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Abstract

Adiponectin regulates energy homeostasis through the modulation of glucose and fatty acid metabolism in peripheral tissues. However, its
central effect on energy balance remains unclear and controversial. Despite the disparate data, recent advances in our understanding of the
signal transduction mechanisms used by adiponectin in the periphery and in the hypothalamus suggest that intracellular cross-talk between
adiponectin, leptin and insulin may occur at several levels. The present review will summarize recent reports describing the peripheral and
central effects of adiponectin and discuss progress concerning its molecular mechanisms. We will also particularly focus on apparent
controversies and related mechanisms associated with the central effects of adiponectin on energy homeostasis.

© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Obesity currently qualifies as a worldwide health
epidemic [1,2]. It is associated with increased risk of
diabetes, cardiovascular disease, obstructive sleep apnea,
nonalcoholic fatty liver disease, malignancies, gall bladder
disease, arthritis and various complications [1]. It also
increases mortality [3]. Obesity is fundamentally a problem
of energy balance in that self-evidently it can develop when
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energy intake exceeds energy expenditure, resulting in fat
accumulation and excessive adipose tissue mass.

Adipose tissue, in addition to its function as the major
storage depot for triglycerides, is an active endocrine tissue
sensing metabolic signals and secreting hormones called
adipocytokines/adipokines that affect whole-body energy
homeostasis [4—6].

The list of adipocytokines keeps growing [7,8]. Adipo-
nectin is the most abundant adipocytokine [9]. Unlike leptin
and other adipose tissue-derived hormones which circulate
at picograms or nanograms per milliliter, adiponectin
circulates at very high levels (micrograms per milliliter). It
circulates as several multimeric species, including a high-
molecular-weight (HMW) form thought to be the most
clinically relevant.

Adiponectin is decreased in obesity, is inversely related to
glucose and insulin and increases during fasting [9].
Adiponectin deficiency results in insulin resistance, glucose
intolerance, dyslipidemia and increased susceptibility to
vascular injury and atherosclerosis [10—12]. Adiponectin
treatment reverses these abnormalities [11,12].

Recently, adiponectin was shown to be present in the
cerebrospinal fluid (CSF) of rodents and humans [12—14]
and to enter the CSF from the circulation [15]. Additionally,
adiponectin receptors (Adip-R1 and Adip-R2) were found to
be abundantly expressed in the hypothalamus [14], the center
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of hunger and satiety [16]. Furthermore, we recently showed
that Adip-R1 and Adip-R2 are present in proopiomelano-
cortin (POMC) and neuropeptide Y (NPY) neurons in the
arcuate nucleus (ARC) [17], suggesting a potential role for
adiponectin in the central regulation of energy intake and
expenditure. However, various studies investigating the
effect of adiponectin on energy balance in rodents have
yielded conflicting data. They showed either a lack of an
effect on food intake [18] or reduced [19] or increased [15]
food intake. Similarly, adiponectin has been shown to either
increase [18] or reduce [15] energy expenditure. This review
discusses these disparate data and presents possible alter-
native and/or complementary explanations.

1.1. Adiponectin and its receptors

Adiponectin, also named gelatin-binding protein 28,
adipocyte complement related protein 30 (Acrp30), adipose
most abundant gene transcript 1 (apM1), or adipoQ [20-23]
is a 30-kDa adipocytokine hormone of 244 amino acids
mainly secreted from the adipose tissue in mammals.
Structurally, adiponectin belongs to the complement 1q
family. Adiponectin monomer consists of an N-terminal
collagenous domain and a C-terminal globular domain [20]
that generates low-molecular-weight dimers or trimers,
medium (hexamers) and high-molecular-weight complexes
(HMW, dodecamers and 18 mers) in mammalian plasma
[24]. The three multimeric forms are found in the circulation,
associated with several serum proteins [25,26]. The globular
fragment was also detected in the trimeric form in human and
mouse plasmas and was shown to be generated by
proteolytic cleavage [27]. Adding to this complexity, a
family of seven proteins homologous to adiponectin has
been identified [28] that might exhibit partial functional
redundancy with adiponectin. It has not yet been clearly
established which adiponectin form(s) is (are) biologically
active. Based on clinical observations, the current consensus
is that the HMW form is the most clinically relevant.
Interestingly, a mutant adiponectin with a substitution of Cys
by Ser at codon 39 (C39S), which formed a trimer and
readily underwent proteolytic cleavage, showed much more
potent bioactivity compared with the HMW adiponectin
[29]. In vivo, globular adiponectin protected ob/ob mice
from diabetes and apolipoprotein E-deficient mice from
atherosclerosis [30], indicating that globular adiponectin is
also efficient as the full-length. Overall, not only the total
concentrations but also the multimer forms distribution
should be considered when interpreting plasma adiponectin
levels in normal and pathophysiological conditions.

The signaling mechanisms responsible for the action of
adiponectin are not completely understood. Two adiponectin
receptors, Adipo-R1 and Adipo-R2, have been identified
[31]. These receptors contain seven transmembrane domains
and are structurally and functionally distinct from G-protein-
coupled receptors (GPCR). Indeed, unlike GPCRs, the
amino (N)-termini of Adipo-R1 and Adipo-R2 are intracel-

lular, and the C termini are extracellular. Adipo-R1 and
Adipo-R2 may form both homo- and heteromultimers.
Scatchard plot analysis revealed that Adipo-R1 is a receptor
for globular adiponectin, whereas Adipo-R2 is a receptor for
full-length adiponectin [31]. Additionally, suppression of
Adipo-R1 or Adipo-R2 with small interfering RNA (siRNA)
reduced the increase in fatty acid oxidation by globular or
full-length adiponectin, respectively.

Other investigators have demonstrated binding of adipo-
nectin to T-cadherin but not to Adipo-R1 and R2 and have
proposed that T-cadherin affects the bioavailability of
adiponectin [32]. Most recently, an adaptor protein contain-
ing PH domain, PTB domain and leucine zipper motif
(APPL1) was shown to interact with adiponectin receptors in
mammalian cells and the interaction is stimulated by
adiponectin [33]. Overexpression of APPLI increases,
whereas suppression of APPL1 reduces, adiponectin signal-
ing and adiponectin-mediated downstream events [33].

1.2. Mechanisms of adiponectin function in
peripheral tissues

It is well established that adiponectin plays a key role in the
control of energy homeostasis through the regulation of
glucose and fatty acid metabolism in peripheral tissues such as
muscle and liver [34]. Indeed, in skeletal muscle, adiponectin
up-regulated cluster of differentiation 36 (CD36, molecule
involved in fatty acid transport), Acyl-coenzyme A oxidase
(ACO, molecule involved in fatty acid combustion) and
uncoupling protein 2 (UCP2, molecules involved in energy
dissipation) leading to enhanced lipid catabolism and reduced
triglyceride content and thereby improved insulin sensitivity
[35]. Most of the adiponectin effects in muscle are mediated by
globular adiponectin, since globular adiponectin has higher
affinity for Adip-R1, and Adip-R1 is the most abundantly
expressed adiponectin receptor in skeletal muscle [31]. These
effects of adiponectin are mediated through peroxisome
proliferator activated receptor (PPAR)a (transcription factor
that regulate CD36, ACO and UCP2). Indeed, adiponectin
treatment increased PPARa gene expression in vivo and in
vitro by using C2C12 myocytes [30,35]. Furthermore, both
globular and full-length adiponectin stimulated (3-oxidation
and glucose uptake in skeletal muscle via phosphorylation and
activation of adenosine monophosphate-activated protein
kinase (AMPK) during a short-period treatment (<6 h) [36].
In parallel with its activation of AMPK, adiponectin stimulated
phosphorylation of acetyl-coenzyme-A carboxylase (ACC),
fatty acid combustion, glucose uptake and lactate production in
myocytes [36]. A dominant negative mutant of AMPK
inhibited these effects, indicating that stimulation of glucose
utilization and fatty-acid oxidation by adiponectin occurs, at
least partly, through activation of AMPK [37]. The effects of
adiponectin are also mediated through p38 mitogen activated
protein kinase (MAPK) activation [31]. Yoon and coworkers
[38] showed that adiponectin increases fatty acid oxidation in
skeletal muscle by sequential activation of AMPK, p38 MAPK
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and PPARa. It has been shown that p38 MAPK phosphorylate
and activate PPAR and its co-activator peroxisome prolif-
erator-activated receptor gamma coactivator 1o [39].

Skeletal muscle has also a relatively high expression of
APPL1. Overexpression of APPL1 in C2C12 myocytes
significantly increases phophorylation levels of AMPK, p38
MAPK, ACC and fatty acid oxidation. On the contrary,
suppression of APPL1 attenuated these effects, indicating the
key role of APPL1 in mediating adiponectin-regulated lipid
metabolism in skeletal muscle [33]. Overexpression of
APPL1 enhances also GLUT4 membrane translocation in
L6 cells [33]. Adiponectin stimulated the interaction between
APPL1 and Rab5, and the disruption of APPL1-Rab5
interaction blocked adiponectin-mediated translocation of
GLUT4 to the membrane [33]. Overexpression of a
dominant negative form of Rab5 inhibited the adiponectin-
stimulated p38 MAPK activation, suggesting that the
activation of p38 MAPK by adiponectin is partly through
APPL1-Rab5 association [33].

In liver, adiponectin decreased gluconeogenesis by
attenuating the expression levels of phosphoenolpyruvate
carboxykinase and glucose 6-phosphatase, leading to
reduced levels of glucose [36]. The acute glucose-lowering
effects of adiponectin is mediated via activation of AMPK
and transducer of regulated CREB activity-2, and only the
full-length adiponectin activates AMPK and increases
phosphorylation of ACC and fatty acid oxidation in liver.
Adiponectin activated also PPARa, thereby stimulating fatty
acid oxidation and decreasing TG content in the liver [9].
Overexpression of Adip-R1—activated AMPK in hepato-
cytes reduced hepatic glucose production and increased fatty
acid oxidation; however, overexpression of Adip-R2 acti-
vated PPARa pathway leading to increased fatty acid
oxidation and decreased inflammation and oxidative stress,
indicating that hepatic Adip-R1 and Adip-R2 differ in their
signaling pathways [40]. Moreover, overexpression of
APPL1 in mouse hepatocytes activated p38 MAPK and
adiponectin treatment could further enhanced this effect,
suggesting that APPLI1 plays a crucial role in adiponectin
signaling in liver [33].

In adipocytes, AMPK was reported to be involved in
glucose uptake stimulated by the globular domain of
adiponectin [41]. Overexpression of adiponectin in 3T3-L1
adipocytes promoted adipocyte differentiation, increased
lipid content, and enhanced insulin sensitivity [42]. Adip-R1
knockout mice have increased total body fat mass which is
due to decreased energy expenditure [43].

1.3. Role and mechanism of adiponectin in central
energy homeostasis

1.3.1. Adiponectin and its receptors in the central
nervous system

The hypothalamus is the major regulatory center for food
intake and whole body energy homeostasis. Specific
hypothalamic nuclei have been described as satiety or

hunger centers such as the ventromedial hypothalamus or the
lateral hypothalamus (LHA), respectively [44]. In addition,
the characterization of feeding-related hypothalamic neuro-
peptides and their regulation has furthered our knowledge
about the key role of the hypothalamus in the control of
energy balance.

It is likely that adiponectin contributes to the cross-talk
between peripheral tissues and the brain and, specifically, in
brain energy sensing processes. Indeed, adiponectin plays
pleiotropic functions in several peripheral tissues through
different mechanisms (see previous part) and may be a key
messenger to central energy homeostasis.

It has been shown that CSF contains lower levels of
adiponectin compared with serum in rodents [18,45], and
this level increases after intravenous injection of adiponectin
[18] confirming its ability to enter the brain from the
circulation. In human, these data are controversial. Indeed,
Spranger et al. [46] and Pan et al. [47] reported that
adiponectin does not cross the blood-brain barrier (BBB);
however, Kos et al. [14] detected a low level of adiponectin
in CSF with the same ratio that has been noted in rats. These
results suggest a species-specific variation of adiponectin in
CSF. In addition, the discrepancies between these studies
may be due to the sensitivity of method used to detect
adiponectin in CSF.

The forms of adiponectin found in the CSF of the wild-
type mice are restricted to the trimeric and hexameric forms
and not the HMW. In adiponectin knockout mice, after
intravenous administration of full-length adiponectin, all
three forms (trimers, hexamers and HMW multimers) were
found in the serum, whereas only trimers and hexamers, and
not HMW multimers, were found in the CSF [15]. These
data indicate that the distribution of the multimeric forms of
adiponectin in the CSF differs from that in the serum, and
due to its large size (>500 KDa), the HMW is unlikely to
pass through the BBB. It is likely that adiponectin is
transported from blood to CSF by receptor-mediated
transcytosis. It is also possible that adiponectin enter the
brain via the circumventricular organs such as the area
postrema (PA) [48]. Adiponectin may be also locally
expressed in the brain as it has been shown in chicken and
mice [49,50].

Both Adip-R1 and Adip-R2 are located throughout the
central nervous system, notably in regions of the hypotha-
lamus and brainstem important in controlling autonomic
function and feeding behavior, including the PA [48], ARC
[15] and the paraventricular nucleus (PVN) [50]. Immuno-
histochemical analysis revealed colocalization of Adip-R1
and the leptin receptor in the ARC of mice [15]. Recently, by
using homozygous transgenic POMC- or NPY-green
fluorescent protein (GFP) mice, we showed that Adip-R1
and Adip-R2 are present in POMC and NPY neurons in the
ARC (Fig. 1) [17]. Taken together, these data reinforced a
potential role for adiponectin and its receptors in the central
regulation of energy intake and expenditure. Furthermore, in
wild-type mice, serum and CSF adiponectin levels and Adip-
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Fig. 1. Fluorescent immunohistochemical detection of adip-R1 or Adip-R2 in the ARC of POMC (A)- and NPY-GFP (B) mice by confocal laser scanning
microscopy. Colocalization of Adip-R1 and Adip-R2 with POMC or NPY appears as yellow on the projection of 1-pum-thick optical section (A1 and 2 or BI and
2), or as white pixels in detailed optical section (insets Al and 2 or B3 and 4). For more details, see Ref. [17].

R1 expression in the ARC increased under fasting conditions
and decreased after refeeding, whereas Adip-R2 remained
unchanged. These data indicate that central adiponectin
system is sensitive to energy status and that central Adip-R1
and Adip-R2 most likely involve different signaling path-
ways. In addition, a previous study has shown the expression
of Adip-R1 and Adip-R2 in the human endothelial cells of
the choroid plexus [46], which is relevant to the controlled
entry of proteins through the BBB. Moreover, adiponectin
protects human neuroblastoma SH-SY5Y cells from apop-
tosis induced by the mitochondrial complex I inhibitor, 1-
methyl-4-phenylpyridinium, indicating a direct action of
adiponectin on neurons [51].

1.3.2. Does adiponectin affects energy intake and expenditure?

Whether adiponectin affects energy intake and expendi-
ture is controversial. Peripheral adiponectin administration
has been reported to reduce body weight by enhancing fatty
acid oxidation and energy expenditure [35,37,52], without
apparent effects on food intake. However, sustained
peripheral expression of transgene adiponectin through a
viral vector reduces food intake and body weight, con-
comitantly with improved insulin sensitivity and decreased
lipid levels in diet-induced obese rats [19].

Recently, Coope et al. [53] demonstrated that intracer-
ebroventricular (ICV) injection of recombinant rat adipo-
nectin promoted anorexigenic condition in rats with a 40%
reduction in food intake and activates signal transduction
through the classical insulin and leptin signaling pathways.
Indeed adiponectin increases phosphorylation levels of
insulin receptor substrate (IRS) 1/2, AKt/PKB, extracellular
signal-regulated kinase (ERK), forkhead transcription factor
1, janus kinase 2 (JAK2) and signal transducer and activator
of transcription 3 (STAT3). These actions were mediated by
Adip-R1 and not Adip-R2. As in peripheral tissues and in
isolated cell systems, adiponectin induces also the associa-
tion of both receptors with APPL1 in the hypothalamus
indicating a key role of APPL1 in mediating the central
anorexigenic effect of adiponectin. The activation of the
canonical insulin and leptin signaling pathways by adipo-
nectin suggest a cross-talk between these hormones in the
hypothalamus (Fig. 2). Similar results concerning the
activation of the insulin signaling pathway were observed
in the peripheral tissues [54]; however, the opposite effect on
STAT3 was observed in DU145 and HepG2 cells [55].

In another study performed by Qi et al. [18], ICV
administration of recombinant adiponectin decreases body
weight and fat by increasing energy expenditure without
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Fig. 2. Possible cross-talk between adiponectin, leptin and insulin in the hypothalamus. Insulin binds to its receptor and activates an intrinsic tyrosine kinase,
leading to phosphorylation of the intracellular domain of the insulin receptor. IRS proteins bind to the phosphorylated residues on the IR, become activated by
tyrosine phosphorylation and, in turn, initiate downstream signals such as the activation of the Ras-Raf-MAPK cascade or activation of PI3K pathway including
PDK1, GSK3p and PKB/Akt. Leptin binds to its receptor, which dimerizes and through the activation of JAK2, phosphorylates STAT3 that translocate to the
nucleus and modulate transcription of several neuropeptide genes including NPY, SOCS3 and POMC. Leptin also acts through components of the insulin
signaling cascade since JAK2 phosphorylates IRS proteins and activates PI3K and MAPK signaling pathways. MAPK pathway is also activated by leptin via
Ob-Rb-mediated recruitment of SHP2. Adiponectin binds to the extracellular C-terminus of Adip-R1 and recruits APPL1 to the intracellular N-terminus of Adip-
R1 and activates leptin/insulin signaling pathways. It is also possible that activation of the AMPK pathway by adiponectin lead to the activation of TSC1/2
signaling that reduce mTOR/S6K-mdiated serine phosphorylation of IRS proteins. This results in the enhancement of IRS tyrosine phosphorylation and insulin
signaling. Adip-R, adiponectin receptor; AgRP, agouti-related peptide; Akt, protein kinase B; CAMKK?2, Ca(2+)/calmodulin-dependent protein kinase kinases 2;
FOXO, forkhead transcription factor O; GSK3, glycogen synthase kinase 3; IR, insulin receptor; JAK, janus kinase; LKB, serine/threonine kinase 11, MAPK,
mitogen activated protein kinase; mTOR, mammalian target of rapamycin; Ob-Rb, leptin receptor; PDE3B, phosphodiesterase 3B; PDK, protein-dependent
kinase; PI3K, phosphatidylinositol 3 kinase; Ras, Ras small GTPase, SHP2, SH2-domain-containing cytoplasmic tyrosine phosphatase; SOCS, suppressor of
cytokine signaling; STAT, signal transducer and activator of transcription; TAK, TGFp activated kinase; TSC, tuberous sclerosis.

affecting food intake in mice. Furthermore, the full-length,
the globular and a mutant (C39S) adiponectin were all
effective, whereas the collagenous tail was not. In contrast to
leptin, adiponectin did not affect the mRNA expression of
both orexigenic [NPY/agouti related protein (AGRP)] and
anorexigenic [cocaine- and amphetamine-regulated tran-
script (CART)/POMC] hypothalamic neuropeptides [18].
However, both hormones increased corticotropin-releasing
hormone (CRH) mRNA abundance in the PVN (Fig. 3).
Additionally, adiponectin controls the excitability of specific
groups of neurons in the parvocellular region of the PVN,
depolarizing neuroendocrine CRH and pre-autonomic thyr-
otropin releasing hormone (TRH) neurons [56]. Further
analyses revealed that adiponectin depolarized PA neurons
expressing both receptors Adip-R1 and adip-R2, whereas AP

neurons expressing only one receptor were insensitive
indicating different roles of adiponectin and different
pathways of its receptors in controlling excitability of AP
neurons [56].

CRH is an endogenous anorectic and thermogenic agent
[57]. CRH secretion modulates food intake in the absence of
stress by exerting an inhibitory tone on appetite. Injection of
CRH into the hypothalamic PVN decreases spontaneous
feeding or fasting-induced feeding in mammals [58]. Chronic
administration of CRH causes sustained anorexia and
progressive body weight loss [59]. PVN TRH neurons also
control feeding behavior, participate in the stress response
and control metabolic function [60]. Although the differential
effects of adiponectin and leptin on the common feeding-
related hypothalamic neuropeptides (NPY/AGRP and
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Fig. 3. Neuronal targets of adiponectin, leptin and insulin in the hypothalamus. (A) Sagittal view of the hypothalamus outlines the major anatomical projections
of the hypothalamic circuitry involved in the control of energy balance (adapted from [16]). (B) Leptin acts directly in the ARC to increase POMC/CART and
reduce NPY/AgRP through reduction of AMPK activity. Arcuate neurons project to the LHA and PVN, where leptin decreases feeding through CRH and ORX.
In contrast to leptin, adiponectin increases AMPK activity in the ARC and thereby stimulates food intake and decreases energy expenditure without affecting the
expression of both orexigenic (NPY/AgRP) and anorexigenic (POMC/CART) hypothalamic neuropeptides. However, both hormones increased CRH in the
PVN. As for leptin, the melanocortin system is necessary for the action of adiponectin, since agouti (A**®) mice are not responsive to ICV injection of leptin and
adiponectin. +, increase; —, decrease; x, no effect; ?, unknown. Adip-R, adiponectin receptor; aMSH, alpha melanocyte-stimulating hormone; AgRP, agouti
related peptide; MCH, melanin concentration hormone; MC4R, melanocortin-4 receptor; NTS, nucleus tractus solitarius; Ob-Rb, leptin receptor; ORX, orexin;

SFO, subfornical organ.

CART/POMC), these two adipokines may share a common
pathway via CRH to control energy intake and expenditure.

Another possible central mechanism by which leptin and
adiponectin control the energy homeostasis is the melano-
cortin system, since agouti (A¥"*) mice are not responsive to
ICV administration of leptin and adiponectin [18]. It has been
shown that adiponectin potentiate the thermogenic, lipolytic
and glucose-lowering actions of leptin [18] reinforcing again
a possible crosstalk between the two adipocytokines.
However, there was no synergic effect of the two hormones
on food intake reflecting a specific action of leptin on
feeding behavior [18].

Interestingly, Kubota et al. [15] have shown that
peripheral injection of adiponectin increased AMPK phos-
phorylation levels and its downstream target ACC in the
hypothalamic ARC of mice via Adip-R1 but not Adip-R2,
and this resulted in stimulation of food intake. Increased

AMPK activity in the ARC has been shown to stimulate food
intake [61,62].

To rule out the possibility that the action of adiponectin in
peripheral organs (after the peripheral administration)
participate in the activation of the hypothalamic AMPK,
Kubota et al. [15] administered the hexameric form of
adiponectin, the predominant form in the CSF, directly in the
lateral cerebral ventricles. They showed that ICV adminis-
tration of the hexameric form of adiponectin also increased
food intake after refeeding, along with enhancing the AMPK
and ACC phosphorylation levels. These effects were blunted
following the ablation of Adip-R1 by siRNA or AMPK
signaling by AMPK dominant negative [15]. These data
demonstrate that adiponectin directly regulates food intake in
the hypothalamus through its receptor Adip-R1 and the
activation of AMPK and ACC (Fig. 4). Consistent with their
electrophysiological data, Kubota et al. showed that
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Fig. 4. Putative signaling pathway of adiponectin through hypothalamic
AMPK to regulate the energy homeostasis. Kubota’s study [15] showed that
activation of AMPK by adiponectin/Adip-R1 is associated with increased
phosphorylation of ACC, leading to stimulation of food intake and reduction
of energy expenditure. These results suggest that the increase in ACC
phosphorylation may decrease ACC activity and decrease in cellular
malonyl-CoA levels. A decrease in malonyl-CoA levels would stimulate
mitochondrial CPT-1 and fatty acid oxidation. The upstream signals of
AMPK and the downstream pathways of ACC that are mediated by
adiponectin to regulate energy intake and expenditure are still unclear. It is
known that AMPK activity is regulated by changes in nucleotides and is
covalently regulated by protein phosphatase 2C and at least three upstream
kinases, LKB1, CAMKK2 and TAKI1 [75], with CAMKK2 most likely
dominant in the brain [76]. Further studies are warranted to clarify these
pathways. Adip-R, adiponectin receptor; ADP, adenosine diphosphate;
AgRP, agouti related peptide; ATP, adenosine triphosphate; CAMKK, Ca(2
+)/calmodulin-dependent protein kinase kinases 2; CPT-1, carnitine
palmitoyltransferase 1; ETC, electron transport chain; FAS, fatty acid
synthase; LKB, serine/threonine kinase 11; mTOR, mammalian target of
rapamycin; PI3K, phosphatidylinositol 3 kinase; SCD, stearoyl CoA
desaturase; SREBP, sterol regulatory element binding protein; TAK,
TGFp-activated kinase; TCA, tricarboxylic acid cycle.

hypothalamic AMPK and ACC phosphorylation levels were
suppressed in adiponectin knockout mice after fasting.
Concomitantly, daily food intake was reduced however
both receptors Adip-R1 and Adip-R2 remained unchanged.
Expression of NPY in the ARC was lower, and POMC was
higher in adiponectin knockout mice after fasting compared
with the wild-type mice. In addition, adiponectin knockout
mice have much higher sensitivity to chronic low dose of
leptin [15], and adiponectin administration reverses the
suppressive effect of leptin on AMPK activity. These results

suggest that adiponectin and leptin have an opposing central
action to maintain the energy balance.

The decrease of adiponectin levels after fasting and its
orexigenic effect led Kubota et al. [15] to consider
adiponectin as a starvation signal, opposite to the satiety
signal leptin. They hypothesized that during fasting condi-
tions, adiponectin in the ARC increases, leading to activation
of AMPK and thereby stimulated food intake. After food
consumption, leptin signal in the ARC increases, conse-
quently decreased the AMPK activity and thereby inhibited
food intake. In obese condition, serum adiponectin levels are
reduced in human and mice (ob/ob) which would be
expected to reduce appetite, but these ob/ob mice are
hyperphagic. This implies that in obesity, loss of appetite
control occurs by the relatively stable or low levels of
adiponectin in the CSF combined with hyperleptinemia and
hypothalamic leptin resistance.

Similar to these disparate data on food intake, the central
effect of adiponectin on energy expenditure was also
controversial. Indeed, Qi et al. [18] showed that adiponectin
stimulate energy expenditure in rodents when administered
centrally; however, Kubota et al. [15] showed that
adiponectin decrease energy expenditure as manifested by
lower body temperature, lower oxygen consumption and
lower uncoupling protein 1 gene expression in brown
adipose tissue.

In-depth analysis of these discrepant studies was carried
out in an attempt to explain this seemingly disparate data
raised several points of considerations. Firstly, the models
used by these groups were different. Kubota et al. [15] and
Qi et al. [18] used mice; however, Coope et al. [52] used rats.
Secondly, when the same model was used, the age of animal
was different. Thirdly, the experimental protocols were
different between these groups, including the preparation of
recombinant adiponectin (mammalian cells vs. bacteria or
virus), the dose injected (from 6 pg to 1 mg), the way of
injection (Kubota et al. [15] injected adiponectin through a
catheter placed in the jugular vein, whereas Qi et al. [18] and
Coope et al. [52] administered adiponectin via a cannula
placed in the lateral cerebral ventricle). Finally, the
physiological and nutritional states of the animals were
different. Indeed, in Kubota’s study, fed instead of fasting
mice were compared; however, the other groups used fasting
animals. These differences may have profound implications
in the final results.

2. Conclusion

Overall, adiponectin is clearly an important peripheral
hormone pertinent to determining levels of insulin sensitivity
through multiple mechanisms including AMPK and leptin/
insulin signaling, but further work is required to resolve
actions of this adipokine within the brain. Several crucial
questions still remain to be clarified: how adiponectin is
transported across the BBB in the cerebral endothelium and/
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or the blood-CSF barrier in the choroids plexus? What form
of adiponectin reaches the hypothalamus? What’s its
accurate signaling pathway in the brain? Would adiponectin
systems in human behave like those of the rodents? If
adiponectin is a starvation signal which is increased with
fasting and reduced in fed state, could reduction of CSF
adiponectin levels in obese individuals be a therapeutic
approach to switch off appetite?
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