2002).
In neuroendocrine system, ghrelin also stimulated ACTH and PRL secretion in human
and animal studies (Arvat et al., 2001; Riley et al., 2002). Within the adipose tissue, ghrelin
has been found to directly stimulate adipogenesis as well as leptin expression and release in
rats (Giovambattista et al., 2006). In addition, ghrelin also exhibits non-endocrine functions
in gastrointestinal system including modulation of gastric motility and acid secretion,
stimulation of ileal peristaltic or inhibition of CCK induced pancreatic protein secretion.
Many of these actions of ghrelin are mediated by the cholinergic system, probably by central
mechanisms (Ghigo et al., 2005).

1.2.2. GHRELIN: INFLAMMATION AND AUTOIMMUNITY
Besides promoting a positive energy balance, ghrelin also exhibits anti-inflammatory
effects. Its administration attenuated anorexia as well as inflammation and rate of mortality
during endotoxin- or IL-1β-induced inflammation (Dixit et al., 2004; Wang et al., 2006;
Chang et al., 2003; Gonzalez et al., 2006; Chorny et al., 2008; Wang et al., 2009; Wu et al.,
2007; Chen et al., 2008). Ghrelin and its functional receptor (Ghsr-1a) mRNA expressions
have been detected in immune cells including T-lymphocytes and monocytes (Gnanapavan et
al., 2002; Dixit et al., 2004; Xia et al., 2004). It was found that ghrelin inhibits proliferation
and secretion of T-lymphocytes, and suppresses mRNA expression of both Th1 (IL-2 and
IFN-γ) and Th2 (IL-4 and IL-10) cytokines (Xia et al., 2004). In this regard, reduction of T
cell-derived ghrelin enhances Th1 pro-inflammatory cytokine expression (Dixit et al., 2009).
There was also observed that ghrelin dose-dependently inhibits expression of leptin induced
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pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α. It is important to note that
reciprocally leptin upregulates expression of Ghsr-1a on isolated human T-lymphocytes
(Dixit et al., 2004). This supports the hypothesis that both hormones mutually cooperate not
only in the regulation of energy balance but also in the control of immune responses.
During endotoxemia ghrelin administration has been found to enhance antiinflammatory IL-10 serum levels, however, only in rats with normal weight but not in obese
rats (Prenzler et al., 2007). This indicates that obesity is associated with attenuated ghrelin
anti-inflammatory effects. Interestingly, in patients with metabolic syndrome ghrelin plasma
levels were found decreased, but ghrelin gene expression in PBMCs was increased and
correlated positively with the expressions of TNF-α, IL-1β and IL-6 in PBMCs.
Nevertheless, Ghsr-1b was expressed, whereas Ghsr-1a could not be detected in PBMCs of
these patients. This suggests that higher expression of pro-inflammatory cytokines by
PBMCs may be due to the absence of functional ghrelin receptor Ghsr-1a in patients with
metabolic syndrome (Mager et al., 2008).
Ghrelin levels can be regulated by inflammatory cytokines. Several studies
demonstrated that ghrelin levels fell very early in states of acute inflammation brought about
by injection of LPS (Basa et al., 2003; Vila et al., 2007; Madison et al., 2008). This reduction
of circulating ghrelin levels was due to the activation of prostacyclin signaling (via IL-1β) in
cells within the gastric mucosa that resulted in acute decrease in ghrelin secretion (Madison
et al., 2008). Furthermore, TNF-α treatment also significantly decreased plasma ghrelin
levels and expression of ghrelin mRNA in stomach in mice (Endo et al., 2007).
In chronic inflammation and autoimmunity, an anti-inflammatory role of ghrelin was
mostly demonstrated. Treatment with ghrelin led to the significant reduction of inflammation
in experimental colitis in mice and rats (Gonzalez-Rey et al., 2006; Konturek et al., 2009),
chronic kidney disease in rats (Deboer et al., 2008), and experimental autoimmune
encephalomyelitis in mice (Theil et al., 2009), at least partly, due to inhibitory effect of
ghrelin on pro-inflammatory cytokines. In experimental CIA in rats, ghrelin treatment
significantly reduced clinical signs of arthritis as well as the release of the high mobility box
1 (HMGB1), a DNA-binding factor that acts as a late inflammatory factor (Chorny et al.,
2008). Similarly, Granado et al. (2005) observed ameliorated external symptoms of AA in
rats along with decreased IL-6 serum levels after ghrelin agonist (GHRP-2) administration.
Moreover, GHRP-2 also prevented the increase in the activity of the ATP-dependent
ubiquitin-proteasome proteolytic pathway involved in the cachexia-induced skeletal muscle
atrophy of AA rats (Granado et al., 2005).
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Ghrelin plasma levels in RA patients were found significantly decreased (Otero et al.,
2004) or unchanged (Koca et al., 2008) compared to those present in healthy controls.
Moreover, in the study by Koca et al. (2008), circulating ghrelin level was not correlated
with clinical or laboratory markers of the disease activity in RA. On the other hand, patients
with Behcet’s disease, a chronic inflammatory disease also accompanied by rheumatoid
cachexia showed higher circulating ghrelin level than patients with RA. The authors
hypothesized that this discrepancy could be due to higher doses and prolonged usage of
corticosteroids by patients with RA compared to patients with Behcet’s disease (Koca et al.,
2008). Because, both endogenously and exogenously induced hypercortisolism causes
suppression of ghrelin levels (Otto et al., 2004). Thus, corticosteroid therapy in rheumatic
diseases could lead to contradictory findings on ghrelin concentrations in humans.

1.3. REGULATION OF FOOD INTAKE
1.3.1. HYPOTHALAMUS AND APPETITE CONTROL
Appetite is controlled by highly complex mechanisms involving central and peripheral
signals, afferent neuronal pathways to the hypothalamus as well as processing in
hypothalamic neuronal circuits, and finally descending commands that modulate food intake
and energy expenditure. Several distinct hypothalamic nuclei including the arcuate nucleus
(ARC), paraventricular nucleus (PVN), ventromedial nucleus (VMN), dorsomedial nucleus
(DMN) and lateral hypothalamic area (LHA) have been implicated in the regulation of
feeding behavior. Neuronal pathways among these nuclei are organized into orexigenic and
anorexigenic circuits. The chief hypothalamic area regulating appetite is the ARC. Since it
resides above the median eminence and shares connections with the subfornical organ and
vascular organ of the lamina terminalis, it is not fully insulated from the circulation by the
blood-brain barrier (BBB). Thus the ARC can receive and integrate a number of peripheral
signals controlling satiety and adiposity. The ARC contains two populations of the “firstorder” neurons that play main role in distributing the information from peripheral signals
centrally. One population of these neurons co-expresses NPY and AgRP, and their activation
increases food intake and decreases energy expenditure. The second population of neurons
co-expresses POMC and CART, and their activation inhibits appetite and increases energy
expenditure. POMC is the precursor of melanocortin peptides, including α-MSH, which
inhibits feeding by acting on central melanocortin receptors (MCRs) (Fan et al., 1997). In the
brain, only the MC3R and MC4R were found. The most important melanocortin receptor
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through which α-MSH inhibits appetite is MC4R. The MC4R gene is highly expressed in the
hypothalamus, notably in the PVN. Interestingly, orexigenic AgRP is an endogenous
antagonist at MC3R and MC4R (Ollmann et al., 1997).
The axons of the “first-order” neurons from the ARC project to the “second-order”
neurons located in the PVN, LHA, VMN and DMN. Within the PVN, neurons from the ARC
communicate with neurons containing TRH, CRH and oxytocin, and these hormones have
been shown to promote negative energy balance. TRH expression in the PVN is elicited by
α-MSH, and inhibited by NPY/AgRP neurons which likely participate in the development of
central hypothyroidism occurring in rodents during fasting (Valassi et al., 2008).
Early studies identified the LHA as the “hunger centre”, while the VMN as the “satiety
centre”. These designations were derived from observations of food intake and body weight
changes after electrical stimulation or lesioning of these hypothalamic areas. Stimulation of
the LHA induced hyperphagia and obesity, and conversely lesioning of the LHA caused
anorexia (Schwartz et al., 2000). However, the subsequent studies revealed that the LHA
receives NPY/AgRP neuronal projections from the ARC and contains orexigenic
neuropeptides melanin concentrating hormone (MCH) and orexins. Therefore, MCH- and
orexin-expressing cells in the LHA act as downstream targets in NPY-induced feeding
(Broberger et al., 1998). Regarding the VMN, its lesion results in hyperphagia and obesity,
whereas the electrical stimulation of the VMN suppresses food intake (Schwartz et al., 2000).
Nevertheless, the VMN anorexigenic response under physiological conditions is secondary to
the activation of ARC POMC neurons. Actually, the VMN is highly innervated by POMC
neurons from the ARC that stimulate VMN brain-derived neurotrophic factor (BDNF)
neurons via MC4R signaling to decrease food intake. Thus, it is suggested that BDNF is an
important effector through which MC4R signaling decreases appetite (Xu et al., 2003).
The DMN contains a high level of NPY and α-MSH terminals originating in the ARC.
Overexpression of NPY in the DMN of lean rats increased food intake and body weight, and
exacerbated high-fat diet-induced obesity, while gene knockdown of NPY in the DMH
ameliorated the hyperphagia, obesity and diabetes in rats (Yang et al., 2009). On the other
hand MC3/4R-selective agonist injected into the DMH significantly suppressed feeding in
rats (Chen et al., 2004).
These findings indicate that hypothalamic signals, including neuropeptides with
orexigenic action: NPY, AgRP, orexins and MCH, and neuropeptides with anorexigenic
action: POMC (α-MSH), CART, CRH, TRH, and oxytocin play a major role in the
maintenance of energy homeostasis. They are activated or inhibited according to the
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energetic balance of body. Additionally, most of these central neuropeptides are regulated by
pheriperal signals of satiety generated in the gastrointestinal tract during a meal (CCK, GLP1, peptide YY), signals of adiposity (leptin, insulin) and orexigenic gut peptide ghrelin
(Valassi et al., 2008). However, the mutual interplay of individual components of this
complex network regulating food intake and body weight during diseases associated with
energy dysbalance is still not fully elucidated.

1.3.2. HYPOTHALAMIC REGULATION OF APPETITE IN INFLAMMATION-INDUCED
ANOREXIA
Chronic inflammatory diseases such as RA are often accompanied by reduction in
appetite, increased metabolic rate, and a preferential loss of lean body mass. This poor
nutrition state represents cachexia. Cachexia is derived from Greek “kakos hexis” meaning
“bad condition” and it is an important risk factor for increased morbidity and mortality (Mak
and Cheung, 2006). Therefore, elucidation of the mechanisms leading to this condition could
have a crucial importance in enhancing a quality of life and survival for patients suffering
from cachexia-associated diseases.
Several studies demonstrated that pro-inflammatory cytokines can strongly inhibit food
intake after peripheral or central administration. Similarly, microbial products including
bacterial cell wall compounds (e.g. LPS, MDP), microbial nucleic acids or viral
glycoproteins induce anorexia through the development of acute phase response
characterized by increased levels of cytokines. Among a number of cytokines, key players
affecting food intake are IL-1β, TNF-α and IL-6. They can act directly in the brain (notably,
in the hypothalamus), modulate gastric motility and emptying (PGE(2) plays an important
role as secondary mediator of gastric function), induce the release of hormones (leptin, CCK)
that modulate feeding and induce alterations in metabolism that influence food intake
regulation (Buchanan and Johnson, 2007).
IL-1β is generally suggested as the most effective cytokine suppressing appetite. Its
peripheral or central administration to rodents induced anorexia that was prevented by IL-1
antagonists (Rothwell and Luheshi, 1994; Kent et al., 1992). Furthermore, peripheral IL-1β
induced inhibition of gastric emptying and motility through interactions with IL-1 receptor
(Suto et al., 1996). IL-1β also inhibited maturation of adipocytes and lipoprotein lipase
activity (Gregoire et al., 1992). Since IL-1β dose-dependently upregulates leptin expression
in adipose tissue, and leptin decreases food intake and body weight, it may be thought that
IL-1β anorectic effect is mediated by leptin activation. However, recent studies revealed that
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IL-1β is able to induce anorexia independently from leptin activation as it was shown in
animal models with severely attenuated leptin signaling (Faggioni et al., 1997; Lugarini et
al., 2005).
TNF-α, when administered with IL-1β, acted synergistically to suppress food intake, but
when TNF-α acted individually it had less potent anorectic effects than those of IL-1β (Sonti
et al., 1996). IL-6 also inhibits food intake when administered centrally, but not peripherally.
Nevertheless, IL-6 deficient mice showed attenuated suppression of food intake during acute
inflammation (Buchanan and Johnson, 2007).
Because hypothalamus is the main site regulating feeding behavior and body weight,
peripheral cytokines must reach the brain regions to induce anorexia. There were described
three possible pathways of information flow that may account for cytokine-induced anorexia:
1) a humoral pathway by which cytokines reach the central nervous system via the blood
(direct actions on circumventricular structures characterized by the absence of the BBB); 2) a
pathway that involves active immunomodulator transport across the BBB and central de
novo synthesis of cytokines (e.g. in microglial cells and astrocytes); and 3) transduction by
neural pathway from gut to the brain, via sensory vagal or non-vagal, splanchnic afferents
(Schwartz et al., 2002).
Hypothalamic nuclei involved in the control of energy homeostasis abundantly express
receptors for cytokines. It is strongly suggested that one of the main ways by which proinflammatory cytokines suppress appetite is through the activation of POMC-containing
neurons in the ARC (DeBoer and Marks, 2006). In this regard, i.c.v. injection of IL-1β into
the lateral ventricles activated expression of Fos protein in ARC POMC neurons resulting in
the inhibition of feeding behavior. In addition, IL-1β increased frequency of action potentials
of ARC POMC neurons and stimulated the release of α-MSH from hypothalamic explants
(Scarlett et al., 2007). The hypothesis that IL-1β acts through central melanocortin signaling
also supports the finding that anorexic effect of IL-1β was significantly attenuated by
MC3/4-R antagonists (Lawrence and Rothwell, 2001). Moreover, increased hypothalamic
melanocortin signaling may be straightened by decreased secretion of AgRP, an endogenous
antagonist at MC3/4-R, in response to IL-1β as it has been shown in vitro in hypothalamic
explants (Scarlett et al., 2008). Within the hypothalamic NPY system, it has been found that
neither IL-1β nor TNF-α and IL-6 was able to alter NPY release from the hypothalamic
slices (King et al., 2000). Similarly, in IL-1β-treated and pair-fed group rats, there were
unchanged NPY concentrations in the ARC (McCarthy et al., 1995).
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These findings suggest that IL-1β is an important factor involved in the regulation of
feeding behavior at the hypothalamic level. However, it is clear that no single cytokine is
responsible for the modulation of food intake. Further studies evaluating the effect of
cytokines along with well-known factors regulating appetite (e.g. leptin, ghrelin or insulin)
are needed for better understanding of disease-induced anorexia.

1.4. ADJUVANT ARTHRITIS IN RATS
1.4.1. PATHOGENESIS OF ADJUVANT ARTHRITIS
Adjuvant arthritis (AA) in rats is a well established model of human rheumatoid arthritis
(RA). It was firstly described by Carl M. Pearson who induced polyarthritis in rats by
parenteral injection of arthritogenic agent, designed as complete Freund’s adjuvant (cFA), in
1956 (Pearson, 1956). The cFA is a mixture of mineral oils, heat-killed mycobacteria and
emulsifying agent and it is an efficient enhancer of both T-cell-mediated and humoral
immune responses (Freund, 1947; Freund, 1956). The important role of T-cell immune
responses on the development of AA was demonstrated by several studies showing that
arthritis can be transferred to healthy recipients by lymph node or spleen cells (Pearson and
Wood, 1964), thoracic duct lymphocytes (Whitehouse et al., 1969) or selected lines of
effector T lymphocytes isolated from AA rats (Holoshitz et al., 1983).
The active components of cFA are not completely understood, however, it seems that
not only mycobacterial components but also the nature of the vehicle may play a role in the
pathogenesis of AA. Strikingly, the incomplete Freund’s adjuvant (iFA) itself, a vehicle
containing paraffin oil and surfactant, is able to stimulate innate immunity, induce expression
of cytokines, predominantly TNF-α in lymph nodes, and cause opening of the blood-brain
barrier (Billiau and Matthys, 2001). Nevertheless, the mycobacteria play a main role in the
induction of rat AA. Several species of Mycobacteria have been tried and no one has had
much advantage over the others (Pearson and Wood, 1959). Namely, Mycobacterium
tuberculosis (H37Ra, C, DT, PN) and Mycobacterium butyricum are generally used in most
cases (Cohen and Miller, 1994).
There are various mycobacterial components possessing adjuvant effects similar to those
of entire mycobacteria. One of these, mycobacterial wax D (peptidoglycolipid), bacterial cell
wall component of different species, has been found to be arthritogenic when given in the
appropriate dissolving solution. For instance, wax D given in water-in-oil-emulsion appeared
to be ineffective for induction of AA, while when it was given in squalane it was very
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effective for production of arthritis (Kohasi et al., 1977). Furthermore, mycobacterial wax D
in iFA it produced arthritis, whereas in saline it did not have this effect (Wood and Pearson,
1962). Muramyl dipeptide (MDP), universally occurring building block of the peptidoglycan
component of the mycobacterial cell wall, was also revealed to induce AA in rats when given
in water-in-oil emulsion (Nagao and Tanaka, 1980; Kohashi et al., 1980).
Other mycobacterial components that are involved in the biological effects of cFA are
the mycobacterial heat-shock proteins (Hsps). Hsps are intracellular proteins present in each
cell of living organisms. These proteins are synthesized increasingly in response to stress
such as heat, cold, oxygen or water deprivation and various toxic effects. They act as
chaperones for other cell proteins during folding, unfolding, assembly, and transport, but
they can also regulate immune responses. In particular, human Hsp60 is able to bind and
activate TLR (Billiau and Matthys, 2001). In AA induced by cFA, they are suggested to
activate Th1 immune responses. This mechanism includes cross-reaction of mycobacterial
antigen, the mycobacterial Hsp65 epitopes, with self autoantigen, the rat Hsp65 epitopes.
This way of breaking tolerance of self antigens is termed molecular mimicry and it may be
the cause of many autoimmune diseases, including RA (Holmdahl et al., 2001; Kim and
Moudgil, 2009). However, in several experimental autoimmune models, Hsps may also
immunize against subsequent induction of autoimmune disease (Billingham et al., 1990;
Moudgil, 1998). That explains why AA rats spontaneously recover from the inflammatory
insult within the period of 6 - 10 weeks (Pearson and Wood, 1959) and are resistant to
reindunction of AA thereafter (Holoshitz et al., 1983; Van Eden et al., 1988). It was found
that this protection resulted from the induction of T cells responding to Hsps, and capable of
downregulating inflammation (Anderton et al., 1995). Important role in protection against
AA also plays enhanced production of anti-mycobacterial Hsp65 antibodies. Interestingly,
when mycobacterial Hsp65-IgG-expressing B cells were administered to Lewis rats with AA,
they successfully suppressed ongoing AA. Similarly, mycobacterial Hsp65-IgG-expressing B
cells administered before induction of arthritis resulted in significant decrease of the severity
of subsequent AA (Satpute et al., 2007). This has led to the assumption that the pathogenesis
of AA is closely linked to the immune response to mycobacterial Hsps.
Moreover, the immunoregulatory role of Hsp60 was also found in patients with
oligoarticular juvenile idiopathic arthritis where human Hsp60–specific CD4+ T regulatory
cells having a cytokine profile with a high IL-10 : IFNγ ratio contributed to disease remission
(De Kleer et al., 2003).
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1.4.2. DETERMINANTS OF SUSCEPTIBILITY TO ADJUVANT ARTHRITIS
AA is inducible only in certain rat strains by a single intradermal or subcutaneous
injection of cFA. Among inbred rat strains, Lewis, Dark Agouti and Long Evans rats are
highly susceptible to AA induction. Conversely, Buffalo and Wistar-Kyoto inbred rat strains
are resistant to AA. Other inbred rats, Fischer F344 and Brown Norway, are relatively
resistant to AA. For instance, F344 rats are able to develop AA only when bred and kept in
germ-free or barrier facility, but acquire resistance when bred and kept in conventional
environment (Kohashi et al., 1979). In contrast to generally resistant Wistar-Kyoto inbred
rats, some outbred lines of Wistar rats showed susceptibility to AA (Banik et al., 2002). Also,
outbred Sprag Dawley and Holtzman (originally derived from Sprag Dawley rat) rats
developed AA with severity comparable to Lewis inbred rats (Cai et al., 2006). These
findings emphasize the significance of genetic factors, neuroendocrine factors, as well as the
microbial environment in determining susceptibility or resistance to AA. Similarly, the
prevalence of RA in human population varies depending upon genetic heterogeneity,
immuno-endocrine factors or the environmental influences.
Susceptibility to rat AA has a strong genetic basis. The main role play major
histocompatibility complex (MHC) genes, but also non-MHC genes and specific quantitative
trait loci (QTLs), the genomic regions that contribute to variation in the trait. Studies
providing the analyses and identifications of genetic characteristics of various rat strains
showed that possessing of the different MHC haplotypes (e.g. AA susceptible Lewis inbred
rats vs. AA resistant F344 inbred rats) as well as possessing of the same MHC haplotype but
disparate non-MHC (background) genes (e.g. AA susceptible Lewis and AA resistant WistarKyoto inbred rats) regulate the susceptibility to arthritis (Kim and Moudgil, 2009).
Furthermore, there have been reported multiple specific QTLs that regulate experimental
autoimmune arthritis in rat models. Regarding AA in rats, at least 5 QTLs regulate the
severity of the disease development: Aia1, Aia2, Aia3, Aia4 and Aia5 (Kawahito et al., 1998;
Joe et al., 2002). Aia1 on chromosome 20 and Aia2 and Aia3 on chromosome 4 show a
strong association with AA severity (Kawahito et al., 1998). Moreover, AA associated QTLs,
Aia1 and Aia3, are likely to be identical to CIA associated QTLs Cia1 and Cia3, respectively,
and probably influence multiple additional autoimmune diseases. The QTLs Aia1, Aia2 and
Aia3 from AA-resistant Fischer F344 rats reduce arthritis severity, but Aia4 from F344 rats
enhances arthritis severity when compared with AA-susceptible Dark Agouti rats. Aia5
(identical to Cia5) from F344 rats on chromosome 10 also reduces AA severity. Some of

36

these loci also show differential gender influence, affecting either both sexes (Aia1), or only
male (Aia2) or only female (Aia3) (Kim and Moudgil, 2009).
Studies of several inbred rat strains demonstrated that rats susceptible to AA also display
hormonal imbalances, including abnormalities in HPA axis and noradrenergic sympathetic
nervous system activity. Since immune system is regulated by neurohormonal system at
multiple levels, interruption of this regulation may be implicated in disease susceptibility and
severity. The HPA axis provides one of the key mechanisms for inhibitory regulation of the
inflammatory response. The most relevant hormones participating on this process are
glucocorticoids. They decrease infiltration of neutrophils and monocytes into tissues as well
as reduce CD4+ and CD8+ lymphocytes in circulation. In addition, they regulate Th1/Th2
lymphocyte balance towards Th2 pattern; rather by suppressing Th1 cytokine production
than

stimulating

Th2

cytokine

responses

(Elenkov

and

Chrousous,

1999).

Hypercortisolaemia (Cushing’s disease) is associated with reduced T-cell IL-2 release and
decreased soluble IL-2 receptor. In contrast, hypocortisolaemic individuals exhibit increased
T-cell IL-2 production and soluble IL-2 receptor levels (Morand and Leech, 2001). Thus,
chronically high levels of glucocorticoids enhance susceptibility to infection, while chronic
decrease in glucocorticoids levels may predispose to autoimmunity (Tonelli et al., 2001).
Numerous studies indicated downregulation of glucocorticoids due to defective CRH
regulation at the level of the hypothalamus. This defect was observed in several rat strains
susceptible to experimental models of autoimmunity. Lewis rats are an excellent example of
an inbred rat strain that are naturally predisposed to AA as they display hypoactive HPA
response after inflammatory challenge (Sternberg et al., 1989). These rats showed lower
levels of CRH mRNA in the hypothalamus and lower levels of ACTH and corticosterone to
various stimuli (Oitzl et al., 1994). There are several possible regulatory mechanisms that
may contribute to this condition in Lewis rats, including enhanced capacity of hypothalamic
mineralocorticoid receptors through which corticosterone suppresses HPA responses (Oitzl et
al., 1994), mutations of the genes for CRH and CRH receptors or defects in a variety of
neurotransmitter systems that regulate parvocellular neurons of the PVN (Tonelli et al.,
2001). The HPA axis abnormalities have been also reported in Dark Agouti rats known to be
susceptible to AA. Dark Agouti rats similarly like Lewis rats show no significant circadian
variation in plasma corticosterone levels, whereas most other rat strains exhibit a daily
transient rise in corticosterone levels in the late dark and early light phase (Wilder et al.,
2001).
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Unlike Lewis rats, F344 inbred rats are model of HPA axis hyperactivity and
hyperreactivity to various stimuli. These rats show significantly greater corticosterone
secretion in response to stress, or to immune challenge (Dhabhar et al., 1995). Conventional
F344 rats generally develop less-severe AA with 0 − 20% incidence depending on
administrated adjuvant (Kohashi et al., 1979). Interestingly, treatment of F344 rats with the
glucocorticoid receptor antagonist was associated with development of severe inflammatory
disease, including autoimmune arthritis (Sternberg et al., 1989).
Although the hyporeactive HPA axis has been associated with higher vulnerability to
AA, the appropriate or higher HPA axis response to stress does not necessarily protect rats
from either the onset or the severity of AA. It has been clearly shown that rat strains with
normal HPA axis responsivity such as Sprag Dawley and Long Evans rats develop AA
comparable with Lewis rats (Cai et al., 2006; Parara et al., 2003). Moreover, Long Evans rats
reacted more strongly on cFA inoculation than Lewis rats, displaying larger elevation of
corticosterone and stronger inflammatory reaction assessed by more severe hind paw
swelling and higher nitric oxide levels compared to Lewis rats (Parara et al., 2003).
Besides the adrenocortical activity, also the sympathetic/adrenomedullary activity plays
a key role in regulation of immune system. Sympathetic nervous system innervates immune
organs such as the spleen and lymph nodes, and regulates production of hormones involved
in the control of inflammation (Tonelli et al., 2001). Furthermore, epinephrine conditions the
activity and responsiveness of cytokine-secreting immune cells possessing β adrenoreceptors
(Elenkov and Chrousous, 1999). In humans, a relative low activity of adrenal medulla
provides a low tonic inhibitory input on pro-inflammatory cytokine production, and
consequently increased IL-2 and TNF-α production but less IL-10 upon antigenic stimulation
than in individuals with relatively high adrenomedullary activity (Elenkov et al., 2008).
Strikingly, AA susceptible Lewis rats are not only lower producer of corticosterone but also
have lower adrenomedullary activity compared to AA resistant F344 rats. Thus, the
combination of genetically determined low versus high adrenocortical/adrenomedullary
activity may determine, at least in part, the high versus low proinflammatory/Th1 cytokine
responses in these inbred rats (Elenkov et al., 2008).
It is important to note, that AA induction in susceptible rats is also determined by age.
Very young and too old rats are not able to develop AA. The earliest successful attempt to
induce arthritis was observed after the 4th week of life (Pearson and Wood, 1959). Cardinali
and colleagues (1998) have demonstrated that 18 months old Sprag Dawley rats were
relatively resistant to mycobacterial Freund’s adjuvant compared to 50 days old Sprag
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Dawley rats. These findings suggest that aging produces a significant decrease of immunemediated inflammatory responsiveness.

1.4.3. CLINICAL AND PATHOLOGICAL CHARACTERISTICS OF ADJUVANT ARTHRITIS
Development of AA in rats can be divided into two phases: The early pre-clinical phase
and the clinical phase of fully-developed inflammation followed by spontaneous recovery.

1.4.3.1. EARLY PRE -CLINICAL PHASE OF AA
The pre-clinical phase is characterized by an invariable “latency period” of
approximately 10 days following the inoculation of cFA. During this period rats look
relatively healthy, the articular lesion and edema are not manifested yet, but humoral and
behavioral changes can be detected. For pituitary hormones, there have been shown
increased PRL levels and reduced GH levels along with elevated ACTH levels (Neidhart and
Larson, 1990). The initial elevation of PRL level seems to promote the immune response
because the suppression of PRL secretion with bromocryptine during this period had a
mitigating effect, however, it did not suppress the development of AA (Jurcovicova et al.,
2000). Stephanou et al. (1992) described increased anterior pituitary and spleen POMC
mRNA content, from day 7 after cFA inoculation. Following the injection of cFA, a
significant enhancement of IL-1β mRNA expressions in spleen and thymus were also
demonstrated (Stephanou et al., 1992). Corticosterone plasma levels have been found
markedly increased during the first 4 days after cFA inoculation, but thereafter started to
decrease until day 7 of AA (Tanaka et al., 1996; our unpublished results). Another
observation is that increases in plasma noradrenalin levels also occur in latency period
reaching the peak levels on day 7 after cFA injection. This augmented sympathetic nerve
activity may be due to the decrease in levels of corticosterone between days 4-7 as
glucocorticoids are known to inhibit catecholamine synthesis and release (Tanaka et al.,
1996). Furthermore, body temperature of AA rats began to rise from the first day after cFA
injection but tended to be normal from day 2 to 10 (Tanaka et al., 1996). The food intake and
water intake but not body weight was found decreased in the first days of pre-clinical phase
of AA (Tanaka et al., 1996). In addition, physical activity of male AA rats recorded with
automatic behavioral measurement system in a cage significantly decreased soon after cFA
injection with a slight recovery on day 5 to 9 (Tanaka et al., 1996). The behavioral activity
evaluated by elevated plus maze tests showed anxiety-like behavior in male but not female
AA rats on day 4 after cFA inoculation. These gender differences may be due to more
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pronounced inflammation in male rats, however, the use of the randomly cycling females in
the experiment might also play a role in final evaluation (Seres-Mailo et al., 2008).

1.4.3.2. FULLY-DEVELOPED CLINICAL PHASE OF AA
The clinical phase of AA starts with developed arthritic lesions that appear initially
between the 11th and 16th day and reaches the peak of severity on the 18th to 25th day after
cFA inoculation (Pearson and Wood, 1959). The clinical signs can be recognized in both
hind paws and forepaws as well as in the tail. The hind paws are affected more intensively
and consistently than the forepaws and the tail. Severely affected animals have swollen, red
paws and ankles increased in size two or three times over normal. The ankles and tarsal
regions are most frequently affected, then one or several of the toes, the wrist and anterior
digits. In addition, the joint lesions are frequently migratory in character and they often
fluctuate in intensity (Fig. 1-5). Regarding the tail, the developed lesion caused by
intradermal injection of cFA into the base of the tail can be recognized as a crust. Erythema,
swelling and nodular fashion can be also involved within the tail. Ankylosis often partially or
completely restricts motion of the ankles and produces stiffened tail (Pearson and Wood,
1959).
Although the joint is the main target of the pathologic immune response, AA as a
chronic inflammatory disease affects many other organs, similarly like human RA.
Nonarticular lesions usually manifest concurrently with articular lesions. These include
subcutaneous nodules, dermatitis, ocular lesions and genital tract lesions. Subcutaneous
nodules are indurated erythematous nodules occurred in the external ears in most of animals
with severe arthritis. They measure 0.5 cm or less in diameter and gradually regress in
parallel with the recovery from arthritis. Histologically, dermatological changes were already
observed on day 20 after cFA inoculation. They include crusts, cracks and scaling along the
tail and on the skin of the head and face. Approximately 15% of rats with AA exhibited
iridocyclitis and occasionally some AA rats showed also conjunctivitis with purulent
secretion and closure of the lids due to drying of the exudates (Pearson and Wood, 1959).
Adjuvant arthritis in its clinical phase is accompanied by significant weight loss (Fig. 16), reduced food and water intake, and physical activity. The body temperature significantly
rises with the severity of AA and its circadian rhythm disappears after day 10 of AA (Tanaka
et al., 1996). Furthermore, the clinical phase of AA is associated with hyperactivation of
immune system and dysregulation of neuro-hormonal network. Chronic activation of HPA
axis with disruption of its normal circadian rhythm in Lewis rats is typical for this stage of
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disease (Sarlis et al., 1992) and in Long Evans as well (Seres et al., 2004). Szekanecz et al.
(2000) have found increased serum concentration of TNF-α in female Lewis rats on day 10
of AA and IL-6 on day 25 of AA, while Conforti et al. (2001) have detected elevated IL-6
levels in male Lewis rats as early as on day 14 of AA. Inflammatory cytokines, primarily
produced by monocytes and macrophages play an important role in the chronic activation of
HPA axis. The adequate elevation of plasma corticosterone levels has a restraining effect on
the intensity of the disease and is a necessary condition for survival. Although AA has been
predominantly characterized as T-cell mediated disease, the involvement of B-cells is also of
considerable significance in acute phase of the diseases as suppression of B-cell proliferation
ameliorated the disease course (Veselsky at al., 2001).
Other studies have demonstrated several metabolic alterations during the clinical phase
of AA. Livers from AA rats exhibited lower rates of gluconeogenesis from a variety of
substrates and hepatic glycogen content was reduced (Fedatto-Junior et al., 1999; FedattoJunior et al., 2002). However, glycolysis from exogenous glucose was more pronounced due
to the increased phosphorylation capacity in AA rats (Fedatto-Junior et al., 2000). This
phenomenon may be attributed to inflammatory cytokines (TNF-α and IL-1β) as they are
involved in the metabolic and hormonal alterations observed during inflammatory processes
(Kelmer-Bracht et al., 2006). Other metabolic alternations observed in AA were decreased
lipogenesis, but increased lipolysis in adipose tissue (Martin et al., 2008). Reduced adipose
lipogenesis was associated with decreased gene expression of fatty acid synthase (FAS) in
adipose tissue presumably caused by activity of TNF-α, a cytokine which inhibits the
differentiation of new adipocytes as well as the production of lipogenic enzymes (Martin et
al., 2008). Moreover, decreased levels of serum insulin in arthritic rats may also play a role
in reduced FAS mRNA since insulin is a major factor that upregulates FAS expression
(Granado et al., 2009).
The inflammation during clinical phase of AA, after reaching a peak of the severity (18th
– 25th day after cFA), gradually regresses from milder intensity (post-clinical phase) to a
complete recovery (week 8 after cFA) from the disease. However, most of animals with more
extensive acute arthritic involvement have some lasting evidence of the disease, especially if
the acute condition affected the heel, wrist, metatarsal phalangeal joints or tail. In these cases
it is not clear, whether there is some residual smoldering inflammation or whether the
alterations are the end result of fibrosis due to the severity of the acute tissue reaction. In
animals with severe acute arthritis of ankles there can also be observed residual permanent
fixation in extension (Pearson and Wood, 1959).
41

Fig. 1-5: The migratory character of the polyarthritis in one rat with AA from
day 13 to 40 after cFA inoculation (Adapted from Pearson and Wood, 1959).

Fig. 1-6: On the left side – male Lewis rat in the clinical phase of AA (day 22)
characterized by cachexia, paw edema and tail lesion at the site of cFA
inoculation. On the right side – control male Lewis rat.
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2. AIMS OF THE STUDY AND HYPOTHESES
The aim of this study was to investigate the changes and importance of adipokines and
ghrelin in the development and intensity of adjuvant arthritis (AA) in rats under different
feeding conditions (normofeeding, overfeeding, and food restriction).

We intend to answer following questions in four experimental parts:
EXPERIMENTAL PART 1: Relationship between leptin and immuno-endocrine
parameters in the early and clinical phase of AA
•

To what extent does the early and fully developed (clinical) phase of AA affect leptin
levels? Is leptin release associated with the arthritis severity?

•

Is there any functional relationship between leptin levels and its potential regulators,
such as energy balance, corticosterone, IL-1β, IL-6 and •NO, in the development of
chronic inflammation?

EXPERIMENTAL PART 2: Adipokines, ghrelin and hypothalamic mRNA expressions
during adjuvant arthritis-induced anorexia
AA in its fully developed clinical phase is accompanied by anorexia and marked weight loss
characterized as inflammatory cachexia. Changes in the expression of key feeding-regulating
neuropeptides and IL-1β in the hypothalamic arcuate nucleus (ARC) could be directly
responsible for changes in appetite.
•

Does arthritis-induced anorexia involve alterations in the orexigenic NPY and
anorexigenic IL-1β mRNA expression in the hypothalamic ARC? Is there a relationship
between leptin and ghrelin levels and NPY mRNA expression in hypothalamic ARC
during AA?

EXPERIMENTAL PART 3: Adipokines and glucose homeostasis in adjuvant arthritis
Chronic inflammation appears to predispose to the development of both insulin resistance and
type 2 diabetes mellitus.
•

Does AA modulate circulating levels of adipokines that are involved in the
inflammation and regulation of insulin sensitivity, such as adiponectin, visfatin and
resistin? If it does, are these changes reflected by basal glucose and insulin levels as
well as expression of glucose transporter GLUT4 in adipocyte plasma membranes?
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EXPERIMENTAL PART 4: Effects of dietary interventions on adjuvant arthritis severity,
cachexia and insulin sensitivity
•

Does early-life diet-induced overfeeding affect basal ghrelin and adipokine levels and
consequently the outcome of AA?

•

Can food restriction-induced amelioration of AA severity be related to the alterations of
adipokine and ghrelin levels?

•

What is the impact of various dietary regimes during AA on the ARC mRNA
expressions for key appetite-regulating neuropeptides (NPY, AgRP, POMC, CART)
and IL-1β?

•

Do feeding interventions affect metabolic parameters and insulin sensitivity in AA rats?
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3. OVERVIEW OF USED EXPERIMENTAL
DESIGNS, METHODS AND ANALYSES
All experiments in this study were performed in accordance with the national law of the
Czech Republic on the Use of Laboratory Animals No. 246/1992 (fully compatible with
European Community Council directives 86/609/EEC) based on projects approved by the
Committee for Protection of Experimental Animals at the 3rd Faculty of Medicine.
Rats were housed 3 to 4 per cage in an animal room of the Department of Normal,
Pathological and Clinical Physiology, 3rd Faculty of Medicine, with 12h light/dark cycle
(light on from 6.00 a.m. to 6.00 p.m.), controlled standard humidity, temperature, and free
access to tap water and standard pellet diet. The free access to food was changed in certain
animal groups as required by experimental design. Body weight and food consumption were
measured regularly between hour 2 and 3 of the light period. At the end of the experiments,
rats were killed by rapid decapitation without anesthesia between hour 2 and 4 of the light
period.

3.1. EXPERIMENTAL DESIGNS
3.1.1. EXPERIMENTAL PART 1
Forty-five male Long Evans rats bred in the Department of Normal, Pathological and
Clinical Physiology, 3rd Faculty of Medicine, 7 weeks old and weighing 170-190 g were
used. They were divided into 2 groups: intact control (n=23) and arthritic (n=22) rats. To
study the early (pre-clinical) phase of AA, 8 control (C) and 8 arthritic (AA10) rats were
decapitated on day 10 after cFA injection. Remaining 15 control (C) and 14 arthritic rats
(AA22) were decapitated on day 22 after cFA injection to study the late (clinical) phase of
AA. Trunk blood was collected for preparation of plasma, and spleens were dissected,
weighed, and snap-frozen in liquid nitrogen and stored at −70 °C. Two arthritic rats
displaying negligible hind paw swelling on day 22 of AA were excluded from the
experiment.

3.1.2. EXPERIMENTAL PART 2
Thirty-nine male Lewis rats obtained from Charles River Laboratories International, Inc.
(Sulzfeld, Germany), 8 weeks old and weighing 190-210 g were used. Rats were divided into
2 groups: intact control (C; n=15) and arthritic (AA12, AA15, AA18; n=24) rats. Arthritic
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rats were decapitated on days 12, 15 and 18 after arthritis induction (n = 8) along with intact
controls (n = 5) to study the course of the clinical phase of AA. Trunk blood was collected in
tubes with/without EDTA for plasma/serum preparation. Epididymal fat and spleen were
dissected, weighed, and snap frozen in liquid nitrogen and stored at –70°C. Brains were
dissected, chilled in 2- methylbutane, snap frozen in dry-ice and stored at –70°C.

3.1.3. EXPERIMENTAL PART 3
Sixteen male Lewis rats obtained from Charles River Laboratories International, Inc.
(Sulzfeld, Germany), 8 weeks old and weighing 190-210 g were used. Rats were divided into
2 groups: intact control (C; n=8) and arthritic (AA; n=8) rats. Twelve hours prior to the
termination of the experiment (day 17), food was withdrawn from all rats to maintain basal
insulin and glucose levels. The next day all rats were weighed and decapitated. Trunk blood
was collected in tubes with/without EDTA for plasma/serum preparation. Left and right part
of epididymal fat were dissected and weighed. Left epididymal fat was kept in plastic tubes
with PBS containing 4 % glucose (Sigma-Aldrich Inc., St. Louis, MO) and the adipocyte
diameter was determined within 24 hours after dissection. Right epididymal fat was snapfrozen in liquid nitrogen and stored at –70 °C until homogenized.

3.1.4. EXPERIMENTAL PART 4
Fig. 3-1 depicts the experimental protocol.
We used male Lewis rats (at postnatal day 2, randomly distributed in normal litter = 8
pups per mother [normofed rats] or in small litter = 4 pups per mother [overfed rats])
obtained from Charles River Laboratories International, Inc. (Sulzfeld, Germany) at the age
of 21 days along with their nursing females. Rats were weaned at postnatal day 23, and
normofed rats (n = 44) were given standard laboratory diet ST1 (Velaz, Prague, Czech
Republic) with energy density of 14.5 MJ/kg and 10 % calories as fat and overfed rats (n =
28) were given high-fat diet D 12451 (Ssniff, Soest, Germany; Fig. 3-2 depicts the original
product description) with energy density of 22.7 MJ/kg and 45 % calories as fat [39.5% lard
(containing 39% saturated fat, 56% unsaturated fat, and 0.95% cholesterol) and 5.5%
soybean oil (containing 16% saturated fat and 81% unsaturated fat)]. Diets were given
regularly between 2 and 3h of the light period, and food consumption per cage and body
mass were measured daily at the same time of day.
Diet-induced obesity study - Examination of the effect of overfeeding before AA
induction: Twenty-four rats from the experiment, normofed (CN; n = 12) and overfed rats
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(SHF; n = 12), at the age of 56-days were examined in oral glucose tolerance test (OGTT).
Two days later (age 58 days), after overnight (12h) fast, they were decapitated. Trunk blood
was collected into tubes containing EDTA and plasma was prepared. Brains were dissected,
chilled in 2-methylbutane, snap frozen in dry-ice and stored at –70°C. Left and right part of
epididymal fat were dissected and weighed. Left epididymal fat was kept in plastic tubes
with PBS containing 4% glucose (Sigma-Aldrich Inc., St. Louis, MO) and the adipocyte
diameter was determined within 24 hours after dissection. Right epididymal fat was snapfrozen in liquid nitrogen and stored at –70°C until homogenized.
Nutritionally modulated arthritis study: Remaining 48 rats from the experiment,
normofed (CN; n = 32) and overfed rats (SHF; n = 16), at the age of 58-days were divided
into 6 groups according to dietary regime and AA induction: normofed control (CN; n = 8)
and arthritic (AA-N; n = 8) group with free access to standard diet, overfed control (SHF; n =
8) and arthritic (AA-SHF; n = 8) group with free access to high-fat diet, food-restricted
control (FR; n = 8) and arthritic (AA-FR; n = 8) group from the normofed rats receiving 60%
of the standard diet consumed by CN and AA-N group respectively on the previous day. At
the age of 76-days, all rats were decapitated after overnight (12h) fast. Trunk blood was
collected in tubes with EDTA for plasma. Brains were dissected, chilled in 2-methylbutane,
snap frozen in dry-ice, and stored at –70°C. Mesenteric, subcutaneous, and epididymal fat
were dissected and weighed. Livers were dissected, snap-frozen in liquid nitrogen and stored
at –70°C until analyzed.
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Fig. 3-1: Design of the experimental part 4. Abbreviations: cFA = injection of complete
Freund’s adjuvant inducing adjuvant arthritis; Decap. = decapitation.
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Fig. 3-2: High-fat diet composition (Adapted from ssniff Spezialdiäten GmbH
product catalogue)
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3.2. METHODS AND ANALYSES
3.2.1. ADJUVANT ARTHRITIS INDUCTION
AA was induced to rats by a single intradermal injection of 100µl of complete Freund’s
adjutant (cFA) at a site located 2 cm from the base of the tail. The cFA was prepared as a
suspension of heat-killed Mycobacterium butyricum (Difco Laboratories, Detroit, MI) in
paraffin oil, saline and Tween 80 (1:1:0.16) to the concentration of 5 mg/ml according to
Calvino et al. (1999). In the cFA preparation, saline has been used to make an emulsion with
paraffin oil in which mycobacteria is dissolved and Tween 80 is a detergent to facilitate this
emulsion. In this way we get low dissolving solution of the bacterial wall, and make the
arthritogenic sequence more accessible by lengthening the exposition time.

3.2.2. PAW SWELLING AND ARTHROGRAM SCORE
Paws were examined daily for visible erythema and joint swelling measured
volumetrically. Extent of arthritic involvement was evaluated according to the recorded
number of affected paws and the degree to which they were involved. The degree of arthritis
was marked by score values ranged from 0 to 5 for each paw (Tab. 3-1). The sum of scores
was quantified as the arthrogram score for any individual rat and laid within a range of 0 to
20; 0 indicating no demonstrable signs of arthritis, and 20 indicating that all four affected
paws were involved to a maximum degree. This method of arthrogram scoring was described
previously by Švík et al. (2008).

Score

Degree of arthritic involvement

0

None

1

Erythema without swelling

2

Erythema + minimal swelling (paw volume ranged from 1.5 to 1.7 ml)

3

Erythema + moderate swelling (paw volume ranged from 1.8 to 2.3 ml)

4

Erythema + severe swelling (paw volume ranged from 2.4 to 2.6 ml)

5

Erythema + the severest swelling (paw volume more than 2.6 ml)

Tab. 3-1: Arthrogram score evaluation according to the degree of arthritic
involvement for each paw
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3.2.3. ORAL GLUCOSE TOLERANCE TEST
After 12-hour fasting, glucose was administered by intragastric tube (3 g glucose/kg
body mass, as 30 % water solution) and blood glucose was determined by Glucocard II GT1640 glucometer (Arkray Inc., Kyoto, Japan) from tail-bled samples at 0, 30, 60, and 120
min after glucose administration.

3.2.4. DETERMINATION OF ADIPOCYTE DIAMETER
The left epididymal fat was used for adipocyte size determination. Adipocytes were
isolated by collagenase digestion (Pinterova et al., 2001) and the fat cell size was assessed
microscopically. The cells were photographed using a camera (Canon Digital Power Shot
S40) attached to the microscope and the cell diameter was calculated. Resulting diameter is
an average value of at least 100 cells from each adipocyte suspension.

3.2.5. GLUT4 MEASUREMENT
The right epididymal fat was homogenized, and plasma membranes were isolated as
detailed previously (Baculikova et al., 2008). For GLUT4 Western blot, 20 µg solubilized fat
tissue membranes were separated by electrophoresis on 12% TRIS-glycine polyacrylamide
gel and than electrotransferred to Hybond C Extra membrane (Amersham Bioscience,
Buckinghamshire, UK). After blocking for 1 h in TBS with 5% milk, the membrane was
incubated overnight at 4°C with primary rabbit anti-GLUT4 antibody (Abcam, Cambridge,
UK) diluted 1 : 2500 in 10 mmol/l Tris – 150 mmol/l NaCl buffer, pH 7.4 (TBS) with 0.2%
Igepal (Sigma, St. Louis, USA). The membrane was washed in TBS-Igepal buffer and then
incubated with horseradish peroxidase-conjugated secondary antibody (goat anti-rabit IgG, 1:
15 000, Sigma, St. Louis, MO) for 1 h at room temperature. After washing, the membrane
was exposed to chemiluminescence reagent (Amersham Bioscience, Buckinghamshire, UK)
and exposed to X-ray film. The chemiluminescence signal was acquired by densitometric
scanning.

3.2.6. DETERMINATIONS IN PLASMA/SERUM AND HOMA INDEX CALCULATION
After decapitation trunk blood was collected into tubes with or without EDTA to prepare
plasma or serum. Tubes were centrifuged (3,000 g, 15 min, 4 °C), supernatants collected and
stored at −70 °C until assayed.
Corticosterone assay: In the experimental parts 1 and 2, plasma corticosterone was
extracted with methylene chloride and analyzed by RIA using specific antibodies (Sigma
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Aldrich, Diesenhofen, Germany) and [1,2,6,7-3H]-corticosterone (Amersham, Little
Chalfont, UK). Free and bound hormones were separated by dextran-coated charcoal.
Coefficient for intra-assay variance was 2.3% and inter-assay variance was 5.6%. In the
experimental part 4, corticosterone plasma levels were quantified using a rat and mouse
corticosterone high sensitivity EIA kit (IDS, Boldon, UK).
ACTH assay: Levels of ACTH in plasma were determined by the double antibody
technique using a commercial RIA kit (Johnson & Johnson, Amersham, UK) with the assay
sensitivity of 25 pg/ml.
Adipokine assays: Plasma concentrations of leptin, adiponectin and visfatin were
determined by RIA using the respective rat RIA kits from Linco Research (St. Charles, MO)
following the manufacturer's instructions. The sensitivity of leptin assay was 0.5 ng/ml, and
of adiponectin and visfatin assay was 1.0 ng/ml. Resistin was determined in serum by resistin
rat ELISA kit (BioVendor, Modrice, Czech Republic) with the assay sensitivity of 0.05
ng/ml.
Ghrelin assay: Total plasma ghrelin was measured by RIA kit (Linco Research, St.
Charles, MO) utilizing an antibody which is specific for total ghrelin and does not require the
presence of the octonyl group on Serine 3. Sensitivity of the assay was 93 pg/ml.
Insulin assay: Plasma concentration of insulin was determined by RIA using a rat RIA
kit from Linco Research (St. Charles, MO) following the manufacturer's instructions.
Sensitivity of the insulin assay was 0.1 ng/ml.
CRP assay: Plasma CRP levels were measured by commercial rat ELISA kit from ICL
(Newberg, OR) with the assay sensitivity of 6.25 ng/ml.
Nitrate assay: The levels of NO2−/NO3− in plasma were estimated after reduction to
nitrate followed by diazotation using Griess reagent according to the method of Cortas and
Wakid (1990).
IL-1β assay: Serum levels of IL-1β were measured by multiplex assay Rat Serum
Adipokine LINCOplex Kit (Linco Research, St. Charles, MO) based on the Luminex
technology. The assay sensitivity was 1.2 pg/ml.
Albumin and glucose measurements: Plasma albumin was determined by
spectrophotometric method using an Albumin SYS 1 kit (BM/Hitachi, Boehringer
Mannheim, Germany) based on the formation of albumin bromcresol green complex. Plasma
glucose was measured by the glucose oxidase method using an auto-analyzer Hitachi 911
(Hitachi, Japan).
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Homeostasis model assessment (HOMA) index was calculated using the following
formula: fasting plasma insulin (µU/ml) × fasting plasma glucose (mmol/l)/22.5.

3.2.7. DETERMINATIONS IN TISSUE HOMOGENATES
Spleen tissue: In the experimental part 1, spleens were homogenized in mammalian
protein extraction reagent (M-PER; Pierce, Rockford, IL). Samples were centrifuged (3,000
g, 15 min, 4 °C), supernatants collected, and stored in aliquots at -70 °C until analyzed. In the
experimental part 2, spleens were homogenized according to Wu et al. (2001) in ice-cold
homogenization buffer containing 10% glycerol, 150 mM NaCl, 2 mM EDTA, 1 mM PMSF,
25 mM benzamidine, 10 µM leupeptin, 2.5 µmol/liter pepstatin A, and 50 U/ml aprotinin in
10 mM Tris-HCl (pH 7.0). The crude homogenate was centrifuged (3,000 g, 15 min, 4 °C),
and supernatant below the fat cake was collected and recentrifuged (15,000 g, 20 min, 4 °C)
and supernatants were stored in aliquots at -70 °C until analyzed. IL-1β and IL-6
concentrations were measured with rat ELISA system kits (BioSource International, Inc.,
Camarillo, CA) following manufacturer's instructions. The minimum detectable limit for
IL-1β was 3 pg/ml and for IL-6 it was 5 pg/ml.
Epididymal adipose tissue: The epididymal adipose tissue was homogenized according
to Wu et al. (2001), analogically to the protocol used for the preparation of spleen
homogenates. IL-1β concentration was measured by multiplex assay Rat Adipocyte
LINCOplex Kit (Linco Research, St. Charles, MO) based on the Luminex technology. The
assay sensitivity was 0.9 pg/ml. Leptin and adiponectin concentrations were determined by
respective rat RIA kits (Linco Research, St. Charles, MO), as they were used for
measurements in plasma.
Total protein concentrations in spleens and epididymal fat were determined according to
Bradford protein assay method (Bradford, 1976) with the use of Coomassie Brilliant Blue
dye (Bio-Rad Laboratories, Hercules, CA).
Liver tissue: Triglyceride concentrations in the liver were determined by the modified
method

of

Jover

(1963).

Liver

(100mg)

was

homogenized

and

extracted

in

chloroform/methanol (2:1). The interfering phospholipids were removed by absorption from
the liver extract on silica gel. Purified extracts were evaporated and triglycerides hydrolyzed
with potassium hydroxide. Released fatty acids were removed by extraction into heptane.
Finally, the released glycerol was oxidized by periodic acid, and after the reaction with
phenylhydrazine, a colored complex was measured spectrophotometrically at 530 nm.
Cholesterol was determined by the modified method of Abel et al. (1952). Liver (100mg)
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was homogenized in chloroform/methanol (1:1). After lipid extraction, the LiebermanBurchard colorimetric assay was used for the detection of cholesterol. Cholesterol
concentrations were determined spectrophotometrically at 650 nm.

3.2.8. RNA ISOLATION AND SEMI-QUANTITATIVE RT-PCR IN EPIDIDYMAL FAT
Total RNA was isolated from 100 mg of frozen epididymal fat tissue using RNeasy®
lipid tissue mini kit (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions.
Two micrograms of total RNA were reverse transcribed using Ready-To-Go-You-Prime
First-Strand Beads Kit (AP Biotech, Little Chalfont, UK) and pd(N)6 random hexamer
primers (AP Biotech, Little Chalfont, UK). PCR amplification was performed in a total
volume of 25 µl containing 2.5 µl 10× PCR buffer, 0.5 µl 12.5 mM dNTP, 1 U
DyNAzyme™II DNA polymerase (Finnzymes, Inc., Woburn, MA), 4 µl of first strand
cDNA and 25 pmol of each primers for the leptin gene 5′-CCT GTG GCT TTG GTC
CTATCT G-3′ (sense) and 5′-AGG CAA GCT GGT GAG GAT CTG-3′ (antisense). As a
housekeeping gene we used glyceraldehyde-3-phosphate dehydrogenase (GAPDH): 5′-AGA
TCC ACA ACG GAT ACATT-3′ (sense) and 5′-TCC CTC AAG ATT GTC AGC AA-3′
(antisense). Thermal cycling proceeded with 35 cycles, which was within the linear range of
amplification. Specific PCR products were separated by electrophoresis in 2% agarose gel in
the presence of ethidium bromide stain. The integrated intensity was determined for each
lane using camera ULTRA LUM KS 4000 (UltraLum Inc., Clremont, CA) and 1D Image
Analysis Software (Eastman Kodak, Rochester, NY). Leptin mRNA was expressed in
arbitrary units as the ratio of leptin to GAPDH integrated densities.

3.2.9. RNA ISOLATION AND QUANTITATIVE TAGMAN PCR IN LIVER
Liver tissue was homogenized using QIAshredder (Qiagen, Valencia, CA). Total RNA
was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA). The RNA samples were
reversely transcribed to cDNA using SuperScript III RT enzyme (Invitrogen, Carlsbad, CA).
The quantitative PCR reaction was performed using TaqMan Assays (Applied Biosystems,
Foster City, CA). Fluorogenic probe for control GAPDH gene was labeled with the VICTM
reporter dye. Probes for both target genes CRP and IL-1β were labeled with the FAMTM
reporter dye. The reactions contained TaqMan Universal Master Mix (Applied Biosystems,
Foster City, CA). Samples were run in triplicates. The thermal cycling proceeded according
to manufacturer’s protocol: 40 cycles of 95°C for 15 s and 60 °C for 1 min with one initial
setup step 10 min 95°C. Data were collected using CFX96 Real time system (Bio-Rad,
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Hercules, CA). Input RNA amounts were calculated with a multiple comparative method for
the mRNAs of interest and GAPDH. Statistical analysis was performed using Genex Ver. 5
software (MultiD Analyses AB, Goteborg, Sweden).

3.2.10. HYPOTHALAMIC NUCLEI ISOLATION
The ARC and PVN were isolated from the frozen brains by a punching technique
(Palkovits and Brownstein, 1988). The brains were cut horizontally up to the beginning of
the PVN. The PVN was isolated by 1 mm deep punch, using a needle with 0.6 mm of inner
diameter, bilaterally between the fornices and the lumen of the third ventricle. The ARC
(including the median eminence) was isolated by 1 mm deep punch, using a needle with 0.6
mm of inner diameter. The isolated frozen tissues were collected in 1.5 ml Eppendorf tubes
and kept under -70°C until used.

3.2.11. RNA ISOLATION AND QUANTITATIVE TAGMAN PCR IN ARC AND PVN
Poly(A)RNA was isolated from the ARC and PVN hypothalamic nuclei using Chemagic
mRNA Direct Kit (Chemagen Biopolymer-Technologie AG, Beasweiler, Germany). The
signal was reversely transcribed to cDNA by a reaction containing commercial Omniscript
RT Kit (Qiagen Inc., Valencia, CA) components, RNase inhibitor (Takara Holdings Inc.,
Shiga, Japan) and pd(N)6 random hexamer primers (Amersham Biosciences, Piscataway,
NJ). The expressions of OB-R, Ghsr, NPY, AgRP, POMC, CART, IL-1β, IL-6 or MC4R in
individual nuclei were quantitated using ABI Prism 7000 Sequence Detector (Applied
Biosystems, Foster City, CA). The reactions were performed with TaqMan gene expression
products (Applied Biosystems, Foster City, CA). Multiplex PCR reaction mix contained
cDNA, TaqMan Universal PCR Master Mix, TaqMan primers and fluorogenic probes for
endogenous control (labeled with the VICTM reporter dye) and target (labeled with the
FAMTM reporter dye) genes. TaqMan eukaryotic rat 18S RNA reagents were used as
endogenous control. Samples were run in triplicate. Thermal cycling proceeded according to
manufacturer’s protocol with two initial setup steps: 2 min 50 °C, 10 min 95 °C steps and 40
cycles of 95 °C for 15 s and 60 °C for 1 min. Data were analyzed using ABI Prism 7000
Sequence Detection System Software (Applied Biosystems, Foster City, CA). Input RNA
amounts were calculated with a multiple comparative method for the mRNAs of interest and
18S RNA.
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3.2.12. STATISTICAL ANALYSES
Experimental part 1: The results were analyzed by one-way ANOVA followed by the
Bonferroni test, or in case of ACTH and corticosterone values that had significant differences
between the standard deviations, by the nonparametric ANOVA (Kruskal–Wallis test)
followed by Dunn's test. Multi-factorial analysis of variance was used to assess differences
between controls from day 10 and 22 of the experiment. The differences in leptin mRNA
were analyzed by unpaired t-test.
Experimental part 2: The data were analyzed by one-way ANOVA followed by the
Bonferroni test. Multi-factorial analysis of variance was used to assess differences among
controls from day 12, 15 and 18 of the experiment. Differences between the 2 groups were
evaluated using the unpaired t-test.
Experimental part 3: The data were analyzed by unpaired t-test.
Experimental part 4: Diet-induced obesity study: Statistical significance of all
differences between two groups was evaluated by unpaired t-test. Repeated measurements of
food consumption, body weight and OGTT values were analyzed by one-way ANOVA
followed by Bonferroni test. Nutritionally modulated arthritis study: For the statistical
analysis was used unpaired t-test. Bonferroni correction was applied to treat the multiple
comparisons.
Values of p<0.05 are considered as statistically significant. Results are expressed as
means ± SEM for each group. Data were analyzed using the software GraphPad InStat 3.0 or
GraphPad Prism 3.0 (GraphPad Software Inc., San Diego, CA).
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4. RESULTS
4.1. EXPERIMENTAL PART 1
RELATIONSHIP BETWEEN LEPTIN

AND

IMMUNO-ENDOCRINE PARAMETERS

IN THE

EARLY AND CLINICAL PHASE OF ADJUVANT ARTHRITIS
Fully developed arthritis started from day 12 after receiving cFA injection, and reached
the peak of severity on day 22 with significant manifestation of the hind paw swelling (2.6 ±
0.18 ml vs. 1.48 ± 0.18 ml, p<0.001). Another sign of the clinical phase of AA was weight
loss. Control rats were steadily gaining weight during the whole time course of the
experiment. The arthritic ones did so only up to day 8 of AA, and they ceased gaining weight
with the onset of redness and swelling of the hind paws (Fig. 4.1-1). The average food
consumption on days 3, 6, and 9 of AA was 10.24 ± 0.4 g per 100 g body weight, and in
control 11.77 ± 0.6 g per 100 g body weight, p = 0.03.
When studying the leptin plasma levels, we found reduction of leptin levels as early as
on day 10 of the disease (1.97 ± 0.22 ng/ml vs. 3.08 ± 0.25 ng/ml, p<0.05) that persisted until
the end of the studied interval, the day 22 (1.06 ± 0.21 ng/ml vs. 3.08 ± 0.25 ng/ml, p<0.001).
There was no significant difference between leptin levels on day 10 and 22 of AA (Fig. 4.12). The multi-factorial analysis of variance indicated no differences in leptin levels of control
rats decapitated on days 10 and 22 of the experiment (3.02 ± 0.54 ng/ml and 3.34 ± 0.30
ng/ml, respectively). We therefore used pooled values of leptin in controls (23 animals) for
further evaluation. In addition, leptin mRNA expression in the epididymal fat tissue was
diminished compared with intact controls on day 22 (0.61 ± 0.09 vs. 1.30 ± 0.1
arbU/GAPDH, p<0.01).
As expected, in this experimental series, we found an increase in ACTH and
corticosterone. As shown in Fig. 4.1-3, both hormones tended to higher levels on day 10 of
AA; however, the increase was significant only in the developed phase of the disease, on day
22 of AA (ACTH: 157.61 ± 23.94 pg/ml vs. 306.17 ± 42.22 pg/ml; p<0.05, and
corticosterone: 1.05 ± 0.23 µg/100 ml vs. 5.24 ± 1.38 µg/100 ml; p<0.01).
The levels of serum nitrate/nitrite representing NO-radical production were enhanced
(AA 10: 49.86 ± 1.83 µM and AA 22: 43.58 ± 2.17 µM vs. C: 23.42±1.39 µM, p<0.001) in
both studied intervals (Fig. 4.1-4). The overproduction of •NO occurs as a result of activated
cytokine-inducible iNOS. Furthermore, nitric oxide can potentiate O2•- mediated tissue
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damage and leads to ONOO- formation, representing a major potential pathway of •NO
reactivity.
Another diagnostic characteristic of systemic inflammation in AA is a gradual increase
in spleen weight to approximately doubled value of its normal weight (AA 10: 540.88 ± 35.8
mg vs. C 10: 435.33 ± 26.8 mg, without significant difference; AA 22: 935.6 ± 90.7 mg vs.
504.2 ± 32.9 mg, p<0.001). Therefore it is one of the recommended organs to evaluate the
activation of immune response in AA.
Since the cytokines IL-1 and IL-6 are factors for both cellular and humoral immunity,
inflammation, and the acute-phase response, we determined their protein levels in the spleen.
However, the levels of IL-1β protein in the spleen were increased only on day 10 of AA
(24.55 ± 4.67 pg/100 µg total protein, p<0.05) compared to intact controls (14.33 ± 1.71
pg/100 µg total protein), and IL-6 protein levels were not altered in both phases of the
disease (Fig. 4.1-5).
C
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Fig. 4.1-1: Weight gain in arthritic
rats and their corresponding
controls between days: 1-8, 8-15
and 15-20 of experiment. Asterisks
represent significance between
increments of arthritic rats and
controls on day 15 (*p<0.05) and
20 (**p<0.01). Abbreviations: C:
intact controls, AA: arthritic rats.
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Fig. 4.1-2: Plasma leptin levels. The
C column represents a pool of
controls from days 10 and 22 of the
experiment.
Abbreviations:
C:
intact controls, AA 10: day 10 of
adjuvant arthritis, AA 22: day 22 of
adjuvant
arthritis.
Asterisks
represent significant differences
among groups (*p< 0.05, **p< 0.01).

0,5
0
C

AA 10

AA 22

58

400

corticosterone (ng/ml)

ACTH (pg/ml)

350
300
250
200
150
100
50

**

70

*

60
50
40
30
20
10
0

0
C

AA 10

C

AA 22

AA 10

AA 22

Fig. 4.1-3: The left panel shows plasma ACTH, the right panel shows plasma
corticosterone levels. The C column represents a pool of controls from days 10 and 22 of
the experiment. For abbreviations see Fig. 4.1-2. Significant differences among groups:
* p<0.05, ** p<0.01

Fig. 4.1-4: Serum nitrate levels are
significantly elevated (***p<0.001) in
both groups of AA rats compared to
controls. The C panel represents a
pool of controls from days 10 and 22
of experiment. For abbreviations see
Fig. 4.1-2.
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Fig. 4.1-5: IL-1β protein levels (left panel) and IL-6 protein levels (right panel) in the
spleen are illustrated. The C column represents a pool of controls from days 10 and 22 of
the experiment. For abbreviations see Fig. 4.1-2. Significant differences among groups:
* p<0.05
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4.2. EXPERIMENTAL PART 2
ADIPOKINES, GHRELIN AND HYPOTHALAMIC MRNA E XPRESSIONS DURING ADJUVANT
ARTHRITIS -INDUCED ANOREXIA
In this experimental part, we studied mechanisms involved in chronic inflammationinduced anorexia-cachexia in selected days of clinically evident AA (days: 12, 15 and 18
after cFA injection).
In the time course of the study, various alterations in food intake and body mass were
observed: in the preclinical phase, 2 days after the cFA injection a sharp reduction in food
intake (10.41 ± 0.322 vs. 18.96 ± 0.268 g; p<0.001) occurred, probably due to the onset of
acute inflammation. After a transient normalization, a sustained reduction in food intake and
body mass became manifest, which was gradually more pronounced in fully developed
clinically evident AA (Fig. 4.2-1 A, B). Arthritic rats showed decreased epididymal fat mass
compared with control animals that became significant from day 12 onwards (day 12 after
the cFA injection 364.9 ± 32.2 vs. 641.6 ± 23.1 mg in controls (C); p<0.001). Clinical
symptoms represented by hind paw swelling started to be pronounced from day 12 after the
cFA injection (AA 12: 1.34 ± 0.05 vs. C: 1.1 ± 0.02 ml; p<0.01; Fig. 4.2-1 C), and therefore,
from this interval of the disease, we studied the endogenous changes.
Inflammation strongly reduced leptin levels in plasma (AA 12: 1.375 ± 0.121 vs. C:
3.198 ± 0.165 ng/ml; p<0.001) and epididymal fat (AA 12: 130.574 ± 14.89 vs. C: 228.864 ±
16.63 pg/100 µ g total protein; p<0.01) from day 12 after the cFA injection onwards (Fig.
4.2-2 A, B), which was in line with reduced food consumption and body mass. The
circulating ghrelin levels were elevated in all 3 time intervals (AA 12: 2.461 ± 0.114, AA 15:
2.644 ± 0.107, AA 18: 2.66 ± 0.116 vs. C: 1.959 ± 0.06 ng/ml; p<0.01, p<0.001 and p<0.001,
respectively; Fig. 4.2-2 C). In addition, plasma adiponectin was clearly reduced in the
clinical phase of the disease (AA 12: 1.211 ± 0.076, AA 15: 1.544 ± 0.208, AA 18: 1.899 ±
0.14 vs. C: 2.778 ± 0.087 µg/ml; p< 0.001 for all 3 intervals; Fig. 4.2-2 D). In epididymal fat,
lowered adiponectin concentrations were observed on days 12 and 15 after the cFA injection
only (AA 12: 60.957 ± 4.605, AA 15: 78.223 ±8 9.297 vs. C: 115.326 ± 5.823 ng/100 µg
total protein; p< 0.001 and p< 0.01, respectively; Fig. 4.2-2 E).
As expected, ACTH plasma levels were elevated in AA rats on days 12, 15 and 18 after
the cFA injection (AA 12: 123.25 ± 9.545, AA 15: 118.5 ± 7.046, AA 18: 146.875 ± 15.314
vs. C: 86.036 ± 2.298 pg/ml; p<0.001, p<0.01 and p<0.001, respectively; Fig. 4.2-3 A) and
were followed by an increase in plasma corticosterone levels (AA 12: 3.24 ± 0.676, AA 15:
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2.54 ± 0.759, AA 18: 4.7 ± 1.994 vs. C: 0.443 ± 0.113µg/100 ml; p<0.001, p<0.01 and
p<0.001, respectively; Fig. 4.2-3 B). The IL-1β concentrations in serum, spleen and
epididymal fat were determined only on day 18 after the cFA injection to find out its
peripheral activity in more severe clinically evident AA. Concentrations of IL-1β of arthritic
rats in serum (AA: 129.629 ± 17.97 vs. C: 135 ± 19.18 pg/ml) and spleen (AA: 0.921 ± 0.25
vs. C: 1.111 ± 0.26 pg/100 µg total protein) did not differ from those in controls, but in
epididymal fat (AA: 2.506 ± 0.45 vs. C: 3.81 ± 0.23 pg/100 µg total protein; p<0.05), they
were significantly decreased.
Arthritic rats showed overexpression for leptin receptor OB-R mRNA in the ARC in all
3 studied time intervals (AA 12: 2.907 ± 0.104, AA 15: 2.07 ± 0.004, AA 18: 1.728 ± 0.045
vs. C: 1.00 ± 0.0219 mRNA/18S arbitrary units (arbU); p<0.001 for all 3 intervals; Fig. 4.2-4
A) that was negatively related to low plasma leptin levels in these rats. The expression of
ghrelin receptor Ghsr mRNA in the ARC was increased on days 15 and 18 after the cFA
injection (AA 15: 1.288 ± 0.054, AA 18: 2.213 ± 0.032 vs. C: 1.00 ± 0.037 mRNA/18S
arbU; p<0.001 for both intervals) and was in line with increased plasma ghrelin levels in
these intervals of the disease (Fig. 4.2-4 B). The mRNA for orexigenic NPY in the ARC was
overexpressed on days 12, 15 and 18 after the cFA injection (AA 12: 2.876 ± 0.274, AA 15:
2.669 ± 0.441, AA 18: 4.831 ± 1.112 vs. C: 1.00 ± 0.055 mRNA/18S arbU; p<0.05, p<0.05
and p<0.001, respectively; Fig. 4.2-4 C). Moreover, arthritic rats showed significant
overexpression of IL-1β mRNA in the ARC in all examined intervals (AA 12: 13.36 ± 0.71,
AA 15: 19.32 ± 0.525, AA 18: 17.18 ± 1.432 vs. C: 1.00 ± 0.057 mRNA/ 18S arbU; p<0.001
for all 3 intervals; Fig. 4.2-4 D).
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Fig. 4.2-1: Food intake (A), body mass (B) and hind paw volumes (C) in control and arthritic
rats from day 1 to 18 after arthritis induction. Day 0 represents the day of cFA inoculation.
Arthritic rats: opened squares; control rats: filled diamonds. Asterisks represent significant
differences between control and arthritic rats: * p<0.05; ** p<0.01; *** p<0.001
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4.3. EXPERIMENTAL PART 3
ADIPOKINES AND GLUCOSE HOMEOSTASIS IN ADJUVANT ARTHRITIS
It has been known that adipokines play important role in inflammation and glucose
homeostasis as well. Therefore in this experimental part we evaluated circulating
adiponectin, visfatin, resistin, the size of adipocytes, and the amount of glucose transporter
GLUT4 in adipocyte plasma membranes in clinical phase of AA.
The hind paw volumes were significantly enlarged in AA rats on day 18 of the disease
(3.34 ± 0.09 ml vs. 1.65 ± 0.11 ml in controls, p<0.001). At the same time, the epididymal fat
stores were significantly smaller in arthritic rats (243.6 ± 20 mg vs. 650 ± 103 mg in controls,
p<0.001), and similarly body mass was reduced (201 ± 25.9 g vs 325 ± 2.9 g in controls,
p<0.001). AA markedly inhibited the production of albumin levels in rats (24.7 ± 0.55 g/l vs.
30.4 ± 0.38 g/l in controls, p<0.01). It occurred as a result of enhanced acute phase proteins
synthesis by the liver secondary to the activation of hepatic cells by inflammatory cytokines
(Fig. 4.3-1).
The body and fat mass loss resulted in a reduction of adipocyte diameter (62.3 ± 2.9 µm
vs. 69.5 ± 0.7 µm in controls, p<0.05). Furthermore the fat cells clearly showed
downregulation of GLUT4 translocation into the cell membranes in arthritic rats (4065 ± 962
arb. units of OD vs. 9911 ± 680 arb. units of OD in controls, p<0.001). Inflammation did not
affect either glucose or insulin plasma levels at unrestricted food intake (Fig. 4.3-2). In the
Fig. 4.3-3 are depicted values for circulating adipokines. Plasma resistin levels, in spite of its
described role in autoimmune inflammation remained unchanged under our conditions.
However, circulating adiponectin involved in GLUT4 regulation was reduced (1.96 ± 0.1
µg/ml vs. 3.17 ± 0.22 µg/ml in controls, p<0.001) along with the reduction of fat mass. On
the other hand, the levels of circulating visfatin were enhanced in arthritic rats (1.84 ± 0.11
ng/ml vs. 1.24 ± 0.10 ng/ml in controls, p<0.001).
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4.4. EXPERIMENTAL PART 4
EFFECTS

OF

DIETARY INTERVENTIONS

ON

ADJUVANT ARTHRITIS SEVERITY,

CACHEXIA AND I NSULIN SENSITIVITY

4.4.1. DIET-INDUCED O BESITY STUDY
In this preliminary study we evaluated the effect of early-life overfeeding induced by
reduction of litter size and followed by high-fat diet consumption on the development of
obesity, glucose tolerance, adipokine and ghrelin levels as well as neuropeptide mRNA
expressions in the hypothalamic nuclei.
Overfeeding (SHF rats) did not affect body weight and caloric intake compared to
normofeeding (CN rats) (Fig. 4.4-1A). However, SHF rats had significantly greater amount
of epididymal fat (Fig. 4.4-1B), and larger adipocyte size (Fig. 4.4-1C) than CN rats.
At the age of 56 days, oral glucose tolerance test revealed reduced glucose utilization
manifested by increased glucose levels at 120 minutes in SHF rats compared to CN rats (6.48
± 0.57 mmol/l vs. 4.77 ± 0.62 mmol/l, p<0.01; Fig. 4.4-2A). Also, the total area under the
curve was significantly larger in the SHF than in the CN group (875.1 ± 16.8 vs. 759.6 ±
30.6, 0-120 min, p<0.01). Additionally, basal plasma glucose levels determined in trunk
blood samples after decapitation (age 58 days) were higher in SHF rats than in CN rats (5.64
± 0.08 mmol/l vs. 5.15 ± 0.13 mmol/l, p<0.01), while basal insulin plasma levels were
similar in both groups (Fig. 4.4-2B, C).
SHF rats have shown significantly higher level of leptin in plasma (1.18 ± 0.11 ng/ml
vs. 0.50 ± 0.05 ng/ml p<0.001; Fig. 4.4-3A) and in epididymal fat than CN rats (271.94 ±
13.5 pg/100 µg total protein vs. 174.8 ± 10.05 pg/100 µg total protein, p<0.01). On the other
hand, plasma adiponectin was significantly lower in SHF rats compared to controls (2.18 ±
0.21 µg/ml vs. 3.25 ± 0.16 µg/ml p<0.001; Fig. 4.4-3B), while plasma visfatin (Fig. 4.4-3C)
and ghrelin (Fig. 4.4-3D) did not differ between these two groups.
Overfeeding affected mRNA expressions of both orexigenic and anorexigenic factors in
the hypothalamic nuclei (Fig. 4.4-4). Increased mRNA expression of orexigenic NPY and
AgRP (NPY: 3.59 ± 0.21 vs. 1.00 ± 0.05 mRNA/18S arbU, p< 0.001; AgRP: 2.76 ± 0.43 vs.
1.00 ± 0.15 mRNA/18S arbU, p<0.01), as well as of anorexigenic IL-6 (1.77 ± 0.28 vs. 1.00
± 0.28 mRNA/18S arbU, p<0.05) was found in the ARC of SHF rats. Moreover, overfed
SHF rats displayed enhanced mRNA expression of melanocortin receptor MC4R (1.66 ±
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0.07 vs. 1.00 ± 0.04 mRNA/18S arbU, p<0.001) and IL-6 (1.31 ± 0.09 vs. 1.00 ± 0.09
mRNA/18S arbU, p<0.05) in the PVN.
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4.4.2. NUTRITIONALLY MODULATED ADJUVANT ARTHRITIS STUDY
Body mass, food intake, and arthrogram score: Chronic inflammatory arthritis was
associated with dramatic weight loss. It began 10 days after injection of cFA in normally-fed
arthritic rats compared to normally-fed controls (data not shown; AA-N: 241.75 ± 3.5 vs.
CN: 269.63 ± 3.4 g, p<0.001), and continued until the end of the experiment. Weight loss of
food-restricted arthritic rats as well as of overfed arthritic rats has already occurred from day
4 after cFA, when it was compared to their corresponding controls on the same dietary
regime. In spite of the fact that healthy controls on high-fat diet gain weight in considerably
higher rate than those from normally-fed control group, normally-fed AA rats and overfed
AA rats had similar body mass during the whole course of the disease, except day 12 when
AA-SHF showed higher body mass then AA-N. However, we observed significantly higher
amounts of mesenteric fat (AA-SHF 358.00 ± 67.4 mg vs. AA-N 174.29 ± 32.7 mg,
p<0.001) and epididymal fat (AA-SHF 542.88 ± 58.3 mg vs. AA-N 360.13 ± 18.3 mg,
p<0.001) in overfed AA rats than in normally-fed AA rats. As expected, control and arthritic
food-restricted rats displayed decreased body mass values from day 4 to 18 after the injection
of cFA (Figure 4.4-5A).
In the arthritic groups as well as in the control groups, the values of calorie intake per
cage reflected the values of body mass (Figure 4.4-5B). The clinical signs such as redness,
and swelling of paws appeared from day 12 of AA onwards in all arthritic groups. Significant
reduction in arthrogram score was observed in food-restricted arthritic rats, and conversely,
overfed arthritic rats had increased values of arthrogram score compared to the other arthritic
groups (Figure 4.4-5C).

Corticosterone, CRP and IL-1β: Plasma corticosterone levels were affected by arthritis
as well as by the dietary interventions. All arthritic groups had significantly elevated
corticosterone compared to their respective controls, moreover corticosterone level of foodrestricted arthritic rats was significantly more pronounced than in the other arthritic rats.
There were also significant changes in corticosterone levels among the control groups,
showing mild increase in control overfed rats compared to normally-fed rats, and a very
pronounced increase in food-restricted rats compared to normally-fed and overfed rats
(Figure 4.4-6A). The levels of plasma CRP as well as the mRNA expressions of CRP in the
liver were significantly elevated in normally-fed and overfed arthritic rats compared to their
respective controls. The activation of plasma CRP in the arthritic rats on food-restriction was
significantly less pronounced than in the other arthritic groups, and moreover, its hepatic
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mRNA expression was not enhanced at all. In the control rats food restriction reduced plasma
CRP levels compared to the other 2 control groups, and a slight but significant decrease of
CRP plasma levels occurred also in overfed control rats compared to normally-fed control
rats (Figure 4.4-6B, C). Chronic inflammatory arthritis caused clear cut increase in IL-1β
mRNA expression in the liver in all dietary modulated groups with several times higher
values in overfed arthritic rats over the normally-fed or food restricted arthritic rats.
Similarly, overfed control rats displayed increased IL-1β mRNA expression in the liver
relative to normally-fed or food-restricted control rats (Figure 4.4-6D). The IL-1β expression
represents a pool originating from liver cells and also from circulating white blood cells
accumulated in the liver, since we used native liver without perfusion.

Adipokines and ghrelin: Plasma leptin and adiponectin levels were significantly
decreased in all arthritic groups compared to their corresponding controls. Overfeeding
resulted in the increase of leptin and decrease of adiponectin levels compared to
normofeeding or food restriction only in control, but not in arthritic rats (Figure 4.4-7A, B).
In addition, food restriction during arthritis resulted in significantly lower levels of leptin
compared to the other dietary modulated arthritic rats (Figure 4.4-7A). Plasma visfatin levels
increased equally in all arthritic groups of rats comparing to their respective controls. There
were no differences in visfatin values with respect to the dietary interventions in arthritic rats
(Figure 4.4-7C). All groups of arthritic rats had higher plasma ghrelin levels than their
corresponding controls. The food-restricted arthritic rats showed significantly enhanced
ghrelin levels compared to the other arthritic rats (Figure 4.4-7D).

Neuropeptide and IL-1beta mRNA expressions in the hypothalamic arcuate nucleus:
The mRNA expressions of the anorexigenic POMC in the ARC did not differ between
arthritic rats and their corresponding controls. However, the mRNA expressions of the
anorexigenic CART were significantly lower in all arthritic rats comparing to their controls.
It is important to note that food restriction resulted in decreased values of both POMC and
CART mRNA expressions compared to the other dietary regimes with or without arthritis.
Overfeeding in arthritic rats increased mRNA expression of CART compared to
normofeeding in arthritic rats (Figure 4.4-8A). The mRNA expression of IL-1β in the ARC
was significantly increased by chronic inflammatory arthritis in all dietary modulated rats.
Food restriction led to the lower IL-1β mRNA expressions in both arthritic and control rats
than in the other dietary modulated arthritic and control rats. In contrast, overfeeding led to
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the enhanced IL-1β mRNA expression compared to normofeeding only in controls (Figure
4.4-8B). Evaluation of the mRNA expression for the orexigenic NPY in the ARC showed its
upregulation during arthritis. Moreover, in control groups both food restriction and
overfeeding caused increased NPY mRNA in the ARC compared to normofeeding.
Therefore, no significant differences could be revealed between overfed control and arthritic
rats, or between food-restricted control and arthritic rats. However, both food-restricted and
overfed arthritic rats showed enhanced NPY mRNA expressions over normally-fed arthritic
rats, and food-restricted arthritic rats showed enhanced NPY mRNA compared to overfed
arthritic rats. Chronic inflammatory arthritis significantly enhanced mRNA expression for
another orexigenic peptide, AgRP in all dietary modulated groups. This effect was more
pronounced in food-restricted arthritic rats compared to normally-fed arthritic rats. Similarly
as NPY mRNA, AgRP mRNA expression was increased in both food-restricted and overfed
control groups. Plus, the values of AgRP mRNA in food restricted controls were more
pronounced than those in overfed controls (Figure 4.4-8C).

Parameters of metabolism: Food restriction during arthritis led to a reduction of basal
glucose, and insulin plasma levels, and consequently to a reduction of HOMA index
compared to food restriction in controls or to the other dietary regimes during arthritis
(Figure 4.4-9A, B, C). Overfeeding resulted in enhanced triglyceride and cholesterol
concentrations in the liver of arthritic rats compared to those on the other dietary regimes
(Figure 4.4-9D, E). In addition, control overfed rats had also higher triglyceride
concentrations than control food-restricted rats (Figure 4.4-9D). Interestingly, arthritis in all
dietary regimes led to the increased cholesterol levels (Figure 4.4-9E).
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p<0.01, ### p<0.001 (AA-FR vs. AA-N); ++ p<0.01, +++ p<0.001
(AA-FR vs. AA-SHF); †† p<0.01, ††† p<0.001 (AA-SHF vs. AA-N).
For abbreviations see Fig. 4.4-5.
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Fig. 4.4-9: Basal plasma levels of glucose (A) and insulin (B),
HOMA index (C), and liver concentrations of triglyceride (D)
and cholesterol (E) in healthy controls (CN, SHF, FR) and
arthritic rats (AA-N, AA-SHF, AA-FR) on day 18 after cFA
inoculation. Results are expressed as means ± SEM.
Significant difference between healthy controls on different
dietary regime: × p<0.05. Significant differences between
control rats and arthritic rats on the same dietary regime:
* p<0.05, ** p<0.01, *** p<0.001. Other statistical
differences: AA-FR vs. AA-N # p<0.05, ### p<0.001; AA-FR
vs. AA-SHF + p<0.05, ++ p<0.01; AA-SHF vs. AA-N †† p<0.01.
For abbreviations see Fig. 4.4-5.
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5. DISCUSSION
5.1. EXPERIMENTAL PART 1
RELATIONSHIP BETWEEN LEPTIN

AND

IMMUNO-ENDOCRINE PARAMETERS

IN THE

EARLY AND CLINICAL PHASE OF ADJUVANT ARTHRITIS
In this experimental part, we have shown lowered levels of circulating leptin in the preclinical phase of AA, and at the same time enhanced concentrations of IL-1β, and •NO in
male Long Evans rats. In the fully developed stage of the disease the lowered circulating
levels of leptin and its mRNA expression in the epididymal fat corresponded with lower
weight gain, but not with high corticosterone levels.
Our findings demonstrated decreased plasma leptin concentrations in rats already on day
10 of AA yet before any external manifestation of the disease. In this series the body weight
of the animals was measured in the early pre-clinical phase of AA only on day 8. However,
previous studies from our laboratory have repeatedly shown normal weight gain in Long
Evans rats in the pre-clinical phase of AA until the onset of hind paw swelling, on days
11 - 12 (Jurcovicova et al., 2001; Seres et al., 2004). Although the body weight gain did not
differ between healthy and arthritic rats in the early phase of AA, the reduction in food
consumption visible between days 3 and 9 may have contributed to leptin downregulation
found on day 10 of AA, as fasting is known to decrease leptin plasma levels in rats (Jequier,
2002).
Acute inflammation brings about enhanced levels of leptin as well as pro-inflammatory
mediators (IL-1, TNF-α, and LIF) with anorexigenic effects (Sarraf et al., 1997; Gualillo et
al., 2000; Faggioni et al., 1998). Importantly, pro-inflammatory cytokines, TNF-α and IL-1β,
regulate leptin production in a reciprocal pattern: Acute, short term effect is stimulatory to
leptin production (Grunfeld et al., 1996; Finck et al., 1998), while two-day exposure to IL-1,
or TNF-α, or repeated administration of IL-1α to rats resulted in decreased food intake, body
weight, and leptin levels (Sato et al., 2003), and 48 h lasting incubation of adipose tissue with
IL-1β reduced leptin release and expression (Bruun et al., 2002). Thus, in our study, the
enhanced accumulation of IL-1β in spleen, along with the reduction of leptin levels on day
10 of AA reflects the already ongoing inflammation when the inhibitory effect of IL-1β on
leptin becomes manifest. The over-production of •NO occurs in several inflammatory
processes as a result of activated cytokine-inducible iNOS (Moncada et al., 1991; Glancy and
Abramson, 1995), which causes activation of metalloproteases and cartilage destruction. Our
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results showing enhanced •NO production in the early phase of AA corresponded with higher
IL-1β accumulation in spleen. Interaction between •NO, leptin, and inflammatory cytokines
has been observed in various studies. Inhibition of endogenous •NO formation stimulated
leptin release from cultured human adipocytes (Fain et al., 2003). In 3T3-L1 adipocyte cell
line an NOS inhibitor prevented the interferon-γ and LPS inhibition of leptin, and conversely
an •NO donor downregulated leptin production (Unno et al., 2006). The permanent activation
of •NO in the early stage of AA is another factor explaining the reduction of leptin on day 10
of AA. The role of leptin is unambiguous in the process of inflammation. Leptin-deficient
mice are protected from inflammation mediated by T- and B-cells such as EAE (Matarese et
al., 2001), experimental colitis (Siegmund et al., 2002), T1DM (Matarese et al., 2002), and
antigen-induced arthritis (Busso et al., 2002). Rat AA could be suppressed by starvation
induced at the onset of the disease (Jurcovicova et al., 2001). In patients with RA, fasting led
to improvement of the clinical status along with decreased leptin and shift towards Th2
cytokine production (Fraser et al., 1999). In OA, chondrocytes expressed leptin, and its
concentration was related to the grade of inflammation and cartilage destruction (Dumond et
al., 2003). Furthermore, Otero et al. (2005) described a potentiating effect of leptin on IL-1β
activated human chondrocytes or mouse chondrogenic cell line via promotion of •NO
synthesis. It clearly indicates the co-activating role of leptin in the inflammatory process and
cartilage destruction. It is well known that glucocorticoids stimulate leptin expression and
secretion from adipocytes (De Vos et al., 1995; Slieker et al., 1996; Mastronardi et al., 2000).
As our findings have shown, the enhanced levels of corticosterone have been observed rather
in the later phase of the disease, but without any activating effect on leptin production. These
results are in line with previous observations describing lower leptin production in chronic
septic arthritis (Hultgren and Tarkowski, 2001) as well as in the chronic phase of adjuvant
arthritis in spite of high corticosterone levels (Granado et al., 2005). It is obvious that the
regulation of leptin by glucocorticoids in the state of chronic inflammation is overlapped by
the inhibitory inputs such as the pro-inflammatory cytokines, and •NO. The regulatory
relationship of IL-1β, leptin and corticosterone may be applied in the very initial stage of
inflammation when enhanced leptin can suppress HPA axis and corticosterone from adrenal
gland and in synergism with IL-1β promotes the inflammatory outburst. Thereafter, in the
chronic phase the process is maintained without any further activation of leptin.
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5.2. EXPERIMENTAL PART 2
ADIPOKINES, GHRELIN AND HYPOTHALAMIC MRNA E XPRESSIONS DURING ADJUVANT
ARTHRITIS -INDUCED ANOREXIA
The results of this experimental part demonstrate that adjuvant arthritis-induced
cachexia is associated with suppression of leptin, elevation of ghrelin plasma levels and
concomitant upregulation of mRNA expression for NPY in the ARC. However, the absence of
hyperphagia and weight gain in AA suggests inflammatory influences in this pathologic state
that might block the NPY orexigenic pathway or provide strong anorexigenic input
overriding orexigenic contribution of central NPY mRNA. Enhanced mRNA expression of
IL-1β in the ARC indicates its important role among anorexigenic mechanisms involved in
arthritis-induced cachexia.
The present results on leptin reduction in plasma and epididymal fat in the clinically
developed phase of AA confirm the earlier findings (Granado et al., 2004; Martin et al.,
2008), including ours in experimental part 1, showing suppression of leptin circulating levels
and mRNA expression in fat tissue. In this stage of the disease, when leptin levels declined
along with developing cachexia, we found upregulation of OB-R mRNA in the ARC that
may represent an enhanced production of leptin receptor under the persistent suppression of
the ligand in the chronic phase of the disease.
The increased circulating ghrelin levels in our experiment correspond with the previous
findings of Granado et al. (2004) and Otero et al. (2004) who reported elevated ghrelin levels
in chronic AA. Under the physiological conditions, the prime signal for upregulation of
ghrelin production is food restriction or starvation (Toshinai et al., 2001). A different
situation occurs under the inflammatory loss of appetite. The enhanced ghrelin production is
more likely related to inflammatory signals, including lowered circulating leptin. Because
leptin negatively regulates ghrelin secretion (Barazzoni et al., 2003) a blunted leptin
production may have triggered ghrelin release.
The upregulation of Ghrs mRNA in the nARC which we found in our experiment could
be due to increased circulating ghrelin levels as ghrelin upregulates its receptor in the nARC
(Noguerias et al., 2004). Ghrelin has been known to activate central orexigenic NPY
expression and release to compensate weight loss (Gil-Campos et al., 2006). Thus it can be
assumed that the overexpression of NPY mRNA in the ARC in this study can be ascribed to
the effect of enhanced ghrelin levels in AA rats. Since the diminished inhibitory input from
leptin is known to induce activation of the NPY orexigenic pathway (Ahima et al., 1999), the
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prolonged leptin reduction we found in AA rats might also have taken an effect. However,
despite the possible activation of the orexigenic pathway, food intake and body mass did not
recover in arthritic rats. Similarly, in 5-day experimental colitis, the NPY release was
enhanced in the hypothalamic PVN, however, neither this enhancement nor NPY
intrahypothalamic administration has elicited a feeding response (Ballinger et al., 2001).
The candidates which could induce anorexia during AA are pro-inflammatory cytokines,
as antagonizing of IL-1β and TNF-α have mitigated AA-associated weight loss (Fathalla et
al., 2004). Our finding on the overexpression of mRNA for IL-1β in the ARC during AA
strengthens the hypothesis that IL-1β may activate the central anorexigenic pathway.
Although the mechanisms underlying the anorectic effect of IL-1β have not yet been
explained, recent in vitro studies have suggested a direct action of IL-1β on the central
anorexigenic melanocortin system (Scarlett et al., 2007). Furthermore, IL-1β is known to
activate NGF (Rivest and Rivier, 1994; Safieh-Garbedian et al., 1995), and a blockade of
NGF significantly reversed body mass loss during AA (Shelton et al., 2005). Thus, the
anorexigenic effects of IL-1β may involve the NGF pathway. The origin of the increased
IL-1β expression in the ARC is intriguing. Circulating white blood cells may be one of the
sources of IL-1β accumulation in several tissues. But, there was no increase in IL-1β in fat
and in spleen which are the targets for white blood cell infiltration during the inflammatory
process. We assume that IL-1β has been upregulated within the brain due to the
inflammatory insult. The chronically enhanced corticosterone levels failed to prevent this
effect. Regardless of the origin, the IL-1β overexpression and also the highly probable
overproduction in the ARC may be one of the factors responsible for inflammation-induced
anorexia in spite of the activated NPY orexigenic pathway.
Our result on the reduction in circulating adiponectin during AA confirms the recent
findings of Haruna et al. (2007) and Martin et al. (2008) and supports the fact that during the
clinical phase of AA, adiponectin production is downregulated. Weight loss is a strong
inducer of circulating adiponectin in healthy individuals (Brunn et al., 2003). Nevertheless,
during AA-induced cachexia, fat tissue produces enhanced levels of TNF-α (Martin et al.,
2008), and TNF-α has been described to reduce adiponectin in an adipocyte cell line, or in
adipose tissue (Tilg and Moschen, 2006; Brunn et al., 2003). This may explain the
downregulation of adiponectin during AA in our study. Since i.v. administration of
adiponectin resulted in a clear-cut stimulation of appetite (Kubota et al., 2007) low
circulating adiponectin levels in AA rats could also contribute to the lack of feeding
response.
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5.3. EXPERIMENTAL PART 3
ADIPOKINES AND GLUCOSE HOMEOSTASIS IN ADJUVANT ARTHRITIS
The most important finding of this experimental part was reduced adipocyte diameter,
and downregulation of GLUT4 in the adipocyte plasma membranes in the fully developed
clinical phase of AA. At the same time we found unaffected basal circulating glucose, insulin
and resistin levels, but reduced adiponectin and enhanced visfatin plasma levels.
Physiological reduction of fat mass is usually associated with an increase in insulin
sensitivity and upregulation of GLUT4 in adipocytes. For example, 40% caloric restriction
reversed insulin resistance in pinealectomized rats by enhancing GLUT4 content in
adipocytes and its translocation to the plasma membranes (Zanquetta et al., 2003). Similarly
in Otsuka Long-Evans Tokushima Fatty rats (OLETF) caloric restriction improved glucose
utilization by upreguletion of adipocyte GLUT4 expression (Park et al., 2005). Under the
conditions of clinically manifested AA the loss of appetite occurs, that is manifested by
reduced food consumption by about 40%, and consequently by body and fat mass loss
(experimental part 2). The inflammatory reduction of GLUT4 in adipocyte plasma
membranes, observed in this study, is a specific phenomenon that cannot be attributed to
lowered caloric intake. Since we confirmed this finding also in the Long Evans arthritic rats
(unpublished), it thus appears that downregulation of GLUT4 in the adipocyte plasma
membranes is a general feature accompanying autoimmune experimental arthritis. The result
on the reduction of circulating adiponectin levels during AA confirms our finding from the
experimental part 2, and suggests that this may be involved in the downregulation of GLUT4
in adipocytes as in vitro studies confirmed positive effects of adiponectin on GLUT4 gene
expression and GLUT4 recruitment into the adipocyte plasma membrane (Fu et al., 2005).
Regarding the unaltered resistin levels in our experiment, it can be assumed that
circulating resistin is not an important factor in the development of AA. Correspondingly, in
human studies it has been found that patients with RA have unchanged plasma resistin level
compared to the healthy controls (Otero et al., 2006), but higher synovial fluid resistin than
circulating resistin (Senolt et al., 2007). This shows that circulating resistin levels do not
reflect the levels in the synovial fluid, where resitin may promote inflammatory responses. In
this context, in rat AA, further studies at local sites of inflammation are needed to asses the
relationship between resistin and the severity of the disease.
Other important and new finding of this experimental part was enhanced visfatin plasma
level in arthritic rats. It should be noted that visfatin levels have not been previously
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described in rat AA in the literature up to date. However, other studies reported relationship
between visfatin and inflammation. Visfatin has been shown to be upregulated in the
activated immune cells (Rongvaux et al., 2002), and in patients with RA (Otero et al., 2006).
Recently, Busso et al. (2008) showed its enhanced levels in the circulation and in the
inflamed paws in mice collagen-induced arthritis (CIA) as well. These authors clearly
demonstrated its role in the pathology of the disease, since its pharmacological blockade
improved the clinical features of CIA. Whether enhanced visfatin levels in arthritis also act
against insulin resistance and/or maintain normal basal insulin and glucose levels during AA,
requires further study.

5.4. EXPERIMENTAL PART 4
EFFECTS

OF

DIETARY INTERVENTIONS

ON

ADJUVANT ARTHRITIS SEVERITY,

CACHEXIA AND I NSULIN SENSITIVITY
5.4.1. DIET-INDUCED O BESITY STUDY
This study demonstrates that overfeeding induced by a small litter size and followed by
high-fat diet in Lewis rats resulted in increased epididymal fat mass, impaired glucose
tolerance, decreased adiponectin but unchanged visfatin plasma levels. In addition these rats
showed enhanced leptin release, normal circulating ghrelin levels and overexpression of the
hypothalamic orexigenic neuropeptides NPY and AgRP as well as of anorexigenic IL-6 and
MC4R.
Compared to other studies using similar postnatal overfeeding protocol (Plagemann et
al., 1999; Lopez et al., 2005; Boullu-Ciocca et al., 2005), our overfed rats did not increase
caloric intake and body mass against normally-fed rats during the experiment. This
discrepancy could be related to different diets, strains of rats and number of pups in small
and normal litter. However, body weight does not accurately reflect the amount of adiposity
which increases risk for metabolic abnormalities. With this respect, Pedersen et al. (1991)
showed that Sprague-Dawley rats on high-fat diet had lower body weight than controls, but
heavier epididymal fat pads and larger adipocytes which was crucial for the development of
insulin resistance. In the present study, early-life overfeeding followed by high-fat diet
consumption led to increased epididymal fat mass and adipocyte volume associated with
impaired glucose tolerance and slightly enhanced basal plasma glucose level, but normal
basal insulin level. In agreement with this, it has been previously shown that neonatally
overfed rats present normal insulin and glucose plasma levels but significantly impaired
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glucose uptake due to low expression of insulin signaling molecules in early adulthood
(Rodrigues et al., 2007).
In the present study, impaired glucose tolerance in overfed rats may be related to a
decreased plasma adiponectin level, since adiponectin acts as a positive modulator of glucose
uptake in insulin sensitive tissues without being an insulin secretagogue (Chandran et al.,
2003; Fu et al., 2005). This hypothesis was supported by several human and animal studies
showing the link between insulin resistance and decreased adiponectin production (Weyer et
al., 2001; Yamauchi et al., 2001; Tajtakova et al., 2006). Visfatin is another beneficial
adipokine which functions as an enzyme essential in the NAD biosynthetic pathway critical
for glucose-stimulated insulin secretion from the β-cells (Revollo et al., 2007). Increased
circulating visfatin levels have been reported in most human and mice studies of obesity
(Fukuhara et al., 2005; Berndt et al., 2005; Haider et al., 2006a). However, overfed rats in
this study did not show any changes in plasma visfatin levels. This finding is consistent with
the study of Mercader et al. (2008), who found unaffected visfatin levels in the cafeteria dietinduced model of obesity in Wistar rats and in genetically obese Zucker fa/fa rats (leptin
receptor mutation). Thus, unlike in humans and mice, in rat models of diet-induced obesity,
visfatin does not seem to interfere with glucose intolerance to ameliorate insulin resistance.
Hyperleptinemia along with activated mRNA expressions of orexigenic neuropeptides
NPY and AgRP in the ARC in overfed rats indicate a reduction of leptin signal in the
hypothalamic center regulating appetite. The development of leptin resistance at the level of
hypothalamic orexigenic neuropeptides has previously been described by Lopez et al. (2005)
in 24-day-old rats from small litter. The findings in the present study infer that the
overfeeding from early life followed by high-fat diet consumption can prolong these changes
up to the young adulthood. Considering the increased mRNA expression of AgRP, the
natural melanocortin antagonist (Yang et al., 1999), the anorexigenic melanocortin system
was expected to be attenuated. However, normal food intake in overfed rats did not show the
predominance of orexigenic mechanisms in these rats. Moreover, increased mRNA
expression for melanocortin receptor MC4R in the PVN suggests the activation of
anorexigenic melanocortin system in overfed rats. Regarding the anorectic effects of proinflammatory cytokines (Buchanan and Johnson, 2007) upregulation of IL-6 mRNA
expression in the hypothalamic nuclei ARC and PVN might be a part of the anorexigenic
system mechanisms preventing the animals from hyperphagia. Although the increased
expression of IL-6 in the hypothalamus of obese rats has been reported previously (De Souza
et al., 2005), its physiological relevance related to obesity is currently unclear.
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In summary, this study showed that in Lewis rats, the early postnatal overnutrition
followed by high-fat diet resulted in enhanced adipose tissue accumulation, hyperleptinemia,
hypoadiponectinemia, impaired glucose tolerance, and normal fasting insulin, visfatin and
ghrelin plasma levels. The decreased adiponectin is the candidate to explain the glucose
intolerance in this study. Overexpression of the orexigenic neuropeptides in the ARC could
be explained by leptin-resistant state based on enhanced leptin production. Upregulation of
the mRNAs for MC4R in the PVN along with IL-6 in the ARC and PVN indicates the
activation of the anorexigenic systems that might consequently result in unaltered food intake
of overfed animals. Furthermore, enhanced leptin production appears the main factor
indicating the predisposition to autoimmunity in these overfed rats.

5.4.2. NUTRITIONALLY MODULATED ARTHRITIS STUDY
This study shows that feeding status modulates the disease severity, mRNA levels of
IL-1β and of the key neuropeptides regulating appetite in the ARC, as well as hepatic
triglyceride and cholesterol content in chronic adjuvant arthritis.
Feeding status and AA severity: Regarding the severity of arthritis, the most important
finding of this investigation is the reduced arthrogram score associated with a profound
decrease of circulating leptin and a marked increase of circulating ghrelin and corticosterone
levels due to the food restriction. This finding is in a good agreement with the known
immunomodulatory functions of the respective hormones: Downregulation of leptin or its
deficiency has been shown to prevent Th1-mediated autoimmune diseases such as RA
(Fraser et al., 1999), autoimmune arthritis (Busso et al., 2002), and EAE in mice (Sanna et
al., 2003). Administration of ghrelin or ghrelin agonists stimulated anti-inflammatory
responses in various autoimmune inflammatory diseases including AA in rats (Granado et
al., 2005; Gonzalez-Rey et al., 2006; Deboer et al., 2008; Theil et al., 2009). Glucocorticoids
are known to regulate Th1/Th2 lymphocyte balance towards Th2 pattern by suppressing Th1
cytokine production (Elenkov and Chrousos, 1999). Consistently with the improvement of
arthrogram score in food-restricted arthritic rats, we observed an attenuation of inflammatory
parameters such as a decrease of CRP plasma levels, and of CRP and IL-1β mRNA
expressions in the liver. This suggests that the food restriction-induced inhibition of leptin,
activation of ghrelin and corticosterone contributed to the attenuation of the disease.
In this study, overfeeding led to a worsened arthrogram score along with stronger
inflammatory response manifested by a higher IL-1β mRNA expression in the liver.
However, plasma leptin and adiponectin levels in overfed arthritic rats were similar to those
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found in normally-fed arthritic rats, despite the fact that overfed rats had high leptin levels
and low adiponectin levels before AA induction (Diet-induced obesity study – Experimental
part 4). Production and secretion of leptin are primarily dependent on the amount of body fat
mass (Jequier, 2002). Even though we observed a higher amount of mesenteric and
epididymal fat in overfed arthritic rats than in normally fed arthritic rats, its secretion was
less effective due to the inflammatory process.
Under physiological conditions weight loss increases adiponectin levels (Brunn et al.,
2003; Sheu et al., 2008), and decreases visfatin levels (De Luis et al., 2008; Sheu et al.,
2008), but in inflammatory arthritis opposite results were found (Martin et al., 2008;
Experimental part 2 and 3). Our study has shown low adiponectin and enhanced visfatin
plasma levels during AA to the same extent in all feeding regimes. Based on previously
published reports (Fasshauer et al., 2002; Brunn et al., 2003; Degawa-Yamauchi et al., 2005;
Simons et al., 2007; MacLaren et al., 2007; Dahl et al., 2007), the increased levels of
corticosterone and proinflammatory cytokines may be involved in the downregulation of
adiponectin and upregulation of visfatin levels in arthritic rats. The worsening of arthritis in
overfed rats is difficult to explain on the basis of the present results. The pathophysiology of
obesity is very complex, and various pro-inflammatory factors can negatively contribute to
the disease outcome. One of these factors could be the overfeeding-induced hyperleptinemia
(Diet-induced obesity study – Experimental part 4) which presumably took effect at the onset
of AA and triggered the inflammation.
AA cachexia and mRNA expressions in the ARC under different feeding conditions:
In the experimental part 2, we have demonstrated an enhanced mRNA expression of IL-1β in
the ARC of normally-fed arthritic rats suggesting its role in arthritis-induced cachexia. This
study clearly shows that AA led to an upregulation of IL-1β mRNA in the ARC, and
moreover to reduced CART, unchanged POMC and increased NPY and AgRP mRNA
expressions under all dietary interventions. In addition, food-restriction led to a more
profound decrease of mRNA expressions for anorexigenic factors (POMC, CART, IL-1β)
and marked increase of mRNA expressions for orexigenic factors (NPY, AgRP) compared to
the other dietary regimes with or without arthritis.
The importance of IL-1β in the development of inflammatory cachexia was previously
reported in experimental models of chronic inflammatory diseases, such as cancer or colitis,
in which neutralization of IL-1β attenuated inflammatory anorexia (Laviano et al., 2000; ElHaj et al., 2002). As for nutritional status, acute inflammation-associated anorexia in rats was
reduced by prior food-restriction (Lennie et al., 1995; Lennie, 1998). Moreover, the
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sensitivity to IL-1β-induced anorexia was decreased in food-restricted rats (Mrosovsky et al.,
1989; Kent et al., 1994). Therefore, we may hypothesize that downregulation of IL-1β
mRNA in the ARC observed in our study due to the food restriction may have contributed to
the reduced cachectic response in chronic arthritis. Since we did not perfuse the rats in this
study, the origin of the increased IL-1β expression in the ARC is unknown. However,
regardless whether IL-1β mRNA expression in the ARC is of central or peripheral origin, it
may alter the secretion and function of key neuropeptides regulating energy balance.
Noteworthy, previous studies demonstrated activational responses (Fos induction) of
POMC-, NPY- or AgRP-expressing neurons in the ARC to IL-1β systemic (i.v.
administration) or central (i.c.v. administration) challenge. This indicates that ARC neurons
relevant to the control of feeding behavior are IL-1β sensitive (Reyes and Sawchenko, 2002;
Scarlett et al., 2008).
Similarly to our findings, in different models of acute and chronic inflammation-induced
anorexia, increased mRNA expression of NPY and AgRP has been observed in the
hypothalamus or in the ARC (Ogimoto et al., 2006; Chance et al., 2007; Hashimoto et al.,
2007; Scarlett et al., 2008; Carlson et al., 2009). In our study, mRNA levels of AgRP and
NPY in the ARC were affected by both the energy status and the inflammation. Regarding
the energy status, AgRP and NPY mRNAs were increased by food restriction as well as by
overfeeding in healthy rats. One possible mechanism could lie in increased levels of
corticosterone, a highly active stimulator of NPY/AgRP mRNA expressions (Schimizu et al.,
2008). Additionally, this finding reflects normal physiological response to fasting in foodrestricted control rats (Johansson et al., 2008; Palou et al., 2009), but leptin resistance in
overfed control rats as we demonstrated already on day 58 of life (Diet-induced obesity study
– Experimental part 4). As for the inflammation, AA was associated with low circulating
leptin levels along with increased circulating ghrelin as well as corticosterone levels. These
hormonal changes normally increase NPY/AgRP mRNA expression in the hypothalamus
(Korner et al., 2001; Goto et al., 2006; Shimizu et al., 2008). Therefore the upregulation of
NPY/AgRP mRNA expression in the ARC is not surprising in arthritic rats, and reflects
physiological response in cachexia. However, there is a discrepancy why upregulated
expressions of orexigenic neuropeptides did not increase appetite in AA. It appears that
inflammatory signaling in the hypothalamus has counteracted orexigenic response of
NPY/AgRP neurons. This could involve negative interference of proinflammatory signals
with protein synthesis or release of neuropeptides. In agreement with this hypothesis Scarlett
et al. (2008) demonstrated increased hypothalamic AgRP mRNA expression, while
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decreased secretion of AgRP in rodent models of acute and chronic inflammation (Scarrlett
et al., 2008).
POMC, a precursor of the anorexigenic α-melanocyte-stimulating hormone, and CART
are co-localized in the same ARC neurons, and their mRNA expressions are stimulated by
increased leptin signaling (Schwartz et al., 2000). Consistently with low leptin levels in AA,
we found a decreased mRNA expression of CART in the ARC. This is in line with previous
findings observed in cachectic tumor-bearing rats (Hashimoto et al., 2007). However, mRNA
expression of POMC in the ARC did not differ significantly from controls in arthritic rats
under all feeding conditions. Likewise, neither cachectic tumor-bearing rats (Plata-Salaman
et al., 1998; Chance et al., 2003), nor LPS-treated rats (Lennie et al., 2001) did demonstrate
changes in hypothalamic or ARC mRNA expression of POMC. It thus appears that the
anorexigenic contribution of the ARC POMC/CART mRNAs was less important during AA.
Our results suggest that modulation of mRNA levels for the key hypothalamic
neuropeptides regulating appetite is not the primary mechanism by which AA induces
cachexia. On the other hand, increased IL-1β mRNA in the ARC in the present study
highlights the importance of this pro-inflammatory cytokine among mechanisms through
which chronic inflammation affects energy homeostasis.
AA and metabolic response under different feeding conditions: Chronic systemic
inflammation in RA is implicated in the development of insulin resistance (Gonzalez-Gay et
al., 2010). Furthermore, in inflammatory arthritis, overweight considerably contributes to
insulin resistance, while caloric restriction together with disease-modifying antirheumatic
drugs results in its improvement (Dessein et al., 2002). Our results from the experimental
part 3 showed downregulation of glucose transporter GLUT4 in adipocyte membranes in
arthritic rats that may indicate decreased insulin sensitivity in AA. In this study we did not
observe any significant changes in HOMA index, in normally fed or overfed arthritic rats.
Interestingly, arthritic rats on food restriction showed higher insulin sensitivity documented
by a decreased HOMA index. Both adiponectin and visfatin are suggested to increase insulin
sensitivity (Kadowaki and Yamauchi, 2005; Fukuhara et al., 2005; Revollo et al., 2007), but
regarding the similar plasma levels of adiponectin and visfatin in all arthritic groups, there
cannot be assessed any link between these adipokines and improved insulin sensitivity in
food-restricted arthritic rats. However, these rats showed markedly increased plasma ghrelin
and suppressed plasma leptin levels compared to the other arthritic rats. Ghrelin has been
found to stimulate insulin-induced glucose uptake in adipocytes (Patel et al., 2006); and coadministration of acylated and unacylated ghrelin strongly improved insulin sensitivity in
91

humans (Gauna et al., 2004). It thus appears that elevated ghrelin could be functionally
associated with improved insulin sensitivity in food-restricted arthritic rats. On the other
hand, a decrease of leptin levels associated with the reduction of body mass has been
implicated in the pathogenesis of insulin-deficient diabetes, in which leptin replacement
improved insulin sensitivity and decreased hepatic triglyceride content (German et al., 2010).
Moreover, leptin is proposed as an important anti-steatotic hormone protecting non-adipose
tissue from fat accumulation and lipotoxicity (Leclercq et al., 2007). Here we found
unchanged hepatic triglyceride concentration in food-restricted arthritic rats. However,
hepatic cholesterol concentrations were increased in food-restricted arthritic rats compared to
their healthy controls but not to normally-fed arthritic rats. Thus, it is possible that leptin
downregulation may have negative consequences on lipid metabolism during chronic
inflammation.
Our results further show increased hepatic triglyceride and cholesterol levels in overfed
arthritic rats compared to the other arthritic rats, despite normal values of HOMA index. An
increased triglyceride deposition in the liver could be due to the excessive influx of free fatty
acids from high-fat diet consumption as it was previously observed in rats (Lieber et al.,
2004) and humans (Westerbacka et al., 2005). In our study high-fat diet contained 45%
calories as fat, predominantly as lard containing 36% saturated fat. Recent findings have
shown a causal relationship between activation of inflammatory process and the
concentrations of saturated free fatty acids in the diet (Hirai et al., 2010). Noteworthy, we
observed increased IL-1β expression in the liver in overfed arthritic rats. Since IL-1β is at
least partially involved in the development of hepatic steatosis (Stienstra et al., 2010), it may
also play a considerable role in maintaining increased hepatic triglyceride concentration in
overfed arthritic rats.

5.5. FINAL DISCUSSION AND CONCLUDING THOUGHTS
The present dissertation attempted to elucidate the changes and a possible role of
adipokines and ghrelin in inflammation, nutritional status and insulin sensitivity under the
condition of experimental autoimmune arthritis in rats. Moreover, we used the model of
early-life overfeeding accompanied by accumulation of fat mass, hyperleptinemia and
hypoadiponectinemia by the age of 8 weeks, to bring new information about the effect of
obesity on the development of AA. Because food restriction during AA has been previously
reported to improve the symptoms of AA (Jurcovicova et al., 2001), we studied adipokine
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and ghrelin levels in this condition to reveal possible relationship among these peptides and
attenuation of the disease.
According to our results the effect of AA on adipokine and ghrelin levels is marked and
corresponds to similar findings in recent studies of other authors on AA in different rat
strains (Otero et al., 2004; Granado et al., 2005; Haruna et al., 2007; Martin et al., 2008).
Therefore, it can be generally considered that decreased leptin, adiponectin and increased
ghrelin are typical features of chronic rat AA. Our finding on unchanged circulating resistin
and increased visfatin levels in AA in Lewis rats is new information in the field of rat AA
that opens further possibilities for studying their importance in chronic inflammation. This
section summarizes the possible roles of leptin, ghrelin, adiponectin and visfatin, and the
effects of overfeeding and food restriction in AA that arose from our experimental studies.

5.5.1. LEPTIN SUPPRESSION

AND

GHRELIN ACTIVATION

IN

AA

AS

PART

OF THE

FEEDBACK MECHANISM THAT TURNS DOWN THE ACTIVITY OF IMMUNE SYSTEM
LEPTIN: Convincing evidence suggests that high circulating leptin levels promote
inflammation and autoimmunity (Matarese et al., 2007). However, with respect to our results
the long-term activity of inflammatory mediators (cytokines, •NO) caused decreased leptin
production in chronic inflammation independently on normoleptinemia or hyperleptinemia at
the time of AA induction. Interestingly, the stimulatory activity of corticosterone on leptin
production (Mastronardi et al., 2000; De Vos et al., 1995; Slieker et al., 1996) was ineffective
during chronic AA. It seems that those mechanisms leading to the leptin downregulation may
represent a part of the feedback response of the immune system that contributes to the
physiological control of detrimental effects of inflammation.
Furthermore, our results suggest that leptin downregulation in chronic arthritis is also
involved in the complex adaptive response of the organism to fasting necessary for survival
from inflammation-induced cachexia. The functional activity of low leptin signaling in the
control of the key appetite-regulating neuropeptides (Valassi et al., 2008) in chronic
inflammatory arthritis demonstrates increased expression of orexigenic neuropeptides (NPY,
AgRP) and decreased expression of anorexigenic neuropeptides (CART, POMC) in the
ARC.
The fall in leptin levels occurred in AA is necessary but not sufficient to inhibit
progression of inflammation. Thus, it could be conceivable to suppress leptin production or
neutralize leptin signaling during inflammation. Beside pharmacotherapeutic interventions,
calorie restriction can be another strategy to achieve considerable leptin lowering in natural
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way. When we restricted food in AA rats from the onset of the diseases to 60% of the food
consumed by normally-fed AA counterparts, we found significant attenuation of chronic AA
accompanied by more profound decrease of circulating leptin levels. This points out to the
leptin suppression as an attractive approach for inhibiting inflammation. However, further
studies using targeted pharmacological inhibition of leptin are needed to provide clear
understanding on the selectivity and potency of leptin suppression in medicine to treat
diseases that are caused by an overactive immune system.
GHRELIN: Since ghrelin is well-known for its anti-inflammatory effects, its upregulation
in chronic AA might represent an attempt to neutralize pro-inflammatory responses similarly
like leptin suppression. Moreover, an increase in circulating ghrelin levels along with
overexpression of orexigenic neuropeptides (NPY, AgRP) in the ARC reflects the presence
of normal ghrelin influences (Valassi et al., 2008) in the hypothalamic control of nutritional
status in AA. Thus both increased ghrelin and decreased leptin signaling are main drivers that
act against AA-induced inflammatory cachexia. Nevertheless, our results indicate that
positive orexigenic effects of those hormones are counteracted by anorexigenic inflammatory
inputs among which IL-1β may play a considerable role. Because we did not find increase of
IL-1β in serum or in targets of white blood cell infiltration such as adipose tissue and spleen
in the clinical phase of AA, we assume that IL-1β has been upregulated within the brain due
to the inflammatory insult. Therefore IL-1β antagonists that cross blood-brain barrier may
represent promising strategy to the treatment of chronic inflammatory diseases-associated
anorexia.
In addition, food restriction induced upregulation of ghrelin levels up to the values of
normally-fed or overfed arthritic rats. The surge of ghrelin in food-restricted arthritic rats
seems to be related to the attenuation of AA severity. Therapeutic effects of ghrelin or
ghrelin agonists have been previously experimentally proved in various autoimmune
inflammatory diseases including AA in rats (Granado et al., 2005; Gonzalez-Rey et al., 2006;
Deboer et al., 2008; Theil et al., 2009). Our results on ghrelin levels from a food-restriction
study indicate that dieting could be another appropriate therapy leading to the inhibition of
deleterious effects of inflammation.

5.5.2. CIRCULATING ADIPONECTIN

AND

VISFATIN PLAY RATHER MODULATORY T HAN

PRINCIPAL ROLE IN CHRONIC INFLAMMATION OF AA
ADIPONECTIN: The clinical phase of AA results in decreased circulating adiponectin
level. Interestingly, food restriction during AA is not able to influence the low circulating
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adiponectin level caused by chronic inflammation. Although overfeeding under physiological
condition decreases circulating adiponectin level, it does not cause more profound decrease
in adiponectin level during AA compared to normofeeding. Thus, it seems that diet regime
cannot

override

the

effect

of

chronic

inflammation

on

adiponectin

levels.

Hypoadiponectinemia in AA may increase risk to some inflammation connected pathologies
including endothelial dysfunctions, cardiovascular disease, impaired insulin sensitivity and
diabetes (Haluzik et al., 2004) in arthritic rats. Because adiponectin can regulate GLUT4
expression (Ceddia et al., 2005; Fu et al., 2005), low adiponectin signal during AA might
contribute to the downregulation of GLUT4 in adipocyte membranes observed in the clinical
phase of AA. Any interpretation on reduced adiponectin plasma levels related to the severity
of the disease is difficult to assess, as the role of adiponectin in autoimmunity and joint
inflammation is still ambiguous (both anti- and pro-inflammatory effects of adiponectin on
chondrocytes and synovial fibroblasts have been described; see introduction). However, it is
important to underline that food-restricted arthritic rats displayed milder severity of the
disease despite a similar decrease of adiponectin levels as was observed in overfed or
normally-fed AA rats. These results fail to support the hypothesized negative role of low
adiponectin levels in promoting the progress of chronic inflammatory AA.
VISFATIN: The enhanced circulating visfatin level has been previously confirmed in
patients with RA (Otero et al., 2006) and in mice with collagen-induced arthritis (Busso et
al., 2008). Thus our results on increased visfatin in AA contribute to the interpretation that
this occurs in arthritis across the species. Since visfatin is pro-inflammatory adipokine and its
pharmacological inhibition effectively reduced arthritis severity in mice (Busso et al., 2008),
its negative effects in the process of AA cannot be excluded. On the other hand, food
restriction during AA decreased systemic inflammation and disease severity without
reducing the level of circulating visfatin. Moreover, overfed arthritic rats with the increased
severity of AA displayed similar visfatin levels as food-restricted arthritic rats. According to
these findings, the hypothesis that visfatin potentiates the severity of AA in rats is
inconclusive.
In addition, visfatin has insulin-sensitizing/-mimicking properties (Fukuhara et al., 2005;
Revollo et al., 2007), and therefore it can be involved in the maintenance of insulin
sensitivity in chronic inflammatory arthritis, as demonstrated by normal HOMA index values
in arthritic rats.
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5.5.3. RISK

FOR

SEVERE ARTHRITIS

IN

OBESITY

AND

USEFULNESS

OF

DIET

MODULATION TO ATTENUATE CHRONIC INFLAMMATION
Data from recent studies have suggested that higher body mass index (BMI) in
childhood independently increased the risk of earlier development of autoimmunemediated type 1 diabetes mellitus (Viner at al., 2008). Other experimental findings
indicated that leptin can play a significant role in pathogenesis of autoimmunity as it
was shown that experimental Th1-mediated autoimmune diseases were less severe or
unable to be developed in leptin-deficient mice (ob/ob) compared to wild-type mice (La
Cava and Matarese, 2004; Matarese et al., 2007).
A cross-sectional study, comprising more than 41,000 individuals, investigating the link
between obesity and RA failed to show differences in the prevalence of RA between obese
and non-obese patients (Bartfai et al., 2007). However, the evaluation of obesity in this study
utilized body mass index (BMI) categories that do not actually represent the percentage of
body fat. Summers et al. (2008) have recently reported that even if 85% of patients with RA
have a normal BMI, they suffer from the loss of lean body tissue, which characterizes
rheumatoid cachexia. Importantly, the loss of muscle bulk is often compensated for by gain
in body fat in these patients and that is why they have normal BMI. For this phenomenon
Summers et al. (2008) have used the term “cachectic obesity”. Regarding this aspect, there is
an increasing need for further investigation to which extent can adiposity (morbid or not)
affect immune system reactivity and autoimmunity.
To the best of our knowledge, our study is the first investigation that evaluates the
severity of systemic autoimmune disease under the condition of the early-life diet-induced
obesity accompanied by hyperleptinemia. The finding that this condition worsens systemic
inflammation, arthrogram score values, and hepatic triglyceride and cholesterol levels in rat
AA may be relevant for human autoimmune or inflammatory diseases predictions and
preventions.
Among adipokines examined in our experimental series, leptin seems to be the most
important adipokine in relation to increased risk of chronic inflammation in obese subjects.
Even if its levels were low in clinical phase of AA, its negative effects are suggested at the
onset of AA. Interestingly, previous observation in experimental autoimmune colitis has
shown that leptin production exhibits a biphasic reaction to inflammatory stimuli, with
upregulation by very early inflammatory response and downregulation by high-grade chronic
inflammation associated with anorexia and weight loss (Barbier et al., 1998). Therefore it can
be hypothesized that pro-inflammatory activity of leptin might take effect shortly after AA
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induction and be one of the factors that accelerated process of inflammation in overfed
arthritic rats. Because the pathophysiology of obesity is very complex, further studies are
needed to unequivocally ascribe the aggravation of AA to hyperleptinemia at the onset of the
disease. Exogenously induced hyperleptinemia in lean rats at the time of AA induction could
help to define more clearly the negative effects of leptin at the onset of the inflammatory
process in AA. Additionally, experimental evidence on circulating leptin levels shortly after
AA induction in overfed rats is needed.
In parallel experimental series, we found that food restriction during AA development
considerably alleviates arthritis severity. Among factors associated with weight loss,
decreased circulating leptin and increased circulating ghrelin have an inhibitory effect on the
progress of arthritis. Similarly, in RA patients, a fasting induced fall in circulating leptin is
associated with CD4+ lymphocyte hyporeactivity and clinical improvements of RA (Fraser et
al., 1999). This knowledge suggests that leptin and ghrelin may be targets for
pharmacotherapeutic approaches in inflammatory diseases.
As our results showed, modulations of circulating adiponectin and visfatin levels are not
the means by which food restriction improves arthritis, and probably these adipokines do not
play critical effects on inflammatory burden in rat AA.
In conclusion, it should be noted that primary causes of obesity and its inflammatory comorbidities are generally nutritional and lifestyle factors such as overeating and physical
inactivity, and thus the correction of these factors and subsequently leptin levels should be in
front line of the treatment of obesity-related inflammatory diseases.
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6. CONCLUSIONS
EXPERIMENTAL PART 1
AA decreases leptin production during its early (day 10) and late clinical (day 22) phase
suggesting that leptin levels are not associated with arthritis severity. However,
downregulation of pro-inflammatory active leptin may represent a part of feedback
mechanisms that turn immune activity down in the progression of chronic inflammation. We
supported the hypothesis that suppression of leptin can be a consequence of permanent
activation of •NO, IL-1β, and of lower weight gain and food intake. On the other hand, we
did not find positive relationship between endogenously increased corticosterone and leptin
production during AA.

EXPERIMENTAL PART 2
During clinical phase of AA associated with inflammatory cachexia, the overexpression
of orexigenic NPY mRNA in the ARC occurs as a consequence of the weight loss and
enhanced plasma ghrelin and lowered leptin levels. However, decreased food intake indicates
ineffectiveness of this compensatory mechanism against AA cachexia and the predominant
effect of anorexigenic inputs, among which activated expression of IL-1β in the ARC may
play an important role.

EXPERIMENTAL PART 3
Clinical phase of AA is associated with normal basal glucose and insulin levels, though
downregulation of GLUT4 in adipocyte membranes may indicate decreased insulin
sensitivity in arthritic rats. This is supposed to be functionally related to the reduced
adiponectin levels, but not to the unchanged resistin or enhanced visfatin levels.

EXPERIMENTAL PART 4
This experimental part underscores the negative impact of overfeeding accompanied by
fat accumulation on clinical symptoms and overall outcome of AA. Initial hyperleptinemia
before the development of AA may be implicated among signals conveying proinflammatory responses associated with overfeeding. Furthermore, the results emphasize the
importance of downregulation of leptin and upregulation of ghrelin and corticosterone in the
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attenuation of AA due to food restriction. However, circulating visfatin and adiponectin
levels do not reflect the disease severity.
In AA induced cachexia, independently of feeding status, modulation of the mRNA
expression for key appetite-regulating neuropeptides (NPY, AgRP, POMC, and CART) in
the ARC does not play a primary role. The overexpression of IL-1β mRNA in the ARC
during AA in all feeding conditions highlights the relevance of this pro-inflammatory
cytokine among mechanisms through which AA affects energy homeostasis. Moreover, a
lowered IL-1β expression in the ARC due to the food restriction compared to normofeeding
and overfeeding may reflect the milder inflammation and cachectic response in foodrestricted arthritic rats.
Normal HOMA index in all dietary modulated arthritic groups does not suggest the
development of insulin resistance due to feeding interventions. However, elevated
concentrations of total cholesterol and triglycerides in the liver of overfed arthritic rats
indicate impaired lipid metabolism that may be caused by increased inflammation in these
rats. According to these results, AA in overfed rats could predispose to premature
atherosclerosis and cardiovascular risk as well as to the development of insulin resistance and
diabetes mellitus.
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