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Introduction

The endocrine functions of the adipose organ are widely studied at this stage. The
adipose organ, and in particular adipocytes, communicate with almost all other organs.
While some adipose tissue pads assume the functions as distinct “miniorgans,”
adipocytes can also be present in smaller numbers interspersed with other cell types
(Kirkland, 1996). While fat pads have the potential to have a significant systemic impact,
adipocytes may also affect neighboring tissues through paracrine interactions. These local
or systemic effects are mediated through lipid and protein factors. The protein factors are
commonly referred as adipokines. Their expression and post-translational modifications
can undergo dramatic changes under different metabolic conditions.

Adipose Tissue as an Endocrine Organ

The adipocyte is unique among cells in that one “organelle,” the lipid droplet,
encompasses greater than 95% of the entire cell body. This lipid droplet serves as a
storage vessel for triglycerides that can be released through lipolysis and added to
by the process of triglyceride synthesis. Because the lipid droplet can assume such a
large portion of the entire adipocyte, increases in lipid storage results in increased
fat cell size. In fact, the capacity for triglyceride storage by the adipocyte is quite
impressive as fat cell sizes range from 25-200um in diameter. Hence, the adipocyte
is traditionally viewed as a cell that is primarily involved in energy storage.
However, it is now clear that the adipocyte has additional roles with the remaining
5% of its cellular mass. It has an exceptionally active secretory pathway whose
function is not only to release products of conventional housekeeping genes, but
also to release many endocrine and paracrine factors commonly referred to as
adipokines. The endocrine functions allow the adipocyte to regulate processes in
peripheral tissues such as the liver and the central nervous system such as the
hypothalamus. The paracrine effects of adipokines have an impact on neighboring
adipocytes as well as other local cell types within adipose tissue.
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Complexity of the adipose organ

Cellular composition

Adipose tissue is comprised of adipocytes as well as many additional cell
types. Even though these additional cells account for a significant proportion of the
total cell number in adipose tissue, they are not highly visible in histological
sections. Conventionally, these “stromal vascular cells” are being isolated using
protocols that have been established many years ago in pioneering studies by
Rodbell and colleagues. It involves collagenase digestion followed by flotation of the
adipocyte fraction using a low g force (Rodbell, 1964). The resultant pellet of this
cell suspension contains non-adipocytes. This fraction includes cell types such as
preadipocytes, endothelial cells, pericytes, monocytes, macrophages, and others.
These cells exert a number of important functions for adipose tissue homeostasis.
For example, pericytes and endothelial cells make up the tissues vasculature and
enable processes such as adipose tissue growth and development. Secretion of pro-
angiogenic factors by adipocytes such as VEGF (Claffey, 1992), contributes to
ongoing angiogenesis within adipose tissue at all times. In fact, blocking VEGF or
angiogenesis has a significant impact on adipose tissue homeostasis (Rupnick,
2002), suggesting this process is crucial to sustain normal adipose tissue function
and for the support of its metabolic and endocrine functions. Additional cell types
including the monocytes and macrophages are present in adipose tissues and are
thought to aid in the clearance of necrotic adipocytes, a role that appears to be of
importance in adipose tissue in obesity (Cinti, 2005). Lastly, adipose tissue is a
reservoir of pluripotent stem cells (Zuk, 2002). These cells, though poorly defined,
may contribute to the pool of differentiated stromal vascular cells types as well as to
the adipocyte pool. Whether a particular grouping of cells within the stromal
vascular fraction is designated for adipocyte differentiation, such as a
“preadipocytes,” in vivo is not known and is currently under active research.
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Endocrine function of the adipose organ

Studies in the late 1980°s have demonstrated that adipocytes can secrete a number
of factors and that the secretion of some of these factors is affected by metabolic
dysregulation (Cook, 1987). However, the concept describing the adipocyte as an
endocrine cell did not gain general acceptance until several additional factors were
identified who expression was highly enriched in adipocytes, such as leptin and
Acrp30/adiponectin (Zhang, 1994; Scherer, 1995). For the past 10 years, endocrine
aspects of adipose tissue function have become an extremely active area of research and
several additional hormones have been discovered (Scherer, 2006). Generally, these

adipose tissue-derived factors are referred to as
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adipocytes except under conditions of severe
hepatic steatosis during which the entire adipogenic program is induced in hepatocytes
(Yoda-Murakami, 2001). Other adipocyte-derived hormones such as leptin and adipsin
exhibit expression patterns that are not adipocyte specific (Cook, 1987). In fact, several
adipose tissue -derived hormones such as resistin (also known as Adipocyte Secreted
Factor (ADSF), and Found in Inflammatory Zone 3 (FIZZ3)), omentin, leptin, and
visfatin (also known as pre-B-cell colony-enhancing factor (PBEF)) are produced by
several other tissues as well (Rajala, 2003; Yang, 2006; Fukuhara, 2005).
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| Secretory Proteins Identified from Adipocytes |

Adiponectin

Adiponectin is a 30kD protein that we first described in 1995 (Scherer, 1995).
Other groups reported similar findings in later years, each imparting its own name for the
molecule, such as Adiponectin, apM1, AdipoQ and GBP28 (Hu, 1996; Nakano, 1996;
Maeda, 1996). At present, the molecule is most commonly referred to as adiponectin.
Since this discovery, over two thousand papers have been published chronicling
adiponectin’s unique structure, function, and its physiological role under normal
conditions and its dysregulation in and impact on pathological states. Though much has
been learned, there are still many aspects of adiponectin physiology that remain to be

elucidated.

Scherer, Philipp E




Lean Obese

Insulin sensitive
Female Male Insulin resistant
Cardiovascular

. disease
Inflammation

HDL

Type | diabetes

Type |l diabetes Lipodystrophy

PPARYy agonist
treatment

» 3q27 Susceptibility locus for Syndrome X
* Adiponectin mutations/polymorphisms associated with diabetes

Nenel biochemical predicton of fype 2 diabet:

e review of gths of ciation » b lncldeat diabetes, pdjusiments made, correlated factens and cavesiy

At s

Conustont mvene
assaviations independent
of abeaity. s cthnic

Top tertike v» botuwn
Lerttle
RR 040 (95%. C1 02}

Age, ML, social claw, physcal
sctintly smoking satus. alcohol
intake, pre-eanting CHID siruke,

sve HDLC, age,
renal dyshunction
-ve. obemity. hiver

Novel Evidenwe for association Strenph of imdependent Factons adjusted in snalyan Exymples of et parints of reles ance
peeds of haseline levels wih  associaton from a ohsenved comelalions caveats
ncident duabeten Fepresenialis ¢ atudy o with other refevam
summary mcta-analysis® panmcicn
Adipesc-derived

High adpanecun loss strongly
assoviated with lower CHD
nak

Eroups and scx 070y 3] statiny, svsiolic BP, treatment for BP far, ALT, PAIL-L.

Aswciation may be ferinin, [high sdypmectn predicts
stronger in obese trucylglycerol tigher all-cause montaliny
andoadualy

Lspm Incommiviont High haschine leplin Vanstims in suscsl ssc ohesity, CRP, Not a youtine test, and thin

kevels linked 1o adjusinuents may parily explan macylglycerol. ot atarsbant . weanal
clevated risk, no nsk differing tesults, mnre data PAL). ALY dimumphisim. with much highes
and how nsk of incdent oevded ve: HDLLC levels in women

diabetes [30-32]

- Conustent swsovistions  Top tentike vs bottom Age. DML mxcial clas, pliysical =ve obewty, CRI L6 ssscciatedd with higher
indeperdent of vhesity  tertile activity, smoking satus. alcuhol macylghcen, sllcause monality and okt
and imulin mistance 202195%.C11.14 intake, pre-camting ClUDstroke, PAl-1 discare oulcomes, |.¢ non-

18Ry | statins, systolic P, teatment for B e HDLA, spevilic
sdiponcctin

PALY (alwo  Conastent aswociation 161 (95 C1 .20 Age, sen, chinical centre. smoking,  tve liver i, liver  Nof & rostite 1ot aend i s

derived from  with incident diabelcs 216} for | SD merease etharenty. 8, BML lamily history YRS, standardined PAL-1 isc over

liver, indepomdent of ohealy [33) of duabctes, physical activity Inmylglyveml fime 1s abao associated with
endotheluwmm)  sad insulin resistance ve. adiponectin diabetes, but associafions
SHBG adjusting for LT Th or other

marhen of Hver fat pot iesied

Diabetologia. 2008 Jun;51(6):926-40

Scherer, Philipp E



Function

Initial studies designed to examine the function of adiponectin employed
various forms of recombinant adiponectin. Some of these studies produced
recombinant adiponectin through bacterial expression systems. These systems
produce full length or a globular (a proteolytic cleavage product) form of
adiponectin. Administration of these bacterially produced forms of adiponectin
resulted in decreases in glucose, FFAs, and triglycerides in vivo and increased
glucose uptake and fatty acid oxidation in muscles in vitro (Fruebis, 2001). However,
the bacterially produced forms of adiponectin lack the ability to form higher order
structures and are devoid of any relevant post-translational modifications (Shapiro,
1998). Therefore, to date it is not clear whether the effects attributed to the
globular form are merely an interesting pharmacological observation or whether
they have a relevant physiological counterpart. Adiponectin produced by
mammalian expression systems is more likely reflecting the structure and function
of endogenous adiponectin circulating in plasma. In the liver, administration of
adiponectin results in glucose lowering due to decreased hepatic glucose output and
suppression of gluconeogenic genes (Berg, 2001; Combs, 2001). Similar
observations can be made in mice endogenously overexpressing adiponectin from
adipocytes (Combs, 2004). In support of these findings, mice lacking adiponectin
have reduced insulin sensitivity primarily at the level of the liver (Nawrocki, 2006).
In the heart, adiponectin exerts potent cardio-protective effects and decreases
myocardial infarct size in a cardiac ischemic reperfusion model (Shibata, 2004;
Shibata, 2005). Adenoviral-mediated overexpression of adiponectin accelerates
repair in a model of ischemic hind limb by increasing angiogenesis (Shibata, 2004).

Table 3. Estimated RRe of Myzcardial Infarctinn Duting 6 Years of Follow-up Accerding 1o Quntle of Baselins Adiponedti Level 0 = 7ag]

Quintile
P Value
1 2 3 4 § for Trend}

JAMA 2004:291:1730-1737
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Adiponectin is present in
microgram quantities in the serum
and has a rapid turn over. Therefore,
the use of adiponectin as a protein
therapeutic is likely to be quite
limited, except for defined acute

Serum Adiponcctin Levels Are an Independent Predictor of the Extent
of Corenary Anery Disease in Men
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findings  demonstrating  serum
adiponectin levels are inversely correlated with obesity spurned intense investigation of
the relationship between adiponectin and all symptoms of the metabolic syndrome (Hu,
1996;Arita, 1999). Of these studies, strong evidence suggests hypoadiponectinemia is
highly correlated with cardiovascular disease (Kumada, 2003). Though the precise
mechanisms have just begun to be elucidated, adiponectin is inversely correlated with
cardiovascular risk factors such as dyslipidemia, and high serum adiponectin levels
decrease the risk of myocardial infarction (Pischon, 2004). Future studies examining the
mechanisms mediating the chronic effects of adiponectin on the heart and vasculature in
disease models will greatly facilitate our understanding of the role of adiponectin in
cardiovascular disease.
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(Weyer, 2001). Studies in
rodents suggest that the anti-diabetic effects of adiponectin are likely due to
decreased hepatic glucose output thereby contributing whole body glucose
homeostasis. In support of this hypothesis, studies in humans show adiponectin
levels correlate with basal and insulin-suppressed endogenous glucose production
and not with  oxidation (Stefan, 2002). The relationship between adiponectin and
insulin resistance are present in several different diabetic populations, several of
which exhibit this relationship independent of obesity (Ranheim, 2004). In further
support of these findings, studies in monkeys and humans show adiponectin levels
drop prior to the decrease in whole body insulin sensitivity. Therefore, therapeutic
treatments that increase adiponectin levels have great potential to enhance insulin
sensitivity as well as exert cardio protective effects.

One of the most potent insulin sensitizing class of therapeutics include the
thiazolidinediones (“TZD”). TZD treatment results in improvements in insulin
+ Glucose output . sensitivity and improvements in

' the serum lipid profile. Several
lines of evidence suggest that
adiponectin mediates several of
these beneficial effects. First, TZD
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adiponectin possess different bioactivities and/or target organs. Beyond these
merely correlative observations, we have recently reported that TZD treatment is
not as effective in mouse models lacking adiponectin (Nawrocki, 2006). These
observations have been confirmed and added value to the very elegant studies by
Kadowaki and colleagues (Kubota, 2006). Finally, overexpression of adiponectin by
adipocytes exerts TZD-like effects on lipid metabolism and insulin sensitivity.
Increases in circulating adiponectin in these mice are coupled with improved lipid
clearance, and insulin sensitivity. When crossed to ob/ob mice, adiponectin
overexpression confers dramatic metabolic improvements. These improvements
include decreased serum triglycerides, decreased fat cell size, and increased fat cell
number, and improved glucose tolerance. Taken together, these data suggest
adiponectin may mediate several of the beneficial effects of TZDs on metabolism.

Change in Insulin Sensitivity vs. Change in Total Adiponectin Levels
Pre- vs, Past-TZD Treatment (TRIPOD Study, Tom Buchanan UGLA)
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How does adiponectin exert its beneficial effects on lipid metabolism? While
a number of different mechanisms may be contributing, we observe in many of our
in vivo systems of adiponectin overexpression that there is a significant increase in
adipose tissue lipoprotein lipase (LPL) activity. Similarly, TZD treatment also
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increases adipose tissue LPL activity in vivo and in vitro. While it is not clear
whether this is an indirect effect exerted through increases in PPARy activity or a
reflection of a direct protein/protein interaction between adiponectin and LPL is
not clear. However, the strong correlation between adiponectin levels and LPL
activity can also be seen clinically (von Eynatten, 2004).

Our observations that TZD exposure primarily leads to an increase in the
HMW form has highlighted the potential importance of the HMW which displays in
many instance much more dramatic changes than other adiponectin complexes.
While measurements of the HMW forms are clearly more informative under some
circumstances, other circumstances suggest the measurements of HMW form and
total adiponectin are comparable correlations. We will have to await the use of
recently developed high throughput assays for the measurement of HMW forms in
large epidemiological studies to better gauge the appropriate settings under which
the HMW measurements will provide added value the measurements of total levels.

A significant body of literature also implicates adiponectin as protective
agent against cancer.

Endocnne-Refate Cancer (2007) 14 669-677

Anthropometric measures, plasma
adiponectin, and breast cancer risk
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In summary, adiponectin is an important adipokine that has the potential to
be an important mediator of many physiologically relevant processes. Modulation of
adiponectin levels has a profound impact particularly in pathological settings, such
as in diabetes, cardiovascular disease as well as in the context of cancer.

Hypertension

Adiponectin may also be involved in the progression of hypertension. On a high sait
diet, Ohashi et al. showed that adiponectin deficient animals display significantly
higher systolic blood pressure compared to wild type controls independent of
insulin resistance (Ohashi, 2006). Reconstitution of adiponectin expression by
adenoviral infection restored normal blood pressure. Overexpression of adiponectin
can also decrease the systolic blood pressure in genetically obese KKAy mice. The
association between adiponectin and hypertension is also evident in clinical studies
by showing that hypoadiponectinemia is a risk factor for hypertension independent
of insulin resistance and diabetes (Iwashima, 2004; Chow, 2007).

Correlation between plasma adiponectin concentration and
blood pressure in normotensives without diabetes
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Adiponectin and endothelial dysfunction

The endothelium is not only the inert interface between circulating blood
and the vessel wall but also a major paracrine organ which plays critical roles in
controlling vascular tone, inflammation and smooth muscle cell proliferation. Nitric
oxide (NO) is considered to be the mediator for vasoconstriction and vasodilation,
adhesion molecule expression and leukocyte transmigration, smooth muscle cell
growth control under physiological conditions. The endothelial nitric oxide synthase
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(eNOS) activity and NO production can be controlled by availability of substrates
and cofactors, transcription of eNOS, mRNA stability of eNOS, subcellular
localization of eNOS protein, enzymatic uncoupling and posttranslational
modifications (Dudzinski, 2006).

Recently, a growing body of evidence shows that hypoadiponectinemia is
associated with endothelial dysfunction. By measuring forearm blood flow in
response to reactive hyperemia, Ouchi et al found that plasma adiponectin levels are
correlated with an endothelial vasodilation response (Ouchi, 2003). These results
were confirmed in animal studies by showing that adiponectin deficient mice
display impaired endothelium-dependent vasodilation and NO production (Ouchi,
2003). Similarly, Tan et al showed that hypoadiponectinemia is associated with a
lower vasodilation response in diabetic patients (Tan, 2004). The same group found
that adiponectin administration increase NO production in human aortic endothelial
cells. By analyzing nitrate/nitrite as NO metabolites, Ohashi et al showed that
adiponectin knockout mice had decreased nitrate/nitrite levels compared to wild
type littermates after high salt feeding (Ohashi, 2006 #5510). The obesity-
associated metabolic syndrome causes a decrease in the expression and secretion of
adiponectin. The dysregulated production of adiponectin may be one of the critical
factors mediating obesity-associated NO decrease, endothelial dysfunction and
cardiovascular disease.
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Additional adipokines

In the race to identify and characterize new adipokines many find the task a
daunting one. Advancements in proteomics and microarray technologies have proved
useful screening tools that provide a multitude of potential new adipokine molecules.
However, characterization of putative adipokines is a slow and arduous process often
taking 3-5 years of focused effort. A very exciting recent example of adipokine
discovery is the production of retinol binding protein 4 (Rbp4) by adipocytes (Graham,
2006).
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Resistin

Resistin (Steppan, 2001; Rajala, 2002), is member of the resistin-like molecule
(“RELM”) hormone family. Initial findings demonstrated that resistin expression is
reduced by TZD treatment and increased in obesity. The physiological role of
resistin has proven to be more challenging to figure out than originally anticipated.
mRNA levels and protein levels do not correlate very well, and in fact in many
instances show a inverse relationship. Other issues include the differential
expression of resistin between rodents (that express resistin predominantly in
adipocytes) and humans (where the primary sources are the stromal vascular cells
in adipose tissue); causing some to question whether resistin is truly an adipokine
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or merely a cytokine produced by immune cells within the SVF. While the direct
clinical relevance of resistin is still under investigation, it represents a fascinating
cytokine at every possible level.

Serum resistin levels in patients with coronary artery disease (CAD) and age- and gender-
matched patients without CAD
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Ohmori, R. et al. J Am Coll Cardiol 2005;46:379-380

Structure

Similar to adiponectin, resistin may be secreted in two distinguishable
multimeric forms. Each form is composed of two domains, a carboxy-terminal
disulfide-rich f3-sandwich domain and an amino-terminal a-helical segment. These
protomers combine to form trimers via three-stranded coiled coils within the a-
helical segments. Two trimers likely bind via tail-to-tail interchain disulfide bonds
to form hexamers. Whether there is indeed a measurable pool of reduced resistin
lacking intact disulfide bonds at the trimer interface in serum remains to be shown.
Current efforts in our laboratory are directed toward addressing this issue
genetically. A close relative of resistin, RELMb, which is expressed primarily in the
colon, shows a very similar overall structure as well and may in fact have partially
overlapping functions.
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High Resolution Structure of Resistin

From: Patel, S.D., Rajala, M.W., Rossetti, L., Scherer, P.E., and Shapiro, L.
(2004). Disulfide-dependent multimeric assembly of resistin family hormones.
Science 304, 1154-1158.

Function

Several studies using mouse models have determined that resistin
antagonizes insulin action in the liver. During a hyperinsulinemic-euglycemic
clamp, administration of mammalian produced resistin results in severe hepatic but
not peripheral insulin resistance demonstrating acute resistin treatment blunts
hepatic insulin action. In addition, comparable experiments performed with
recombinant RELMb resulted in insulin resistance in hepatocytes. Similar to acute
affects of resistin administration, transgenic overexpression of resistin results in
increased fasting glucose and decreased glucose tolerance suggesting insulin
resistance. The reciprocal of these findings were found in resistin knockout mice
such that there were decreased fasting glucose levels, hepatic glucose production,
and gluconeogenic enzymes in the liver}. Together these studies suggest resistin
may counterbalance the insulin sensitizing affects of adiponectin in the liver.
Whether these effects are a result of direct interaction of resistin with cell surface
receptors on hepatocytes is not yet known, since the resistin and RELM receptors
have not yet been identified.

Concluding remarks

The role of adipose tissue as an important source of local mediators in the
stroma of a host of organs as well as its role as an endocrine gland is now widely
appreciated. As a whole, adipose tissue can make up a significant proportion of total
body weight. So by sheer mass action, it is difficult to ignore the contribution it
makes to plasma protein. In addition, since fat pads are interspersed in many
different places systemically, it is important to note that these pads constitute
different “miniorgans” with unique characteristics depending on their location and a
differential proteomics fingerprint. We have attempted here to provide a
comprehensive overview of protein factors that have been described in the
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literature. We have devoted much of the discussion on aspects of the adipocyte
secretome that usually get less attention. It is not clear in all instances to what
extent it is the adipocyte that serves as the primary site of production or whether
another adipose tissue cell type in concert with the adipocyte is the major
production site. In either case, if we have to treat the whole tissue as an entity. Thus
much remains to be understood, both about the cross talk between the different cell
types within the adipose tissue, as well as the secretory pathway.

References

Arita, Y., Kihara, S., Ouchi, N., Takahashi, M., Maeda, K., Miyagawa, J., Hotta, K.,
Shimomura, I, Nakamura, T., Miyaoka, K, et al. (1999). Paradoxical decrease of
an adipose-specific protein, adiponectin, in obesity. Biochem Biophys Res
Commun 257, 79-83.

Berg, A.H., Combs, T., Dy, X,, Brownlee, M., and Scherer, P.E. (2001). The Adipocyte-
Secreted Protein Acrp30 Enhances Hepatic Insulin Action. Nat Med 7, 947-953.

Chow, W.S,, Cheung, B.M,, Tso, AW, Xu, A., Wat, N.M,, Fong, C.H., Ong, L.H., Tam, S.,
Tan, K.C,, Janus, E.D, et al. (2007). Hypoadiponectinemia as a predictor for the

development of hypertension: a 5-year prospective study. Hypertension 49,
1455-1461.

Cinti, S., Mitchell, G., Barbatelli, G., Murano, I., Ceresi, E., Faloia, E., Wang, S., Fortier,
M., Greenberg, A.S., and Obin, M.S. (2005). Adipocyte death defines macrophage
localization and function in adipose tissue of obese mice and humans. ] Lipid Res
46, 2347-2355.

Claffey, K.P., Wilkison, W.0., and Spiegelman, B.M. (1992). Vascular endothelial
growth factor. Regulation by cell differentiation and activated second messenger
pathways. ] Biol Chem 267, 16317-16322.

Combs, T.P., Berg, A.H., Obici, S., Scherer, P.E., and Rossetti, L. (2001). Endogenous
Glucose Production is Inhibited by the Adipose-Derived Protein Acrp30. ] Clin
Inv 108, 1875-1881.

Combs, T.P., Wagner, ].A,, Berger, J., Doebber, T., Wang, W.]., Zhang, B.B,, Tanen, M,,
Berg, A.H., O'Rahilly, S., Savage, D.B,, et al. (2002). Induction of adipocyte
complement-related protein of 30 kilodaltons by PPARgamma agonists: a
potential mechanism of insulin sensitization. Endocrinology 143, 998-1007.

Combs, T.P,, Pajvani, U.B., Berg, A.H,, Lin, Y., Jelicks, L.A., Laplante, M., Nawrocki, A.R,,
Rajala, M.W,, Parlow, A.F., Cheeseboro, L., et al. (2004). A transgenic mouse with
a deletion in the collagenous domain of adiponectin displays elevated circulating
adiponectin and improved insulin sensitivity. Endocrinology 145, 367-383.

- 18 - Scherer, Philipp E



Cook, K.S., Min, H.Y,, Johnson, D., Chaplinsky, R]., Flier, ].S., Hunt, C.R., and
Spiegelman, B.M. (1987). Adipsin: a circulating serine protease homolog
secreted by adipose tissue and sciatic nerve. Science 237, 402-405.

Dudzinski, D.M., Igarashi, J., Greif, D., and Michel, T. (2006). The regulation and
pharmacology of endothelial nitric oxide synthase. Annu Rev Pharmacol Toxicol
46, 235-276.

Fruebis, J., Tsao, T.S., Javorschi, S., Ebbets-Reed, D., Erickson, M.R,, Yen, F.T., Bihain,
B.E,, and Lodish, H.F. (2001). Proteolytic cleavage product of 30-kDa adipocyte
complement-related protein increases fatty acid oxidation in muscle and causes
weight loss in mice. Proc Natl Acad Sci U S A 98, 2005-2010.

Fukuhara, A., Matsuda, M,, Nishizawa, M., Segawa, K., Tanaka, M., Kishimoto, K.,
Matsuki, Y., Murakami, M., Ichisaka, T., Murakami, H,, et al. (2005). Visfatin: a
protein secreted by visceral fat that mimics the effects of insulin. Science 307,
426-430.

Graham, T.E,, Yang, Q., Bluher, M., Hammarstedt, A,, Ciaraldi, T.P., Henry, R.R,,
Wason, C.J., Oberbach, A, Jansson, P.A.,, Smith, U,, et al. (2006). Retinol-binding
protein 4 and insulin resistance in lean, obese, and diabetic subjects. N Engl |
Med 354, 2552-2563.

Hu, E,, Liang, P., and Spiegelman, B.M. (1996). AdipoQ is a novel adipose-specific
gene dysregulated in obesity. ] Biol Chem 271, 10697-10703.

Iwashima, Y., Katsuya, T., Ishikawa, K., Ouchi, N., Ohishi, M., Sugimoto, K,, Fu, Y.,
Motone, M., Yamamoto, K., Matsuo, A, et al. (2004). Hypoadiponectinemia is an
independent risk factor for hypertension. Hypertension 43, 1318-1323.

Kirkland, J.L., Hollenberg, C.H., and Gillon, W.S. (1996). Effects of fat depot site on
differentiation-dependent gene expression in rat preadipocytes. Int ] Obes Relat
Metab Disord 20 Suppl 3, S102-107.

Kubota, N., Terauchi, Y., Kubota, T., Kumagai, H., Itoh, S., Satoh, H., Yano, W., Ogata,
H., Tokuyama, K., Takamoto, I, et al. (2006). Pioglitazone ameliorates insulin
resistance and diabetes by both adiponectin-dependent and -independent
pathways. ] Biol Chem 281, 8748-8755.

Kumada, M., Kihara, S., Sumitsuji, S., Kawamoto, T., Matsumoto, S., Ouchi, N,, Arita, Y.,
Okamoto, Y., Shimomura, 1., Hiraoka, H,, et al. (2003). Association of
hypoadiponectinemia with coronary artery disease in men. Arterioscler Thromb
Vasc Biol 23, 85-89.

-19- Scherer, Philipp E



Maeda, K., Okubo, K., Shimomura, I., Funahashi, T., Matsuzawa, Y., and Matsubara, K.
(1996). cDNA cloning and expression of a novel adipose specific collagen-like
factor, apM1 (AdiPose Most abundant Gene transcript 1). Biochem Biophys Res
Commun 221, 286-289.

Nakano, Y., Tobe, T., Choi-Miura, N.H., Mazda, T., and Tomita, M. (1996). Isolation
and characterization of GBP28, a novel gelatin-binding protein purified from
human plasma. J Biochem (Tokyo) 120, 803-812.

Nawrocki, A.R,, Rajala, M.W., Tomas, E., Pajvani, U.B., Saha, A.K., Trumbauer, M.E.,
Pang, Z,, Chen, A.S., Ruderman, N.B., Chen, H,, et al. (2006). Mice lacking
adiponectin show decreased hepatic insulin sensitivity and reduced
responsiveness to peroxisome proliferator-activated receptor gamma agonists. |
Biol Chem 281, 2654-2660.

Ohashi, K., Kihara, S., Ouchi, N., Kumada, M,, Fujita, K., Hiuge, A., Hibuse, T., Ryo, M.,
Nishizawa, H., Maeda, N,, et al. (2006). Adiponectin replenishment ameliorates
obesity-related hypertension. Hypertension 47, 1108-1116.

Ouchi, N., Ohishi, M., Kihara, S., Funahashi, T., Nakamura, T., Nagaretani, H., Kumada,
M., Ohashi, K., Okamoto, Y., Nishizawa, H,, et al. (2003). Association of
hypoadiponectinemia with impaired vasoreactivity. Hypertension 42, 231-234.

Pajvani, U.B., Hawkins, M., Combs, T.P., Rajala, M.W., Doebber, T., Berger, ].P.,
Wagner, ].A,, Wu, M., Knopps, A, Xiang, A.H, et al. (2004). Complex distribution,
not absolute amount of adiponectin, correlates with thiazolidinedione -mediated
improvement in insulin sensitivity. J Biol Chem 279, 12152-12162.

Pischon, T., Girman, C.J., Hotamisligil, G.S., Rifai, N., Hu, F.B., and Rimm, E.B. (2004).
Plasma adiponectin levels and risk of myocardial infarction in men. Jama 291,
1730-1737.

Rajala, M.W,, Lin, Y., Ranalletta, M., Yang, X.M., Qian, H., Gingerich, R., Barzilai, N., and
Scherer, P.E. (2002). Cell type-specific expression and coregulation of murine
resistin and resistin-like molecule-alpha in adipose tissue. Mol Endocrinol 16,
1920-1930.

Rajala, M.W.,, Obici, S., Scherer, P.E., and Rossetti, L. (2003). Adipose-derived resistin
and gut-derived resistin-like molecule-beta selectively impair insulin action on
glucose production. ] Clin Invest 111, 225-230.

Ranheim, T. Haugen, F, Staff, A.C, Braekke, K, Harsem, N.K, and Drevon, C.A.
(2004). Adiponectin is reduced in gestational diabetes mellitus in normal weight
women. Acta Obstet Gynecol Scand 83, 341-347. Rodbell, M. (1964). Metabolism
of isolated adipocytes. I. Effects of hormones on glucose metabolism and
lipolysis. ] Biol Chem 239, 375-380.

-20 - Scherer, Philipp E



Rupnick, M.A,, Panigrahy, D., Zhang, C.Y., Dallabrida, S.M., Lowell, B.B., Langer, R., and
Folkman, M.J. (2002). Adipose tissue mass can be regulated through the
vasculature. Proc Natl Acad SciU S A 99,10730-10735.

Scherer, P.E., Williams, S., Fogliano, M., Baldini, G., and Lodish, H.F. (1995). A novel
serum protein similar to C1q, produced exclusively in adipocytes. ] Biol Chem
270,26746-26749.

Scherer, P.E. (2006). Adipose tissue: from lipid storage compartment to endocrine
organ. Diabetes 55, 1537-1545.

Shapiro, L., and Scherer, P.E. (1998). The crystal structure of a complement-1q
family protein suggests an evolutionary link to tumor necrosis factor. Curr Biol 8,
335-338.

Shibata, R., Ouchi, N,, Ito, M,, Kihara, S., Shiojima, I., Pimentel, D.R., Kumada, M., Sato,
K, Schiekofer, S., Ohashi, K,, et al. (2004). Adiponectin-mediated modulation of
hypertrophic signals in the heart. Nat Med 10, 1384-1389.

Shibata, R, Sato, K,, Pimentel, D.R,, Takemura, Y., Kihara, S., Ohashi, K., Funahashi, T.,
Ouchi, N., and Walsh, K. (2005). Adiponectin protects against myocardial
ischemia-reperfusion injury through AMPK- and COX-2-dependent mechanisms.
Nat Med 11,1096-1103.

Stefan, N., Vozarova, B., Funahashi, T., Matsuzawa, Y., Ravussin, E., Weyer, C., and
Tataranni, P.A. (2002). Plasma adiponectin levels are not associated with fat
oxidation in humans. Obes Res 10, 1016-1020.

Steppan, C.M,, Bailey, S.T., Bhat, S., Brown, E.J., Banerjee, R.R., ]Wright, C.M., Patel,
H.R,, Ahima, R.S,, and Lazar, M.A. (2001). The hormone resistin links obesity to
diabetes. Nature 409, 307-312.

Tan, K.C,, Xu, A, Chow, W.S., Lam, M.C,, Ai, V.H,, Tam, S.C., and Lam, K.S. (2004).
Hypoadiponectinemia is associated with impaired endothelium-dependent
vasodilation. ] Clin Endocrinol Metab 89, 765-769.

Trujillo, M.E,, and Scherer, P.E. (2005). Adiponectin--journey from an adipocyte
secretory protein to biomarker of the metabolic syndrome. J Intern Med 257,
167-175.

von Eynatten, M., Schneider, ].G., Humpert, P.M., Rudofsky, G., Schmidt, N., Barosch,
P., Hamann, A., Morcos, M., Kreuzer, ]., Bierhaus, A, et al. (2004). Decreased
plasma lipoprotein lipase in hypoadiponectinemia: an association independent
of systemic inflammation and insulin resistance. Diabetes Care 27, 2925-2929.

-21- Scherer, Philipp E



Weyer, C., Funahashi, T.,, Tanaka, S., Hotta, K., Matsuzawa, Y., Pratley, R.E., and
Tataranni, P.A. (2001). Hypoadiponectinemia in obesity and type 2 diabetes:
close association with insulin resistance and hyperinsulinemia. ] Clin Endocrinol
Metab 86, 1930-1935.

Yang, RZ, Lee, M.],, Hu, H,, Pray, J.,, Wu, H.B,, Hansen, B.C,, Shuldiner, A.R,, Fried, S.K,,
McLenithan, ].C,, and Gong, D.W. (2006). Identification of omentin as a novel
depot-specific adipokine in human adipose tissue: possible role in modulating
insulin action. Am ] Physiol Endocrinol Metab 290, E1253-1261.

Yoda-Murakami, M., Taniguchi, M., Takahashi, K., Kawamata, S., Saito, K., Choi-Miura,
N.H., and Tomita, M. (2001). Change in expression of GBP28/adiponectin in
carbon tetrachloride-administrated mouse liver. Biochem Biophys Res Commun
285, 372-377.

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and Friedman, ].M. (1994).

Positional cloning of the mouse obese gene and its human homologue. Nature
372,425-432.

Zuk, P.A,, Zhu, M,, Ashjian, P., De Ugarte, D.A., Huang, ].I, Mizuno, H., Alfonso, Z.C,,
Fraser, ].K,, Benhaim, P., and Hedrick, M.H. (2002). Human adipose tissue is a
source of multipotent stem cells. Mol Biol Cell 13, 4279-4295.

-22- Scherer, Philipp E



