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Abstract

Maintenance of energy metabolism and glucose homeostasis is achieved by the regulatory effects
of many hormones and their interactions. Glucocorticoids produced from adrenal cortex and
adiponectin produced by adipose tissue play important roles in the production, distribution,
storage, and utilization of energy substrates. Glucocorticoids are involved in the activation of a
number of catabolic processes by affecting the expression of a plethora of genes, while
adiponectin acts primarily as an insulin sensitizer. Both are regulated by a number of physiological
and pharmacological factors. Although the effects of glucocorticoids on adiponectin expression
have been extensively studied in different /n vitro, animal and clinical study settings, no consensus
has been reached. This report reviews the primary literature concerning the effects of
glucocorticoids on adiponectin expression and identifies potential reasons for the contradictory
results between different studies. In addition, methods to gain better insights pertaining to the
regulation of adiponectin expression are discussed.

1. INTRODUCTION

Maintenance of energy metabolism and glucose homeostasis is crucial for proper
functioning of an organism. These processes are regulated by a number of complex
mechanisms occurring in different tissues and cell types. An extensive network of organs
including brain, liver, muscle, adipose tissue, pancreas, and adrenal gland coordinate to
maintain this homeostasis and any imbalance in this coordination can lead to metabolic
disorders including diabetes, obesity, and metabolic syndrome (Besser & Jeffcoate, 1976;
Tirone & Brunicardi, 2001; Yamada, Oka, & Katagiri, 2008). Hormones play an important
role in communication between organs and are one of the central components controlling
various metabolic processes. Many hormones including insulin, glucagon, glucocorticoids
(GCs), leptin, and adiponectin control pathways and gene expression changes related to
energy metabolism and its regulation (Eyster, 2011; Heppner et al., 2010; Rose,
Vegiopoulos, & Herzig, 2010; Yamada et al., 2008). These different hormones are produced
from different organs (insulin and glucagon from pancreatic islets, GCs from adrenal cortex,
and leptin and adiponectin from adipose tissue) and affect multiple tissues that express the
receptors for these hormones (Kershaw & Flier, 2004; Lukens, 1959; Rose et al., 2010). In
addition to regulating overlapping processes in energy metabolism, these hormones can
affect the production of each other, thereby causing feedback regulation of homeostasis.
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This report summarizes previous /n vitro, preclinical and clinical studies pertaining to the
effects of GCs on adiponectin expression and explores their implications.

2. GLUCOCORTICOIDS AND THEIR EFFECTS ON GENE EXPRESSION

GCs are catabolic steroid hormones produced from the adrenal cortex which play an
important role in the production, distribution, storage, and utilization of substrates used for
energy metabolism (Vegiopoulos & Herzig, 2007). In addition to their effects on energy
metabolism, GCs play an important role in regulating inflammatory and immune response
processes (Barnes, 1998). GCs suppress these processes, and because of their anti-
inflammatory properties, synthetic GCs (such as dexamethasone, prednisolone,
methylprednisolone (MP)) are extensively used for the treatment of inflammatory disorders
including asthma, rheumatoid arthritis, and lupus erythematosus (Barnes, 1998; Swartz &
Dluhy, 1978). However, because of their effects on systemic energy balance, chronic use
results in severe side effects including steroid-induced diabetes, dyslipidemia, muscle
atrophy, and metabolic syndrome (Rhen & Cidlowski, 2005; Swartz & Dluhy, 1978).

The hypothalamic—pituitary—adrenal axis plays a critical role in regulating the production of
GC (Fig. 7.1; Tsigos & Chrousos, 2002). This includes the sequential and feedback
regulation by a series of hormones produced by different organs. Corticotropin-releasing
hormone (CRH) produced from the hypothalamus positively regulates adrenocorticotropic
hormone (ACTH) production from the pituitary which in turn influences GC production in
the adrenal cortex. A negative feedback loop in this axis is caused by the negative regulation
in the production of CRH and ACTH by GC (Tsigos & Chrousos, 2002).

The molecular mechanism by which GCs regulate gene expression is given in Fig. 7.2
(Schaaf & Cidlowski, 2002; Sukumaran, Jusko, DuBois, & Almon, 2011). Since GCs are
highly lipophilic, they can passively diffuse through cell membranes. In the absence of the
hormone, the cytosolic receptor for GC is present as an inactive state complexed with heat
shock proteins. Binding of GC to its cytosolic receptor results in conformational change,
phosphorylation, dimerization, and activation of the receptor (Schaaf & Cidlowski, 2002).
The activated GC—receptor complex rapidly translocates into the nucleus and regulates gene
expression. Multiple mechanisms including direct binding, tethering, and composite binding
exist by which GC can positively (transactivation) or negatively (transrepression) regulate
gene expression (Oakley & Cidlowski, 2011; Schaaf & Cidlowski, 2002). On the one hand,
in the case of direct binding, the activated hormone-receptor complex binds to specific
DNA regions referred to as GC response elements, thereby modulating transcription rates
(Schaaf & Cidlowski, 2002). On the other hand, GC-receptor complex in the nucleus can
interact with other transcription factors, activators, and repressors, thereby modulating the
rate of transcription of their regulated genes. For example, activated GC receptors interact
with transcription factors like NfxB, AP-1, and STAT and affect the mRNA expression of
many genes that are regulated by these transcription factors (Barnes, 1998; Schaaf &
Cidlowski, 2002). Microarray and gene expression studies show that GC directly or
indirectly regulate a vast array of genes and pathways in many tissues, suggesting its
influence on many key biological processes (Almon, DuBois, & Jusko, 2007; Almon,
DuBois, Pearson, Stephan, & Jusko, 2003; Almon, DuBois, Piel, & Jusko, 2004; Almon,
Lai, DuBois, & Jusko, 2005; Almon et al., 2007).

3. EFFECTS OF GC AND ADIPONECTIN ON ENERGY METABOLISM

One of the most important functions of GC is to maintain proper plasma glucose
concentrations to feed neuronal cells under conditions of decreased glucose availability from
the diet (Heppner et al., 2010; Vegiopoulos & Herzig, 2007). To accomplish this effect, GCs
affect a plethora of processes ranging from production to utilization and disposal of
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carbohydrates, lipids, and other energy substrates involving different organs and cell types
(Vegiopoulos & Herzig, 2007). GC concentrations in plasma increase during starvation and
under stress. During normal conditions, GCs show robust circadian oscillations with peak
concentrations occurring at the early active period (early morning for humans and early dark
period for nocturnal animals), thus preparing the body for the upcoming period of activity
(Sukumaran, Almon, DuBois, & Jusko, 2010). GCs increase glucose production by
primarily upregulating gluconeogenesis in liver (and sometimes in kidney) (Gunn, Hanson,
Meyuhas, Reshef, & Ballard, 1975; lynedjian, Ballard, & Hanson, 1975; Vegiopoulos &
Herzig, 2007). On the utilization side, GCs cause insulin resistance in many tissues
including skeletal muscle and adipose tissue, thereby reducing insulin-directed disposition of
glucose (Andrews & Walker, 1999). GCs stimulate protein breakdown in skeletal muscle to
provide the carbon backbone from amino acids to fuel gluconeogenesis in liver (Hasselgren,
1999). In addition, GCs stimulate lipolysis in white adipose tissue producing free fatty acids
for many tissues and glycerol for gluconeogenesis. In addition, GCs also inhibit lipid
synthesis (Vegiopoulos & Herzig, 2007). All these processes are regulated through changes
in gene expression (which eventually causes change in protein expression) and signaling
cascades caused by GC (Vegiopoulos & Herzig, 2007).

Adiponectin, the adipokine produced primarily from white adipose tissue, is a very
important hormone involved in metabolic processes (Kadowaki & Yamauchi, 2005). The
effects of adiponectin are primarily mediated through their membrane-bound G protein-
coupled receptors, AdipoR1 and AdipoR2 are expressed in multiple tissues and organs and
regulate MAP kinase, AMP kinase, and PPARy signaling cascades (Dridi & Taouis, 2009;
Kadowaki & Yamauchi, 2005). The primary function of adiponectin is to act as an
endogenous insulin sensitizer, and it has a major influence on free fatty acids metabolism.
Studies show that adiponectin increases glucose utilization in skeletal muscle, decreases
gluconeogenesis in liver, and increases fatty acid oxidation in both liver and skeletal muscle
(Dridi & Taouis, 2009). The plasma concentrations of adiponectin are inversely proportional
to the fat mass present and hence adiponectin concentrations are decreased in obese patients
which serves as one cause for their insulin resistance (Swarbrick & Havel, 2008).

Thus, GC and adiponectin play opposite roles in regulating energy metabolism with GC
primarily involved in activating catabolic processes and insulin resistance, but adiponectin
acting primarily as an insulin sensitizer (Kadowaki & Yamauchi, 2005; Vegiopoulos &
Herzig, 2007). However, with respect to immune and inflammatory processes, both GC and
adiponectin are anti-inflammatory in their effects (Barnes, 1998; Ouchi & Walsh, 2007).

4. IN VITRO AND ANIMAL STUDIES ON THE EFFECTS OF GC ON
ADIPONECTIN EXPRESSION

Initial studies on the regulation of adiponectin expression by GC and other hormones were
done in the early 2000s, mainly in /in vitro systems using human or murine adipocytes. Such
studies produced conflicting results. For example, studies by Halleux et al. showed that in
human visceral adipose tissue explants dexamethasone (dex) treatment downregulated
adiponectin mRNA and protein expression, while insulin had the opposite effect of
upregulating the expression in a dose-dependent manner (Halleux et al., 2001). Similarly,
dex treatment decreased adiponectin mRNA expression in 3T3 murine adipocytes
(Fasshauer, Klein, Neumann, Eszlinger, & Paschke, 2002). In contrast, in a study by
Oliveira et al., dex treatment did not cause any change in adiponectin mRNA expression in
3T3-L1 adipocytes (de Oliveira et al., 2011b). Similar results were observed in studies on
canine adipocytes, where dex treatment did not cause any changes in adiponectin expression
(Ryan et al., 2010). Likewise, in a recent study using human bone marrow adipocytes, dex
treatment did not have any effect on either adiponectin gene expression or secretion
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(Hozumi et al., 2010). The results from these /n vitro studies are summarized in Table 7.1.
Data from animal studies also yield inconsistent results on the effects of GC on adiponectin
expression (Table 7.2). A study by Combs et al. shows that Swiss Webster mice treated with
prednisolone from a slow release pellet for 28 days showed a significant increase in plasma
adiponectin concentrations (Combs et al., 2003). Similarly, in neonatal Sprague—-Dawley
rats, dex treatment resulted in increased plasma adiponectin concentrations (Raff & Bruder,
2006). However, other studies give contrasting results on the effects of GC on adiponectin
expression. 11p-Hydroxysteroid dehydrogenases (11BHSD) are enzymes involved in tissue-
specific activation or deactivation of GC (Tomlinson et al., 2004). 11pHSD1 is involved in
the activation of GCs and 11BHSD?2 is involved in the inactivation of GC. Inactivation of
11BHSD1 results in decreased intracellular GC concentrations. Morton et al. showed that
tissue-specific knockout of 11pHSDL1 in adipose tissue in mice results in increased
adiponectin gene expression (Morton et al., 2004). Similarly, Kershaw et al. showed that
transgenic tissue-specific overexpression of 11HSD2 in adipose tissue in high-fat fed mice
results in a significant increase in adiponectin gene expression, although no significant
changes in expression were observed in normal chow fed animals (Kershaw et al., 2005). In
addition, a study by Shi et al. showed that chronic GC treatment results in decreased
adiponectin mMRNA expression and serum adiponectin concentrations (Shi et al., 2010). In
this study, 7-week-old Sprague—Dawley rats were given either 5 or 15 mg/kg/day of
hydrocortisone via intraperitoneal injection for 20 days with normal chow diet or high-fat
diet. Low-dose treatment in normal chow diet fed animals (5 mg/kg) showed only modest
decreases in mMRNA expression and serum concentrations which were not statistically
significant, but high-dose treatment in normal chow diet fed and both dosing regimens in
high-fat fed groups showed significant decreases in both mRNA expression and serum
concentrations of adiponectin.

4.1. Effects of adrenalectomy on adiponectin expression in murine models

Adrenalectomy is the surgical removal of adrenal gland which produces GC. In addition to
GC, the adrenal gland also produces mineralocorticoids, epinephrine, and norepinephrine
(Randall, 2004). Makimura et al. first explored the effects of adrenalectomy on adiponectin
expression in wild type and obese ob/ob mice (Makimura et al., 2002). Adrenalectomy did
not have any significant effect on adiponectin mMRNA expression in epididymal fat pads
from wild type animals but causes a significant increase in the mRNA expression in obese
ob/ob rats. However, serum adiponectin concentrations were decreased in wild-type animals
after adrenalectomy, while the concentrations are increased in ob/ob mice after
adrenalectomy in accordance with its mMRNA expression. Recent studies by Oliveira et al. in
male Wistar rats show some interesting results on the effect of adrenalectomy and
exogenous GC supplementation on the regulation of adiponectin expression (de Oliveira, de
Mattos, et al., 2011a,b, de Oliveira, lwanaga-Carvalho, et al., 2011). Adrenalectomy did not
have any significant effect on the serum adiponectin concentrations, but subcutaneous
injection of 2 mg/kg of dex, twice a day for 3 days to these adrenalectomized rats, caused a
significant decrease in adiponectin. However, the effects of adrenalectomy and dex on
adiponectin mRNA expression in adipose tissue are highly dependent on the type of fat
depot studied. For example, adrenalectomy has no significant effect on adiponectin mMRNA
expression in retroperitoneal and epididymal adipose tissue but significantly upregulates the
expression in subcutaneous adipose tissue. In addition, dex supplementation does not affect
adiponectin mRNA expression in retroperitoneal and subcutaneous adipose tissue but
significantly downregulates the expression in epididymal fat. These results suggest that
regulation of adiponectin expression is not only tissue specific but also depot specific in
adipose tissue.
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5. CLINICAL STUDIES ON THE EFFECTS OF GC ON ADIPONECTIN
EXPRESSION

Because of the clinical importance of adiponectin and GC in conditions like insulin
resistance, diabetes, and metabolic syndrome, many studies on the effects of GC on
adiponectin were done in healthy human volunteers and patients (Table 7.3). Similar to /n
vitro and animal studies, results from clinical studies are also somewhat contradictory,
although many of the studies actually suggest that GCs increase adiponectin expression.
Jang et al. studied the effects of type 2 diabetes and GC treatment on plasma adiponectin
concentrations (Jang et al., 2008). Plasma adiponectin was lower in diabetes patients
compared to healthy volunteers, and the concentrations were significantly increased after 4
mg daily oral dosing of dexamethasone for 4 days in both healthy volunteers and diabetics.
Similarly, in a double-blinded, randomized crossover study by Rieth et al., prednisolone
dosing caused a significant increase in the blood adiponectin concentrations compared to
placebo (Rieth et al., 2009). In another study by Uchida et al., 500 mg/day MP dosing for 3
days resulted in a significant increase in serum adiponectin concentrations in patients with
IgA nephropathy (Uchida et al., 2006). Correlation studies by Hjelmesaeth et al. in patients
with renal transplantation suggest that GC treatment is associated with increased serum
adiponectin concentrations (Hjelmesaeth et al., 2006). Kreiner et al. showed that plasma
adiponectin concentrations were lower in polymyalgia rheumatic patients, and 20 mg/day of
prednisolone dosing for 14 days significantly increases plasma concentrations of adiponectin
in both polymyalgia rheumatic and control patients (Kreiner & Galbo, 2010). Similar
observations were reported in the study done by Cimmino et al. where volunteers were
dosed with 25 mg/day prednisone for a period of 1 month (Cimmino et al., 2010).

In contrast to the above studies, Fallo et al. showed that GC dosing decreased plasma
adiponectin concentrations in healthy volunteers (Fallo et al., 2004). This was a time series
study where a single dose of 25 mg hydrocortisone was given intravenously with blood
samples taken from —15 to 180 min after dosing. Hydrocortisone caused a slight but
significant decrease in plasma adiponectin at 30 and 60 min after dosing, and the levels
eventually returned to baseline control values. This study also showed that plasma
adiponectin concentrations were lower in patients with Cushing's syndrome who have
elevated endogenous GC concentrations. Another study looking at adipokine concentrations
in Cushing's syndrome patients shows that adiponectin concentrations are lower in these
patients compared to normal subjects although the differences were not statistically
significant (Krsek et al., 2004). A study by Libe et al. reported that the plasma adiponectin
concentrations were not different between Cushing's syndrome and healthy volunteers (Libe
et al., 2005). In another study by Darmon et al., 3-h infusion of 1.5 pug-kg™! min~1
hydrocortisone in normal and obese subjects did not cause any significant change in plasma
adiponectin concentrations (Darmon et al., 2006). Similarly, a dose of 0.5 mg of
dexamethasone every 6 h for 48 h in human subjects did not cause any significant change in
serum adiponectin concentrations (Lewandowski et al., 2006).

6. OTHER HORMONES, FACTORS, AND CONDITIONS THAT REGULATE
ADIPONECTIN EXPRESSION AND THEIR RELATIONSHIP TO GC

One of the main reasons for the contradictory results for the effects of GC on adiponectin
expression is due to the fact that adiponectin is regulated by many different hormones,
transcription factors, and disease conditions (Fig. 7.3). GC can regulate some of these
factors, and hence based on the specific condition, the effects of GC on adiponectin
expression can differ. One of the main factors that regulate adiponectin expression is the
amount of adipose tissue present (Swarbrick & Havel, 2008). Adiponectin expression is
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negatively correlated to the fat mass, and increases in fat mass result in decreased expression
of adiponectin. This is one of the primary reasons for reduced concentrations of plasma
adiponectin in obese patients. Similarly, adiponectin concentrations are found to be
decreased in insulin-resistant conditions and diabetes (Spranger et al., 2003; Ziemke &
Mantzoros, 2010). Many of the adipogenic transcription factors including PPAR-y, C/EBPa,
C/EBPB, FOXO1, SIRT1, and Sp1 are found to enhance adiponectin gene expression (Liu &
Liu, 2010). In contrast, CREB, AP-2b, and NFAT are found to negatively regulate its
expression (Liu & Liu, 2010). PPARy agonists like thiazolidinediones which are
extensively used as antidiabetic drugs are found to stimulate adiponectin gene expression in
both Jin vitro and in vivo studies (lwaki et al., 2003; Yu et al., 2002). Similarly, ACE
inhibitors, AT1R blockers, and CB1 antagonist are also found to stimulate adiponectin
expression, while B blockers are found to have inhibitory effects (Swarbrick & Havel,
2008). Plasma adiponectin concentrations are also sexually dimorphic with higher
concentrations observed in females compared to males (Swarbrick & Havel, 2008).

Inflammatory states are another important factor found to regulate adiponectin expression
(Swarbrick & Havel, 2008). Increased macrophage infiltration in adipose tissue because of
increased fat mass and obesity is implicated with many clinical conditions including
diabetes, insulin resistance, and metabolic syndrome (Wang, Mariman, Renes, & Keijer,
2008). Various proinflammatory cytokines including TNFa, IL-6, and IL-18 produced from
these infiltrated macrophages are found to adversely affect the expression of adiponectin
from adipose tissue (Fasshauer & Paschke, 2003; Liu & Liu, 2010). TNFa can inhibit
adiponectin expression by suppressing the expression of adipogenic transcription factors
including PPARy, C/EBP, and SREBP, while IL-6 and IL-18 effects are mediated through
MAPK signaling cascades (Liu & Liu, 2010). In spite of the fact that inflammatory factors
reduce adiponectin expression, plasma adiponectin concentrations are found to be higher in
inflammatory and autoimmune diseases including osteoarthritis, rheumatoid arthritis,
systemic lupus erythematosus, type 1 diabetes, and inflammatory bowel disease, except for
polymyalgia rheumatic where the concentrations are found to be lower in patients compared
to normal subjects (Kreiner & Galbo, 2010; Otero et al., 2006; Stofkova, 2009).

Several studies have been performed on the effect of insulin on adiponectin expression, but
like GC, the role of insulin on adiponectin remains controversial and different studies
suggests different results ranging from positive regulation to negative regulation. Studies by
Fasshauer et al. and Xu et al. in 3T3-L1 adipocytes show that insulin treatment decreases
adiponectin gene expression (Fasshauer et al., 2002; Xu et al., 2004). However, the study by
Halleux et al. showed that insulin treatment increased adiponectin gene expression in a
concentration-dependent manner in human visceral adipose tissue (Halleux et al., 2001).
Hyperinsulinemic-euglycemic clamp studies in humans suggest that the increase in insulin
concentrations decreases circulating adiponectin concentrations (Brame, Considine,
Yamauchi, Baron, & Mather, 2005; Mohlig et al., 2002). In addition, tissue-specific
knockout of insulin receptor in adipose tissue resulted in an increase in plasma adiponectin,
suggesting that insulin has inhibitory effects on adiponectin expression (Bluher et al., 2002).

7. POTENTIAL REASONS FOR CONTRADICTORY RESULTS ON THE
EFFECTS OF GC ON ADIPONECTIN EXPRESSION AND METHODS THAT
CAN BE USEFUL IN GAINING BETTER INSIGHT ABOUT THIS REGULATION

There are multiple potential reasons why different studies on the effects of GC on
adiponectin expression show contradictory results. Some of the reasons are as follows:

1. A plethora of mechanisms (different transcription factors, signaling cascades, and
hormones) regulate adiponectin expression (Fasshauer & Paschke, 2003; Liu &
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Liu, 2010; Swarbrick & Havel, 2008). GCs are known to regulate, directly or
indirectly, the expression of many different genes, signaling cascades, and
transcription factors, some of which are involved in regulating adiponectin
expression. For example, GCs increase plasma glucose concentrations which
subsequently increase plasma insulin which can regulate adiponectin expression
(Jin & Jusko, 2009). Similarly, GCs influence adipogenesis and adipocyte
differentiation and are also known to affect adipogenic transcription factors
including C/EBP and PPARYy, all of which can influence adiponectin expression
(MacDougald & Mandrup, 2002; Ringold, Chapman, Knight, & Torti, 1986). In
addition, GCs are potent anti-inflammatory agents and cause reduction in
proinflammatory cytokines, which again can indirectly regulate adiponectin
expression (Barnes, 1998; Rhen & Cidlowski, 2005). Furthermore, the levels of
these regulatory factors, their response to GC, and their effects on adiponectin can
vary for different conditions, and hence the final outcome of the study of GC on
adiponectin expression will be conditionally dependent. This is one of the main
reasons why it is difficult to predict the outcome of the effects /n vivo just based on
in vitro data, to extrapolate data from animal studies to humans, and to predict the
effects in disease conditions from data based on normal subjects and vice versa.

2. Only one-third of adipose tissue is made up of mature adipocytes, and the
remaining tissue is made up of preadipocytes, mesenchymal stem cells, immune
cells (predominantly macrophages), and vasculature (Wang et al., 2008). In
addition, adipose tissue can be broadly classified into white and brown adipose
tissue (Bjorndal, Burri, Staalesen, Skorve, & Berge, 2011; Wang et al., 2008).
White adipose tissue can be divided into subcutaneous and intraabdominal adipose
tissue, and intraabdominal fat is further divided into mesenteric, epididymal, and
retroperitoneal fat based on their location (Bjorndal et al., 2011). All these
variations can cause difference in response to external signals and hence affect the
outcome of the regulation in expression. A good example was described in an
earlier section, where the effects of adrenalectomy and dex treatment on
adiponectin expression were highly dependent on the type of fat depot studied (de
Oliveira, de Mattos, et al., 2011a).

3. One major problem in almost all of these reports is that these are single time point
studies. Especially, with /n vivo experiments, because of the complex matrix of
factors involved in regulating adiponectin expression and since these factors have
their own time course response profiles after GC dosing, adiponectin expression
can show complex time course response patterns after drug dosing (with
upregulation at some time points and down or no regulation other time points
depending on the collective effects of the factors affected by the drug dosing).
Hence the time at which the measurement was made with respect to the dosing time
could make a difference.

4. Other factors that could possibly cause inconsistency in the results between
different studies could be the dose amount, differences between the synthetic GC
used for the study, routes of administration, strain, and species differences, which
again could produce a difference in response based on the changes in the factors
that can regulate adiponectin expression.

To address some of these concerns and to gain better insights to understand the regulation of
adiponectin expression by GC, a rich time course study in rats was performed in our
laboratory (Sukumaran et al., 2011). In this study, 54 male Wistar rats were given 50 mg/kg
MP as an intramuscular injection and the animals were sacrificed at 18 different time points
(from 0.25 to 96 h). Six animals treated with saline were used as controls. After sacrifice,
different organs and plasma were harvested and stored at —80 °C. A wide range of
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measurements including plasma MP, glucose, free fatty acids and insulin concentrations,
and gene expression of GC receptor in white adipose tissue were made along with
adiponectin gene expression and plasma protein concentrations. All measurements were
made at 18 time points after MP administration (three animal replicates per time point) to
understand the dynamic changes in their concentrations and to characterize the direct and
indirect effects of GC dosing on adiponectin expression. Because of the complexities
involved in the time-dependent regulation of all these factors, a mathematical model
reflecting the mechanism of GC-mediated gene expression was developed to describe these
dynamics in order to better characterize the effects of GC on adiponectin expression. After
intramuscular dosing, plasma concentrations of MP decline biexponentially and are not
detected in plasma 8 h after dosing. Plasma glucose and free fatty acid concentrations were
increased after drug dosing, which resulted in an increase in plasma insulin concentrations.
The model showed that the plasma insulin concentrations peak at 16 h after MP dosing,
which eventually went back to its baseline. The GCs are known to cause downregulation of
their own receptor expression, which was incorporated in the model to obtain a more
quantitative understanding of the drug effects. MP dosing shows an interesting effect on
adiponectin gene expression and plasma adiponectin concentrations as shown in Fig. 7.4.
Adiponectin gene expression showed a very quick increase with the peak occurring at
around 2 h after drug dosing followed by a delayed downregulation with the concentrations
falling below the controls, reaching its nadir at 15 h. Subsequently, the expression goes back
to the baseline at around 36 h and stays at the baseline values after that. The plasma
adiponectin concentrations showed a similar profile after GC dosing, with peak occurring
almost immediately after drug dosing, the nadir occurring at 24 h with reestablishment of the
baseline only after 84 h. These results suggest that GC acting through its receptor in white
adipose tissue directly upregulates adiponectin gene expression, while the increase in plasma
insulin after GC dosing results in the downregulation of adiponectin expression, which is
supported by the data and the mathematical model. This study shows the importance of
doing time series experiments because if the measurements of adiponectin mRNA
expression and plasma concentrations were made only at the early time points after drug
dosing, then the conclusion will be that GC upregulates the expression, while if the
measurement were made only after several hours, then the conclusion will be that GC
downregulates the expression, and if the measurements were made only at the later time
points, then the conclusion would have been no regulation. Similar approaches can be taken
to incorporate other physiological factors to get a quantitative assessment of the regulation
of adiponectin gene expression by GC, which will give a better insight about the
mechanisms involved in these processes.

8. CONCLUSION

Both GC and adiponectin are important hormones involved in the regulation of energy
metabolism and are implicated in many clinical conditions including metabolic syndrome,
diabetes, and obesity. Although extensively studied, no consensus exists on the exact effects
of GC on adiponectin expression. Complex regulation of adiponectin expression by many
physiological factors, conditions, tissue type, and depot-specific differences can be the cause
for the discrepancy in the observation between different studies performed using different
model systems, and hence caution should be exerted in extrapolating data from one system
to another. One way to achieve better insights concerning the regulation of adiponectin
expression is to perform rich time series experiments after GC dosing and measure all
relevant physiological factors to develop a quantitative model that will differentiate the
effects of different factors affected by GC on the expression of adiponectin.
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Figure7.1.
Regulation of glucocorticoids production by hypothalamic—pituitary—adrenal axis represents
inhibition in the production.
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Figure7.2.

Molecular mechanism for the regulation of gene expression by glucocorticoids.
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Figure7.3.

Factors regulating adiponectin expression.
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Figure7.4.

Effects of methylprednisolone dosing on adiponectin mRNA expression in white adipose
tissue (left) and plasma adiponectin concentrations (right) in Wistar rats. Solid squares
represent the measured data and solid curve represents the prediction from the mathematical
model (Sukumaran et al., 2011).
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Table 7.1

Summary of /n vitro studies on the effects of GC on adiponectin expression
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References Typeof GC Concentration and Culture system Effectson
duration of exposure adiponectin mRNA/
protein expression
Downregulation
Fasshauer et al. (2003) Dexamethasone 100 nM for 16 h 3T3-L1 preadipocytes Decrease in protein
expression/secretion
Fasshauer et al. (2002) Dexamethasone 100 nM for 16 h 3T3-L1 preadipocytes Decrease in mMRNA
expression
Halleux et al. (2001) Dexamethasone 50 nM for 20 h Isolated adipocytes from human Decrease in mMRNA
visceral adipose tissue expression
Degawa-Yamauchi et al. Dexamethasone 100 nM for 48 h Human subcutaneous adipocytes Decrease in protein
(2005) secretion
No regulation
Hozumi et al. (2010) Dexamethasone 1M for 24 h Human bone marrow adipocytes No change in protein
secretion
Sakamoto et al. (2011) Dexamethasone 1M for 24 h Human bone marrow adipocytes No change in mMRNA
expression
Ryan et al. (2010) Dexamethasone 2 and 20 nM for 2and 24 h  Differentiated canine adipocytes No change in mMRNA
expression
de Oliveira, lwanaga- Dexamethasone 1M for 24 h 3T3-L1 adipocytes No change in mMRNA

Carvalho, et al. (2011b)

expression
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Table 7.2

Summary of animal studies on the effects of GC on adiponectin expression
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References Typeof GC Dosing regimen Model system Effects on adiponectin
mMRNA/protein
expression

Negative regulation

Shi et al. (2010)

Hydrocortisone

Peritoneal injection of
5 or 15 mg/kg/day for
20 days

SPF Sprague-Dawley rats

Decrease in mMRNA
expression and plasma
protein concentrations

Morton et al. (2004)

Predicted decrease
in intracellular GC
in adipose tissue

NA

11BHSD1 knockout in adipose
tissue and matched wild type
controls

11BHSD1 KO increases
adiponectin mMRNA
expression

Kershaw et al. (2005)

Predicted decrease
in intracellular GC
in adipose tissue

NA

11BHSD2 overexpression in
adipose tissue with high-fat
feeding

11BHSD2
overexpression in
adipose tissue of high-
fat fed animals results in
increase in adiponectin
mMRNA expression

Positive regulation

Combs et al. (2003)

Prednisolone

2.1 mg/kg/day for 28
days

Swiss Webster mice

Increase in plasma
protein concentrations

Raff and Bruder (2006) Dexamethasone Subcutaneous Neonatal Sprague-Dawley rats Increase in plasma
tapering dosing protein concentrations
regimen (from 0.5
mg/kg to 0.05 mg/kg)

Effects of adrenalectomy

Makimura, Mizuno, Bergen, Removal of NA ob/ob and matched wild type Increase in serum

and Mobbs (2002)

endogenous GC

mice

protein and mMRNA
expression in ob/ob mice
but decrease in serum
protein and no change in
mRNA expression in
wild type

de Oliveira et al. (2011a)

Removal of
endogenous GC and
supplementation
with
dexamethasone

Subcutaneous dosing
of 2 mg/kg, twice
daily for 3 days

Male Wistar rats

Decrease in serum
adiponectin and mRNA
expression in
epididymal fat with dex
dosing

de Oliveira, lwanaga-
Carvalho, et al. (2011b)

Removal of
endogenous GC and
supplementation
with
dexamethasone

Subcutaneous dosing
of 2 mg/kg, twice
daily for 3 days

Male Wistar rats

Decrease in serum
adiponectin with dex
dosing and decrease in
MRNA expression in
epididymal fat with
adrenalectomy
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Table 7.3

Summary of clinical studies on the effects of GC on adiponectin expression
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References Typeof GC Dosing regimen Model system Effectson
adiponectin mRNA/
protein expression

Negative regulation

Fallo et al. (2004)

Hydrocortisone for
normal volunteers and
increased cortisol in
Cushing's syndrome
patients

25mg 1.V bolus and
blood taken from 0-
180 min

Healthy volunteers and Cushing's
syndrome patients

Decrease in plasma
adiponectin in the time
series study with
concentrations
significantly low at 30
and 60 min after drug
dosing. Plasma
concentrations low in
Cushing's syndrome
patients

Krsek et al. (2004)

Increased cortisol in
Cushing's syndrome
patients

NA

Female patients with Cushing's
syndrome

Lower adiponectin
concentrations in
patients but difference
is not significant

Positive regulation

Uchida et al. (2006)

Methylprednisolone

500 mg/day dosing for
3 days

Patients with IgA nephropathy

Increase in serum
adiponectin
concentrations

Hjelmesaeth et al. Prednisolone 1547 mg Patients with renal transplantation Dosing associated with

(2006) increased serum
adiponectin
concentrations

Jang, Inder, Dexamethasone 4 mg daily oral dosing  Healthy volunteers and diabetes Increase in plasma

Obeyesekere, and
Alford (2008)

for 4 days

patients

adiponectin
concentrations

Rieth et al. (2009)

Prednisolone

60 mg/day for 1 week

Healthy volunteers with regular
sport practice

Increase in blood
adiponectin
concentrations

Cimmino et al. (2010)

Prednisone

25 mg/day for 1 month

Polymyalgia rheumatic patients

Increase in plasma
adiponectin
concentrations

Kreiner and Galbo
(2010)

Prednisolone

20 mg/day for 14 days

Normal and polymyalgia rheumatic
patients

Increase in plasma
adiponectin
concentrations

No regulation

Libe et al. (2005)

Increased cortisol in
Cushing's syndrome
patients

NA

Female patients with Cushing's
syndrome and normal volunteers

No difference in
plasma adiponectin
concentrations

Lewandowski,
Szosland, and Lewinski
(2006)

Dexamethasone

Oral dosing of 0.5 mg
every 6 h for 1 or 2
days

Normal female volunteers

No change in serum
adiponectin
concentrations

Darmon et al. (2006)

Hydrocortisone

3 h infusion of 1.5
pg-kgt min-t

Normal and obese subjects

No change in plasma
adiponectin
concentrations
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