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Brown adipose tissue (BAT), an
important endocrine organ long

known for thermogenesis and energy
consumption, has received much atten-
tion in recent years for its potential to
combat obesity. In general, BAT can
enhance metabolism and improve overall
health. Our recent work demonstrates
the ability of embryonic BAT transplants
to correct type 1 diabetes (T1D) without
insulin, via mechanisms somewhat
different from those involved in BAT-
associated weight loss. BAT transplants
seem to reverse T1D by decreasing
inflammation and increasing functiona-
lity in the surrounding white adipose
tissue (WAT), thereby enabling it to
secrete hypoglycemic adipokines, which
compensate for the function of insulin.
Thus BAT can transform unhealthy
WAT to a healthy status, sufficient to
replace the function of endocrine pan-
creas and establish insulin-independent
glycemic regulation. Several studies,
including ours, demonstrate the remark-
able ability of BAT to correct metabolic
disorders and hint at its beneficial effects
on inflammation. Hence, addition of
more BAT to the body, through trans-
plantation or stimulating regeneration,
may well be the therapy of the future
for the simple correction of numerous
diseases.

Introduction

Obesity is a more serious health issue
today than at any known period in history,
posing an increasing threat to populations
worldwide. According to current statistics,

over 34% of adults and 32% children of
age 2–19 in the US are obese.1-3 The same
reports show that obesity is associated with
a marked excess in mortality in the US,
and that obesity is an established risk
factor not just for insulin resistance, type 2
diabetes (T2D) and cardiovascular disease
(CVD), but for numerous other health
conditions, including asthma, cancer and
degenerative joint disease. Such statistics
lead to the general belief that excess
adipose tissue in itself is harmful. This
assumption, while widespread, is not
entirely correct. Emerging studies increas-
ingly show that it is not the quantity of
adipose tissue, but its quality that deter-
mines predilection to disease.4,5 Insulin
resistance is associated with inflammation,
oxidative stress, and a deficient activity of
adenosine monophosphate-activated pro-
tein kinase (AMPK) rather than obesity
itself, while obese individuals without
WAT inflammation and with adequate
AMPK activity seem to be protected from
insulin resistance.4,5 In other words,
adipose tissue, when maintained in a
healthy status, can be a powerful ally that
protects against disease. Recent reports,
including ours, show that the overall
health of adipose tissue can be remarkably
improved by increasing the content of
BAT in the body, leading to an eventual
correction of various metabolic disorders.
This commentary will take a critical look
at the existing studies and explore the
therapeutic potential of BAT.

WAT in Health and Disease

In recent years, adipose tissue has received
much attention as a versatile endocrine
organ with powerful effects on whole body
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metabolic homeostasis. WAT, the large
energy reserve distributed all over the
body, is classified into subcutaneous and
intra-abdominal fat depots, which are
then further subdivided according to their
specific location.6,7 WAT, long believed to
be merely a storage depot, is now known
to secrete a variety of hormones involved
in multiple functions including nutrient
metabolism, satiety signaling, immune/
inflammatory response and angiogene-
sis.8-10 The major hypoglycemic adipo-
kines secreted by WAT are adiponectin
and leptin. Adiponectin, whose levels are
inversely proportionate to insulin resis-
tance,11,12 is well known for its insulin-
sensitizing effects on peripheral tissues
including liver, skeletal muscle and adipose
tissue.13 Mainly through AMPK and the
PPARa pathways, adiponectin increases
fatty acid oxidation; inhibits gluconeo-
genesis; and exerts anti-inflammatory
and anti-atherosclerotic effects,14-16 which
collectively enhance overall health. Leptin,
long known for its central effects on
decreasing appetite and food intake, also
has direct peripheral effects.8,17 Leptin
receptors are expressed in many peripheral
tissues including adipose tissue, liver and
skeletal muscle, where leptin increases
oxidation of lipids and fatty acids through
AMPK mediated mechanisms. Obesity is
associated with leptin-resistance leading to
compensatory increases in leptin levels,
whereas enhanced sensitivity to leptin
results in leanness and protection from
diet-induced obesity. Non-metabolic
effects of leptin include enhancing
immune response, pro and anti-inflam-
matory effects, and angiogenesis.8,17

Numerous other hormones of WAT
origin, such as apelin, resistin, retinol-
binding protein 4 and angiopoietin-like
proteins also have direct or indirect
effects on glucose homeostasis through
influencing functions such as insulin
sensitivity, lipogenesis/lipolysis, and
inflammation.8-10 Collectively, these
extra-pancreatic hormones complement
endocrine pancreas in overall glucose
regulation. However, WAT can exert a
beneficial influence only as long as it
remains healthy. Inflammation results
in conversion of WAT from a beneficial
to harmful organ, which then secretes
increasing amounts of hyperglycemic

adipokines and pro-inflammatory cyto-
kines, leading to a vicious cycle of insulin
resistance and T2D.7-9,18 Such inflam-
mation is generally associated with obesity,
and/or inappropriate distribution of WAT
in the body. Visceral and subcutaneous fat
are well known to be different in their
innate characteristics, visceral fat being
significantly deficient in the expression of
favorable adipokines such as adiponectin,
and higher in lipolytic activity as well as
expression of pro-inflammatory cyto-
kines.7,19,20 Increase of abdominal visceral
fat deposits (visceral adiposity) predisposes
to insulin resistance, diabetes and cardio-
vascular disease, while subcutaneous fat
does not pose such risks.

Recent studies increasingly show that
specific characteristics of WAT, including
the degree of inflammation, oxidative
damage and AMPK activity, rather than
the quantity of WAT, determine the pre-
dilection to disease. In other words,
obesity does not necessarily lead to insulin
resistance and CVD. For example, obese
individuals with the same body mass index
can be divided into insulin-sensitive obese
(ISO) and insulin-resistant obese (IRO),
with significant differences in their adipose
tissue. ISO subjects have little or no
inflammation in both their visceral and
subcutaneous WAT, while IRO subjects
have a constant low grade inflammation in
their WAT as well as increased levels of
pro-inflammatory cytokines in circula-
tion.4-7 In addition to insulin-resistant
obesity, diseases characterized by loss of
adipose tissue such as T1D and lipo-
atrophic diabetes, also exhibit inflam-
mation.21-23 T2D and insulin-resistant
obesity are associated with inflamed and
non-functional WAT generally in large
quantities, whereas T1D is accompanied
by loss of WAT as well as inflammation of
any remaining WAT.

Thus, there is strong evidence for a
link between inflammation and metabolic
disease, and decreasing inflammation is a
promising approach to improve and
correct such disorders. A major mecha-
nism of insulin-sensitizing agents such as
thiazolidenediones is to reduce inflam-
mation in adipose tissue.24-26 More specific
anti-inflammatory agents such as inter-
leukin inhibitors are currently under
investigation for treatment of T2D.27 A

physiologically sound method to accom-
plish decrease of WAT inflammation and
improve its functionality is to increase the
content of BAT in the body. Our recent
report on BAT transplants demonstrates
reversal of T1D in a mouse model
following dramatic decrease of WAT
inflammation.28

BAT

BAT is found in large quantities in
newborns, and decreases to a few local
depots in adults. In adult humans, BAT is
located in several small depots including
cervical, supraclavicular, paravertebral,
mediastinal and paraaortic, and in diffuse
clusters within skeletal muscle tissue.
Unlike WAT, which stores and accumu-
lates fat, BAT metabolizes fat, generates
heat and increases overall metabolism. For
these purposes it contains large amounts of
mitochondria and uncoupling protein 1
(UCP-1), which are considered the defin-
ing morphological markers for BAT.
BAT is highly vascularized and innervated
compared with WAT, and brown adipo-
cytes contain small multilocular lipid
droplets as opposed to the large unilocular
droplets found in white adipocytes.29,30

WAT and BAT appear at different times
during development, and were recently
shown to have distinct developmental
origin.30-32 While WAT is believed to
originate from mesodermal stem cells,
BAT originates from dermatomyotomal
precursor cells in common with skeletal
muscle and has an interchangeable
developmental relationship with skeletal
muscle rather than WAT.30-32 Thus,
except for containing lipid droplets there
is not much similarity between brown
and white adipose tissue, and WAT can be
harmful under certain circumstances
such as insulin resistant obesity, T2D
and metabolic syndrome. However, situa-
tions where BAT and WAT functionally
complement each other can produce
enormous benefits including correction of
metabolic disease.

Reversal of T1D with BAT

T1D is characterized by auto-immune
mediated destruction of pancreatic β cells,
resulting in absolute deficiency of insulin.
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Through the past century, treatments for
T1D focused on replacement of insulin,
either directly or through transplantation
of insulin secreting tissue. These therapies
have numerous limitations including
possible fatal hypoglycemic episodes asso-
ciated with direct insulin replacement and
shortage of donor tissue as well as the need
for life-long immuno-suppression with
islet/pancreas transplantation. Treatment
of T1D without insulin is a relatively new
concept, first introduced in the past
decade with the use of specific hypogly-
cemic adipokines for amelioration of
diabetes in animal models. Adiponectin
acutely decreased blood glucose in diabetes
both type 1 and 2,33,34 and the dramatic
effects of leptin in correcting T1D without
insulin were demonstrated in 2008.35

Leptin is now well known to correct
T1D independent of insulin in rodent
models, likely through suppression of
the hyperglycemic effects of glucagon.36,37

While these reports demonstrate the
remarkable ability of alternate hormones
to compensate for insulin, monotherapy
with individual adipokines still carries the
same complications associated with insulin
monotherapy in addition to difficulty in
administration. Although leptin therapy
shows great promise as an adjunct or
alternative to insulin, adverse effects
associated with large supraphysiological
doses of leptin should be kept in mind.
The pro-inflammatory and immunogenic
properties of leptin can easily pose danger
at high doses, while hypertension, throm-
bosis, and hypoglycemic risk from exces-
sive suppression of glucagon are also
possible.

The possibility of regulating blood
glucose using a physiological combination
of alternate hormones was first suggested
in our early studies, where subcutaneous
transplants of embryonic pancreatic tissue
resulted in correction of chemically
induced T1D with no accompanying
increase in insulin.38,39 Diabetic mice
who received embryonic pancreatic trans-
plants made a complete and permanent
recovery with no detectable increase in the
insulin response, exhibiting proliferation
of WAT and increased plasma levels of
adipokines instead. These findings led to
the hypothesis that possible factors gener-
ated from newly-formed adipose tissue

may compensate for insulin in its absence.
Streptozotocin (STZ)-diabetic mice had
little or no endogenous pancreatic insulin,
and there was no detectable increase in
plasma insulin after reversal of diabetes
following transplants.38 Thus, complete
glucose regulation appeared to be achieved
with no insulin response. Nevertheless, a
possible contribution from insulin origi-
nating from the subcutaneous embryonic
pancreatic transplants, however minute,
cannot be disregarded. To determine
whether adipose tissue alone can com-
pensate for insulin, we sought to repro-
duce the results with no possible
contribution from insulin, by replenishing
adipose tissue in STZ-diabetic mice
without transplanting pancreatic tissue.
Adipose tissue replenishment was
attempted via transplantation of WAT
from healthy adult donors, and regenera-
tion of recipients’ WAT through trans-
plantation of different embryonic tissue
types. Adult WAT transplants did not
survive, and no other non-pancreatic
embryonic tissue could regenerate healthy
WAT, except for embryonic BAT.
Remarkably, embryonic BAT transplants
resulted in dramatic proliferation of
healthy subcutaneous WAT followed by
reversal of diabetes independent of insu-
lin.28 Return to euglycemia was accom-
panied by progressive increases in plasma
levels of adiponectin, leptin and insulin-
like growth factor-1 (IGF-1) and suppres-
sion of glucagon. STZ-induced diabetes
is associated with inflammation of sub-
cutaneous WAT in addition to loss of
WAT. BAT transplants correct both
these problems, resulting in proliferation
of WAT as well as marked decrease of
inflammation. Thus the mere presence of
BAT improves the health of WAT, which
in turn can improve glucose regulation.
This goes in with recent reports showing
that human T1D is associated with a
systemic inflammatory response parti-
cularly affecting adipose tissue and mus-
cle,22,23 and that BAT has numerous
beneficial effects including improved
metabolism and possible protection
against inflammation.40-42

Demonstrating BAT transplants’ ability
to reverse T1D without insulin is a
promising step toward simpler and safer
therapies for this serious disease. However

it is questionable whether the current data
from mouse models with chemically
induced diabetes would be directly trans-
latable to human T1D with auto-immune
mediated insulitis. Considering that BAT
transplants decrease inflammation, a major
pathogenic component of human T1D,
there is a good chance of reproducing these
results. It is also noteworthy that decrease
of endogenous BAT results in increased
systemic inflamation.42 The extent or
mechanisms of the anti-inflammatory
effect of BAT are not yet documented.
Work in progress includes testing BAT
transplants in non-obese diabetic (NOD)
mice, a model of insulitis closely related
to human T1D, and characterizing the
inflammatory response in diabetic animals
in the presence and absence of BAT
transplants. Other limitations of this
technique include the need for embryonic
tissue which is currently not applicable in
clinical situations, and the underlying
mechanisms not being fully evident.

Therapeutic Value of BAT
in Other Metabolic Diseases

Reports as early as the 80s show a positive
relationship between brown fat content
and nutritional homeostasis, and beneficial
effects of BAT in metabolic disease are
reported with increasing frequency in
recent studies. For example, mice deficient
in BAT become progressively obese
without hyperphagia.41 Selective stimu-
lation of β-3 adrenergic receptors, abun-
dantly expressed in BAT, leads to
increased energy expenditure and weight
loss without affecting food intake.41 Mice
with induced brown fat lipoatrophy show
increased visceral adiposity associated with
excessive secretion of pro-inflammatory
cytokines, followed by vascular insulin
resistance and vascular dysfunction.42

Treatment with thyroxine (TH) supple-
ments in a T2D patient was shown to
result in full remission of diabetes pre-
ceded by proliferation of BAT.43 The
patient originally had severe insulin resis-
tance leading to uncontrolled hyper-
glycemia and consequent complications
including blindness. Remarkably, high
doses of TH resulted in resolution of
hyperglycemia and complete insulin
independence, associated with increase of
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BAT in subcutaneous depots. Withdrawal
of TH therapy resulted in diminished
volume of BAT depots as well as return to
hyperglycemia and insulin dependence.
While additional studies are needed to
demonstrate statistical significance, this is
an intriguing observation indicating
powerful effects of BAT in glucose
regulation.

The presence of active BAT in
adult humans was demonstrated only
recently,44,45 and since then there has been
increasing interest in the therapeutic
potential of BAT in combating obesity.
Several reports suggest a link between the
quantity of BAT and generalized leanness
or decrease in obesity.41,46-48 This is not
surprising, considering BAT’s active role in
fat metabolism and energy expenditure.
Specific transcriptional factors arising from
BAT such as PRDM16 are now known to
impart BAT-like properties to WAT, i.e.,
cause “browning” of WAT, which results
in overall increase of energy expenditure,
decrease of weight gain and improvement
of glucose homeostasis.49,50 Another
recently identified messenger molecule
originating from skeletal muscle, irisin,
also improves energy expenditure in mice
with no changes in movement or food
intake, leading to improvements in obesity
and glucose homeostasis.51 Induction of
BAT in WAT depots can also be accomp-
lished with other stimuli, such as cyclo-
oxygenase 2 (COX2) or cardiac natriuretic
peptides (NPs), leading to increased
energy expenditure.52,53 Thus, increasing
BAT in the body is undoubtedly bene-
ficial, and overt adverse effects are not
yet reported.

Mechanisms of BAT-Mediated
Reversal of Diabetes

The aforementioned studies generally
point to a mechanism where BAT
improves glucose homeostasis by direct
increase in energy metabolism. Browning
of WAT results in increased numbers of
adipocytes containing UCP-1 followed
by significant decrease in weight and
increased energy expenditure; accom-
panied by improved glucose home-
ostasis.49-51 Reversal of T1D following
BAT transplants does not seem to follow
the same mechanisms, at least according

to currently available data. While BAT
transplants greatly improve the overall
health of WAT, so far there is little
evidence of browning. UCP-1 expression
at the transplant site gradually decreases
with time, and the surrounding WAT does
not show UCP-1 expression.28 Further-
more, as opposed to the weight loss
observed with browning of WAT, BAT
transplants result in significant weight
gain through replenishment of WAT.
Interestingly there is consistent expression
of IGF-1 both in the BAT transplant area
as well as surrounding WAT, and plasma
IGF-1 levels in the transplant recipients
are significantly elevated compared with
normal and diabetic controls. There are
several mechanisms by which IGF-1 may
improve glucose homeostasis in transplant
recipients. Insulin receptor is involved
even in the absence of detectable insulin,
as pharmacological inhibition of this
receptor results in acute impairment of
glucose tolerance.28 Due to structural
similarity in their receptors, IGF-1 may
promote glucose uptake through occupy-
ing the insulin receptor.54,55 IGF-1 is also
known to promote adipogenesis through
stimulating proliferation and differentia-
tion of preadipocytes, making more func-
tional cells available for glucose uptake.55

In addition, IGF-1 is among several
growth factors arising from BAT known
to have anti-inflammatory properties.29,56

Although not as widely documented as its
metabolic effects, the anti-inflammatory
action of BAT has been suggested in
several studies.40-42 It is noteworthy that
the BAT transplants used in our study
were of embryonic origin, containing more
growth factors and angiogenic factors than
adult BAT or BAT cells induced in WAT
by the aforementioned mechanisms. Such
factors include fibroblast growth factor-21
(FGF21), nerve growth factor and trans-
forming growth factor-β, all of which are
generally known to have significant anti-
inflammatory properties. In addition,
FGF21 has numerous beneficial effects
on metabolism including insulin-inde-
pendent glucose uptake into adipose tissue
via GLUT-1 receptors,57-59 and may play a
key role in the new equilibrium. Other
possible candidates include gut-derived
incretins such as glucagon-like peptide-1,
which has a variety of insulin-independent

glucose-lowering effects as well as an active
role in adipocyte regeneration.60,61 It
appears that BAT transplants merely
improve the health of surrounding WAT,
enabling it to function better as an endo-
crine organ. Overall, our current results
indicate that BAT transplants transform
the scanty and inflamed WAT in STZ-
diabetic mice into a healthy and volumi-
nous endocrine organ that can maintain
glucose regulation without insulin.

Antidiabetic effects of healthy WAT has
been reported before. WAT transplants
from healthy donors are known to correct
lipodystrophic diabetes62 and improve
insulin resistance and obesity in leptin
deficient ob/ob mice,63 while the recipi-
ents’ own WAT remains inflamed. Thus
WAT transplants are unable to transform
inflamed WAT to a healthy state, as BAT
transplants can. However, correction of
metabolic disease through transplanting
healthy adult WAT would be a simpler
and easier treatment than embryonic BAT,
and should be considered. A likely reason
adult WAT transplants did not survive in
our T1D recipients is that they had no
insulin to maintain transplanted adipose
tissue. In the presence of BAT, however,
new healthy WAT can regenerate and
proliferate without insulin. Once the
underlying mechanisms of BAT-induced
insulin-independent glucose regulation are
elucidated, new methods may be designed
to transplant and maintain healthy sub-
cutaneous WAT as a therapy for T1D.

Future Potential

As the aforementioned reports show, loss
of BAT is harmful and increasing BAT in
the body can correct many disease states.
A convenient and clinically applicable
method to increase BAT is yet to be
discovered. While our work with embryo-
nic BAT transplants was dramatically
successful in reversing STZ-induced dia-
betes in mice, embryonic BAT is not a
viable option for human patients. We are
currently looking to reproduce the results
with human BAT cell lines, which may
prove to be an excellent alternative
translatable to clinical settings.

Conversion of endogenous WAT to
BAT, i.e., browning of WAT, is a promis-
ing alternative method of increasing BAT
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content. This is part of the mechanism of
certain pharmacological agents already in
the market such as PPARc activators,24-26

while newly discovered physiological com-
pounds such as irisin show promise in
recruiting BAT cells more efficiently.51

Other studies demonstrate the possibility
of inducing the recipients’ own BAT. For
example, thyroid hormones, activation of
β-3 adrenergic receptors, administration
of NPs or stimulation of COX-2 are
all known to stimulate BAT develop-
ment.41,43,52,53 Such approaches have great

potential in establishing physiological
regulation through increased endogenous
BAT. However a lot of caution should
be exercised considering many of these
mechanisms are associated with patho-
logical states, for example NPs are gener-
ated in heart failure and COX-2 is an
inflammatory mediator.

Transplantation of healthy WAT is a
promising approach to correct insulin-
resistant diabetes and obesity.62-64

However there are ongoing problems
with possible transplant rejection and

immune response, and this method is
currently not usable in T1D where
adequate insulin is not available to
prevent lipolysis of WAT grafts.
Considering BAT transplants lead to
proliferation of WAT without insulin, it
is possible that specific factors arising
from BAT may help maintain WAT
grafts. Once identified, BAT-derived
messengers may prove useful in maintain-
ing WAT transplants, which in turn
would be a convenient therapy for T1D
as well as other metabolic disorders.

References
1. Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ,

Berry JD, Borden WB, et al. American Heart
Association Statistics Committee and Stroke Statistics
Subcommittee. Heart disease and stroke statistics–2012
update: a report from the American Heart Association.
Circulation 2012; 125:e2-220; PMID:22179539;
http://dx.doi.org/10.1161/CIR.0b013e31823ac046

2. Grundy SM. Pre-diabetes, metabolic syndrome, and
cardiovascular risk. J Am Coll Cardiol 2012; 59:
635-43; PMID:22322078; http://dx.doi.org/10.1016/
j.jacc.2011.08.080

3. Grundy SM.Metabolic syndrome pandemic. Arterioscler
Thromb Vasc Biol 2008; 28:629-36; PMID:18174459;
http://dx.doi.org/10.1161/ATVBAHA.107.151092

4. Gauthier MS, Ruderman NB. Adipose tissue inflam-
mation and insulin resistance: all obese humans are not
created equal. Biochem J 2010; 430:e1-4; PMID:
20704568; http://dx.doi.org/10.1042/BJ20101062

5. Xu XJ, Gauthier MS, Hess DT, Apovian CM,
Cacicedo JM, Gokce N, et al. Insulin sensitive and
resistant obesity in humans: AMPK activity, oxidative
stress, and depot-specific changes in gene expression in
adipose tissue. J Lipid Res 2012; 53:792-801; PMID:
22323564; http://dx.doi.org/10.1194/jlr.P022905

6. Wronska A, Kmiec Z. Structural and biochemical
characteristics of various white adipose tissue depots;
[Epub ahead of print]. Acta Physiol (Oxf) 2012;
205:194-208; PMID:22226221; http://dx.doi.org/10.
1111/j.1748-1716.2012.02409.x

7. Bjørndal B, Burri L, Staalesen V, Skorve J, Berge RK.
Different adipose depots: their role in the development
of metabolic syndrome and mitochondrial response to
hypolipidemic agents. J Obes 2011; 2011:490650;
PMID:21403826; http://dx.doi.org/10.1155/2011/
490650

8. Harwood HJ, Jr. The adipocyte as an endocrine organ in
the regulation of metabolic homeostasis. Neuro-
pharmacology 2011; 63:57-75; PMID:22200617;
http://dx.doi.org/10.1016/j.neuropharm.2011.12.010

9. Ouchi N, Parker JL, Lugus JJ, Walsh K. Adipokines in
inflammation and metabolic disease. Nat Rev Immunol
2011; 11:85-97; PMID:21252989; http://dx.doi.org/
10.1038/nri2921

10. Wozniak SE, Gee LL, Wachtel MS, Frezza EE. Adipose
tissue: the new endocrine organ? A review article. Dig
Dis Sci 2009; 54:1847-56; PMID:19052866; http://
dx.doi.org/10.1007/s10620-008-0585-3

11. Wolfson N, Gavish D, Matas Z, Boaz M, Shargorodsky
M. Relation of adiponectin to glucose tolerance status,
adiposity, and cardiovascular risk factor load. Exp
Diabetes Res 2012; 2012:250621; PMID:22253614;
http://dx.doi.org/10.1155/2012/250621

12. Pereira RI, Snell-Bergeon JK, Erickson C, Schauer IE,
Bergman BC, Rewers M, et al. Adiponectin dysregula-
tion and insulin resistance in type 1 diabetes. J Clin
Endocrinol Metab 2012; 97:E642-7; PMID:
22278421; http://dx.doi.org/10.1210/jc.2011-2542

13. Tishinsky JM, Robinson LE, Dyck DJ. Insulin-
sensitizing properties of adiponectin. Biochimie 2012;
PMID:22314192; http://dx.doi.org/10.1016/j.biochi.
2012.01.017

14. Miller RA, Chu Q, Le Lay J, Scherer PE, Ahima RS,
Kaestner KH, et al. Adiponectin suppresses gluconeo-
genic gene expression in mouse hepatocytes indepen-
dent of LKB1-AMPK signaling. J Clin Invest 2011;
121:2518-28; PMID:21606593; http://dx.doi.org/10.
1172/JCI45942

15. Gardener H, Sjoberg C, Crisby M, Goldberg R,
Mendez A, Wright CB, et al. Adiponectin and carotid
intima-media thickness in the northern Manhattan
study. Stroke 2012; 43:1123-5; PMID:22198981;
http://dx.doi.org/10.1161/STROKEAHA.111.641761

16. Tian L, Luo N, Zhu X, Chung BH, Garvey WT, Fu Y.
Adiponectin-AdipoR1/2-APPL1 signaling axis suppresses
human foam cell formation: differential ability of
AdipoR1 and AdipoR2 to regulate inflammatory cyto-
kine responses. Atherosclerosis 2012; 221:66-75; PMID:
22227293; http://dx.doi.org/10.1016/j.atherosclerosis.
2011.12.014

17. Carlton ED, Demas GE, French SS. Leptin, a
neuroendocrine mediator of immune responses, inflam-
mation, and sickness behaviors. Horm Behav 2012; In
press; PMID:22561456; http://dx.doi.org/10.1016/j.
yhbeh.2012.04.010

18. Bremer AA, Devaraj S, Afify A, Jialal I. Adipose tissue
dysregulation in patients with metabolic syndrome. J
Clin Endocrinol Metab 2011; 96:E1782-8; PMID:
21865369; http://dx.doi.org/10.1210/jc.2011-1577

19. Ramachandran R, Gravenstein KS, Metter EJ, Egan
JM, Ferrucci L, Chia CW. Selective contribution of
regional adiposity, skeletal muscle, and adipokines to
glucose disposal in older adults; [Epub ahead of print].
J Am Geriatr Soc 2012; 60:707-12; PMID:22417789;
http://dx.doi.org/10.1111/j.1532-5415.2011.03865.x

20. Satoor SN, Puranik AS, Kumar S, Williams MD, Ghale
M, Rahalkar A, et al. Location, location, location:
Beneficial effects of autologous fat transplantation. Sci
Rep 2011; 1:81; PMID:22355600; http://dx.doi.org/
10.1038/srep00081

21. Herrero L, Shapiro H, Nayer A, Lee J, Shoelson SE.
Inflammation and adipose tissue macrophages in
lipodystrophic mice. Proc Natl Acad Sci U S A 2010;
107:240-5; PMID:20007767; http://dx.doi.org/10.
1073/pnas.0905310107

22. Snell-Bergeon JK, West NA, Mayer-Davis EJ, Liese
AD, Marcovina SM, D’Agostino RB, Jr., et al.
Inflammatory markers are increased in youth with
type 1 diabetes: the SEARCH Case-Control study. J
Clin Endocrinol Metab 2010; 95:2868-76; PMID:
20371668; http://dx.doi.org/10.1210/jc.2009-1993

23. Verrijn Stuart AA, Schipper HS, Tasdelen I, Egan DA,
Prakken BJ, Kalkhoven E, et al. Altered plasma
adipokine levels and in vitro adipocyte differentiation
in pediatric type 1 diabetes. J Clin Endocrinol Metab
2012; 97:463-72; PMID:22112811; http://dx.doi.org/
10.1210/jc.2011-1858

24. Gervois P, Fruchart JC, Staels B. Inflammation,
dyslipidaemia, diabetes and PPars: pharmacological
interest of dual PPARalpha and PPARgamma agonists.
Int J Clin Pract Suppl 2004; 22-9; PMID:16035393;
http://dx.doi.org/10.1111/j.1368-504X.2004.00376.x

25. Hammarstedt A, Andersson CX, Rotter Sopasakis V,
Smith U. The effect of PPARgamma ligands on the
adipose tissue in insulin resistance. Prostaglandins Leukot
Essent Fatty Acids 2005; 73:65-75; PMID:15936183;
http://dx.doi.org/10.1016/j.plefa.2005.04.008

26. Schwanstecher C, Schwanstecher M. Targeting type 2
diabetes. Handb Exp Pharmacol 2011; 203:1-33;
PMID:21484565; http://dx.doi.org/10.1007/978-3-
642-17214-4_1

27. Akash MS, Shen Q, Rehman K, Chen S. Interleukin-1
receptor antagonist: a new therapy for type 2 diabetes
mellitus. J Pharm Sci 2012; 101:1647-58; PMID:
22271340; http://dx.doi.org/10.1002/jps.23057

28. Gunawardana SC, Piston DW. Reversal of type 1
diabetes in mice by brown adipose tissue transplant.
Diabetes 2012; 61:674-82; PMID:22315305; http://
dx.doi.org/10.2337/db11-0510

29. Cannon B, Nedergaard J. Brown adipose tissue:
function and physiological significance. Physiol Rev
2004; 84:277-359; PMID:14715917; http://dx.doi.
org/10.1152/physrev.00015.2003

30. Hansen JB, Kristiansen K. Regulatory circuits control-
ling white versus brown adipocyte differentiation.
Biochem J 2006; 398:153-68; PMID:16898874;
http://dx.doi.org/10.1042/BJ20060402

31. Kajimura S, Seale P, Spiegelman BM. Transcriptional
control of brown fat development. Cell Metab 2010;
11:257-62; PMID:20374957; http://dx.doi.org/10.
1016/j.cmet.2010.03.005

32. BillonN, Dani C. Developmental origins of the adipocyte
lineage: new insights from genetics and genomics studies.
Stem Cell Rev 2012; 8:55-66; PMID:21365256; http://
dx.doi.org/10.1007/s12015-011-9242-x

254 Adipocyte Volume 1 Issue 4

http://www.ncbi.nlm.nih.gov/pubmed/22179539
http://dx.doi.org/10.1161/CIR.0b013e31823ac046
http://www.ncbi.nlm.nih.gov/pubmed/22322078
http://dx.doi.org/10.1016/j.jacc.2011.08.080
http://dx.doi.org/10.1016/j.jacc.2011.08.080
http://www.ncbi.nlm.nih.gov/pubmed/18174459
http://dx.doi.org/10.1161/ATVBAHA.107.151092
http://www.ncbi.nlm.nih.gov/pubmed/20704568
http://www.ncbi.nlm.nih.gov/pubmed/20704568
http://dx.doi.org/10.1042/BJ20101062
http://www.ncbi.nlm.nih.gov/pubmed/22323564
http://www.ncbi.nlm.nih.gov/pubmed/22323564
http://dx.doi.org/10.1194/jlr.P022905
http://www.ncbi.nlm.nih.gov/pubmed/22226221
http://dx.doi.org/10.1111/j.1748-1716.2012.02409.x
http://dx.doi.org/10.1111/j.1748-1716.2012.02409.x
http://www.ncbi.nlm.nih.gov/pubmed/21403826
http://dx.doi.org/10.1155/2011/490650
http://dx.doi.org/10.1155/2011/490650
http://www.ncbi.nlm.nih.gov/pubmed/22200617
http://dx.doi.org/10.1016/j.neuropharm.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/21252989
http://dx.doi.org/10.1038/nri2921
http://dx.doi.org/10.1038/nri2921
http://www.ncbi.nlm.nih.gov/pubmed/19052866
http://dx.doi.org/10.1007/s10620-008-0585-3
http://dx.doi.org/10.1007/s10620-008-0585-3
http://www.ncbi.nlm.nih.gov/pubmed/22253614
http://dx.doi.org/10.1155/2012/250621
http://www.ncbi.nlm.nih.gov/pubmed/22278421
http://www.ncbi.nlm.nih.gov/pubmed/22278421
http://dx.doi.org/10.1210/jc.2011-2542
http://www.ncbi.nlm.nih.gov/pubmed/22314192
http://dx.doi.org/10.1016/j.biochi.2012.01.017
http://dx.doi.org/10.1016/j.biochi.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/21606593
http://dx.doi.org/10.1172/JCI45942
http://dx.doi.org/10.1172/JCI45942
http://www.ncbi.nlm.nih.gov/pubmed/22198981
http://dx.doi.org/10.1161/STROKEAHA.111.641761
http://www.ncbi.nlm.nih.gov/pubmed/22227293
http://www.ncbi.nlm.nih.gov/pubmed/22227293
http://dx.doi.org/10.1016/j.atherosclerosis.2011.12.014
http://dx.doi.org/10.1016/j.atherosclerosis.2011.12.014
http://www.ncbi.nlm.nih.gov/pubmed/22561456
http://dx.doi.org/10.1016/j.yhbeh.2012.04.010
http://dx.doi.org/10.1016/j.yhbeh.2012.04.010
http://www.ncbi.nlm.nih.gov/pubmed/21865369
http://www.ncbi.nlm.nih.gov/pubmed/21865369
http://dx.doi.org/10.1210/jc.2011-1577
http://www.ncbi.nlm.nih.gov/pubmed/22417789
http://dx.doi.org/10.1111/j.1532-5415.2011.03865.x
http://www.ncbi.nlm.nih.gov/pubmed/22355600
http://dx.doi.org/10.1038/srep00081
http://dx.doi.org/10.1038/srep00081
http://www.ncbi.nlm.nih.gov/pubmed/20007767
http://dx.doi.org/10.1073/pnas.0905310107
http://dx.doi.org/10.1073/pnas.0905310107
http://www.ncbi.nlm.nih.gov/pubmed/20371668
http://www.ncbi.nlm.nih.gov/pubmed/20371668
http://dx.doi.org/10.1210/jc.2009-1993
http://www.ncbi.nlm.nih.gov/pubmed/22112811
http://dx.doi.org/10.1210/jc.2011-1858
http://dx.doi.org/10.1210/jc.2011-1858
http://www.ncbi.nlm.nih.gov/pubmed/16035393
http://dx.doi.org/10.1111/j.1368-504X.2004.00376.x
http://www.ncbi.nlm.nih.gov/pubmed/15936183
http://dx.doi.org/10.1016/j.plefa.2005.04.008
http://www.ncbi.nlm.nih.gov/pubmed/21484565
http://dx.doi.org/10.1007/978-3-642-17214-4_1
http://dx.doi.org/10.1007/978-3-642-17214-4_1
http://www.ncbi.nlm.nih.gov/pubmed/22271340
http://www.ncbi.nlm.nih.gov/pubmed/22271340
http://dx.doi.org/10.1002/jps.23057
http://www.ncbi.nlm.nih.gov/pubmed/22315305
http://dx.doi.org/10.2337/db11-0510
http://dx.doi.org/10.2337/db11-0510
http://www.ncbi.nlm.nih.gov/pubmed/14715917
http://dx.doi.org/10.1152/physrev.00015.2003
http://dx.doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/16898874
http://dx.doi.org/10.1042/BJ20060402
http://www.ncbi.nlm.nih.gov/pubmed/20374957
http://dx.doi.org/10.1016/j.cmet.2010.03.005
http://dx.doi.org/10.1016/j.cmet.2010.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21365256
http://dx.doi.org/10.1007/s12015-011-9242-x
http://dx.doi.org/10.1007/s12015-011-9242-x


33. Hu X, She M, Hou H, Li Q, Shen Q, Luo Y, et al.
Adiponectin decreases plasma glucose and improves
insulin sensitivity in diabetic Swine. Acta Biochim
Biophys Sin (Shanghai) 2007; 39:131-6; PMID:
17277888; http://dx.doi.org/10.1111/j.1745-7270.
2007.00255.x

34. Fukushima M, Hattori Y, Tsukada H, Koga K,
Kajiwara E, Kawano K, et al. Adiponectin gene therapy
of streptozotocin-induced diabetic mice using hydro-
dynamic injection. J Gene Med 2007; 9:976-85;
PMID:17868184; http://dx.doi.org/10.1002/jgm.1104

35. Yu X, Park BH, Wang MY, Wang ZV, Unger RH.
Making insulin-deficient type 1 diabetic rodents thrive
without insulin. Proc Natl Acad Sci U S A 2008;
105:14070-5; PMID:18779578; http://dx.doi.org/10.
1073/pnas.0806993105

36. Wang MY, Chen L, Clark GO, Lee Y, Stevens RD,
Ilkayeva OR, et al. Leptin therapy in insulin-deficient
type I diabetes. Proc Natl Acad Sci U S A 2010;
107:4813-9; PMID:20194735; http://dx.doi.org/10.
1073/pnas.0909422107

37. Kraus D, Herman MA, Kahn BB. Leveraging leptin for
type I diabetes? Proc Natl Acad Sci U S A 2010; 107:
4793-4; PMID:20212134; http://dx.doi.org/10.1073/
pnas.1000736107

38. Gunawardana SC, Benninger RKP, Piston DW.
Subcutaneous transplantation of embryonic pancreas
for correction of type 1 diabetes. Am J Physiol Endo-
crinol Metab 2009; 296:E323-32; PMID:19066321;
http://dx.doi.org/10.1152/ajpendo.90544.2008

39. Gunawardana SC, Benninger RKP, Piston DW. Blood
glucose regulation through adipose tissue hormones
following subcutaneous transplantation of pancreas.
Keystone Symposia, Banff, Alberta, January 2009.

40. Miranda S, González-Rodríguez A, Revuelta-Cervantes
J, Rondinone CM, Valverde AM. Beneficial effects of
PTP1B deficiency on brown adipocyte differentiation
and protection against apoptosis induced by pro-
and anti-inflammatory stimuli. Cell Signal 2010; 22:
645-59; PMID:20026400; http://dx.doi.org/10.1016/
j.cellsig.2009.11.019

41. Lowell BB, Flier JS. Brown adipose tissue, beta
3-adrenergic receptors, and obesity. Annu Rev Med
1997; 48:307-16; PMID:9046964; http://dx.doi.org/
10.1146/annurev.med.48.1.307

42. Gómez-Hernández A, Otero YF, de las Heras N,
Escribano O, Cachofeiro V, Lahera V, et al. Brown fat
lipoatrophy and increased visceral adiposity through a
concerted adipocytokines overexpression induces vas-
cular insulin resistance and dysfunction. Endocrinology
2012; 153:1242-55; PMID:22253415; http://dx.doi.
org/10.1210/en.2011-1765

43. Skarulis MC, Celi FS, Mueller E, Zemskova M,
Malek R, Hugendubler L, et al. Thyroid hormone
induced brown adipose tissue and amelioration of
diabetes in a patient with extreme insulin resistance. J
Clin Endocrinol Metab 2010; 95:256-62; PMID:
19897683; http://dx.doi.org/10.1210/jc.2009-0543

44. Cypess AM, Lehman S, Williams G, Tal I, Rodman D,
Goldfine AB, et al. Identification and importance of
brown adipose tissue in adult humans. N Engl J Med
2009; 360:1509-17; PMID:19357406; http://dx.doi.
org/10.1056/NEJMoa0810780

45. Saito M, Okamatsu-Ogura Y, Matsushita M,
Watanabe K, Yoneshiro T, Nio-Kobayashi J, et al.
High incidence of metabolically active brown adipose
tissue in healthy adult humans: effects of cold exposure
and adiposity. Diabetes 2009; 58:1526-31; PMID:
19401428; http://dx.doi.org/10.2337/db09-0530

46. Cypess AM, Kahn CR. Brown fat as a therapy for
obesity and diabetes. Curr Opin Endocrinol Diabetes
Obes 2010; 17:143-9; PMID:20160646; http://dx.doi.
org/10.1097/MED.0b013e328337a81f

47. Ginter E, Simko V. Brown fat tissue—a potential target
to combat obesity. Bratisl Lek Listy 2012; 113:52-6;
PMID:22380505

48. Tran TT, Kahn CR. Transplantation of adipose tissue
and stem cells: role in metabolism and disease. Nat Rev
Endocrinol 2010; 6:195-213; PMID:20195269;
http://dx.doi.org/10.1038/nrendo.2010.20

49. Seale P, Conroe HM, Estall J, Kajimura S, Frontini A,
Ishibashi J, et al. Prdm16 determines the thermogenic
program of subcutaneous white adipose tissue in mice.
J Clin Invest 2011; 121:96-105; PMID:21123942;
http://dx.doi.org/10.1172/JCI44271

50. Ohno H, Shinoda K, Spiegelman BM, Kajimura S.
PPARc agonists induce a white-to-brown fat conver-
sion through stabilization of PRDM16 protein. Cell
Metab 2012; 15:395-404; PMID:22405074; http://dx.
doi.org/10.1016/j.cmet.2012.01.019

51. Boström P, Wu J, Jedrychowski MP, Korde A, Ye L,
Lo JC, et al. A PGC1-a-dependent myokine that drives
brown-fat-like development of white fat and thermo-
genesis. Nature 2012; 481:463-8; PMID:22237023;
http://dx.doi.org/10.1038/nature10777

52. Vegiopoulos A, Müller-Decker K, Strzoda D, Schmitt
I, Chichelnitskiy E, Ostertag A, et al. Cyclooxygenase-2
controls energy homeostasis in mice by de novo
recruitment of brown adipocytes. Science 2010;
328:1158-61; PMID:20448152; http://dx.doi.org/10.
1126/science.1186034

53. Bordicchia M, Liu D, Amri EZ, Ailhaud G, Dessì-
Fulgheri P, Zhang C, et al. Cardiac natriuretic peptides
act via p38 MAPK to induce the brown fat thermo-
genic program in mouse and human adipocytes. J Clin
Invest 2012; 122:1022-36; PMID:22307324; http://
dx.doi.org/10.1172/JCI59701

54. Hansen BF, Glendorf T, Hegelund AC, Lundby A,
Lützen A, Slaaby R, et al. Molecular Characterisation of
Long-Acting Insulin Analogues in Comparison with
Human Insulin, IGF-1 and Insulin X10. PLoS One
2012; 7:e34274; PMID:22590494; http://dx.doi.org/
10.1371/journal.pone.0034274

55. Holly J, Sabin M, Perks C, Shield J. Adipogenesis and
IGF-1. Metab Syndr Relat Disord 2006; 4:43-50;
PMID:18370770; http://dx.doi.org/10.1089/met.2006.
4.43

56. Montaseri A, Busch F, Mobasheri A, Buhrmann C,
Aldinger C, Rad JS, et al. IGF-1 and PDGF-bb
suppress IL-1β-induced cartilage degradation through
down-regulation of NF-kB signaling: involvement of
Src/PI-3K/AKT pathway. PLoS One 2011; 6:e28663;
PMID:22194879; http://dx.doi.org/10.1371/journal.
pone.0028663

57. Xu J, Stanislaus S, Chinookoswong N, Lau YY, Hager
T, Patel J, et al. Acute glucose-lowering and insulin-
sensitizing action of FGF21 in insulin-resistant mouse
models–association with liver and adipose tissue effects.
Am J Physiol Endocrinol Metab 2009; 297:E1105-14;
PMID:19706786; http://dx.doi.org/10.1152/ajpendo.
00348.2009

58. Ge X, Chen C, Hui X, Wang Y, Lam KS, Xu A.
Fibroblast growth factor 21 induces glucose trans-
porter-1 expression through activation of the serum
response factor/Ets-like protein-1 in adipocytes. J Biol
Chem 2011; 286:34533-41; PMID:21846717; http://
dx.doi.org/10.1074/jbc.M111.248591

59. Domouzoglou EM, Maratos-Flier E. Fibroblast growth
factor 21 is a metabolic regulator that plays a role in the
adaptation to ketosis. Am J Clin Nutr 2011; 93:901S-
5; PMID:21346090; http://dx.doi.org/10.3945/ajcn.
110.001941

60. Phillips LK, Prins JB. Update on incretin hormones. Ann
N Y Acad Sci 2011; 1243:E55-74; PMID:22545749;
http://dx.doi.org/10.1111/j.1749-6632.2012.06491.x

61. Challa TD, Beaton N, Arnold M, Rudofsky G,
Langhans W, Wolfrum C. Regulation of adipocyte
formation by GLP-1/GLP-1R signaling. J Biol Chem
2012; 287:6421-30; PMID:22207759; http://dx.doi.
org/10.1074/jbc.M111.310342

62. Gavrilova O, Marcus-Samuels B, Graham D, Kim JK,
Shulman GI, Castle AL, et al. Surgical implantation of
adipose tissue reverses diabetes in lipoatrophic mice. J
Clin Invest 2000; 105:271-8; PMID:10675352;
http://dx.doi.org/10.1172/JCI7901

63. Klebanov S, Astle CM, DeSimone O, Ablamunits V,
Harrison DE. Adipose tissue transplantation protects
ob/ob mice from obesity, normalizes insulin sensitivity
and restores fertility. J Endocrinol 2005; 186:203-11;
PMID:16002549; http://dx.doi.org/10.1677/joe.1.
06150

64. Ablamunits V, Klebanov S, Giese SY, Herold KC.
Functional human to mouse adipose tissue xenotrans-
plantation. J Endocrinol 2012; 212:41-7; PMID:
22007021; http://dx.doi.org/10.1530/JOE-11-0201

www.landesbioscience.com Adipocyte 255

http://www.ncbi.nlm.nih.gov/pubmed/17277888
http://www.ncbi.nlm.nih.gov/pubmed/17277888
http://dx.doi.org/10.1111/j.1745-7270.2007.00255.x
http://dx.doi.org/10.1111/j.1745-7270.2007.00255.x
http://www.ncbi.nlm.nih.gov/pubmed/17868184
http://dx.doi.org/10.1002/jgm.1104
http://www.ncbi.nlm.nih.gov/pubmed/18779578
http://dx.doi.org/10.1073/pnas.0806993105
http://dx.doi.org/10.1073/pnas.0806993105
http://www.ncbi.nlm.nih.gov/pubmed/20194735
http://dx.doi.org/10.1073/pnas.0909422107
http://dx.doi.org/10.1073/pnas.0909422107
http://www.ncbi.nlm.nih.gov/pubmed/20212134
http://dx.doi.org/10.1073/pnas.1000736107
http://dx.doi.org/10.1073/pnas.1000736107
http://www.ncbi.nlm.nih.gov/pubmed/19066321
http://dx.doi.org/10.1152/ajpendo.90544.2008
http://www.ncbi.nlm.nih.gov/pubmed/20026400
http://dx.doi.org/10.1016/j.cellsig.2009.11.019
http://dx.doi.org/10.1016/j.cellsig.2009.11.019
http://www.ncbi.nlm.nih.gov/pubmed/9046964
http://dx.doi.org/10.1146/annurev.med.48.1.307
http://dx.doi.org/10.1146/annurev.med.48.1.307
http://www.ncbi.nlm.nih.gov/pubmed/22253415
http://dx.doi.org/10.1210/en.2011-1765
http://dx.doi.org/10.1210/en.2011-1765
http://www.ncbi.nlm.nih.gov/pubmed/19897683
http://www.ncbi.nlm.nih.gov/pubmed/19897683
http://dx.doi.org/10.1210/jc.2009-0543
http://www.ncbi.nlm.nih.gov/pubmed/19357406
http://dx.doi.org/10.1056/NEJMoa0810780
http://dx.doi.org/10.1056/NEJMoa0810780
http://www.ncbi.nlm.nih.gov/pubmed/19401428
http://www.ncbi.nlm.nih.gov/pubmed/19401428
http://dx.doi.org/10.2337/db09-0530
http://www.ncbi.nlm.nih.gov/pubmed/20160646
http://dx.doi.org/10.1097/MED.0b013e328337a81f
http://dx.doi.org/10.1097/MED.0b013e328337a81f
http://www.ncbi.nlm.nih.gov/pubmed/22380505
http://www.ncbi.nlm.nih.gov/pubmed/20195269
http://dx.doi.org/10.1038/nrendo.2010.20
http://www.ncbi.nlm.nih.gov/pubmed/21123942
http://dx.doi.org/10.1172/JCI44271
http://www.ncbi.nlm.nih.gov/pubmed/22405074
http://dx.doi.org/10.1016/j.cmet.2012.01.019
http://dx.doi.org/10.1016/j.cmet.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22237023
http://dx.doi.org/10.1038/nature10777
http://www.ncbi.nlm.nih.gov/pubmed/20448152
http://dx.doi.org/10.1126/science.1186034
http://dx.doi.org/10.1126/science.1186034
http://www.ncbi.nlm.nih.gov/pubmed/22307324
http://dx.doi.org/10.1172/JCI59701
http://dx.doi.org/10.1172/JCI59701
http://www.ncbi.nlm.nih.gov/pubmed/22590494
http://dx.doi.org/10.1371/journal.pone.0034274
http://dx.doi.org/10.1371/journal.pone.0034274
http://www.ncbi.nlm.nih.gov/pubmed/18370770
http://dx.doi.org/10.1089/met.2006.4.43
http://dx.doi.org/10.1089/met.2006.4.43
http://www.ncbi.nlm.nih.gov/pubmed/22194879
http://dx.doi.org/10.1371/journal.pone.0028663
http://dx.doi.org/10.1371/journal.pone.0028663
http://www.ncbi.nlm.nih.gov/pubmed/19706786
http://dx.doi.org/10.1152/ajpendo.00348.2009
http://dx.doi.org/10.1152/ajpendo.00348.2009
http://www.ncbi.nlm.nih.gov/pubmed/21846717
http://dx.doi.org/10.1074/jbc.M111.248591
http://dx.doi.org/10.1074/jbc.M111.248591
http://www.ncbi.nlm.nih.gov/pubmed/21346090
http://dx.doi.org/10.3945/ajcn.110.001941
http://dx.doi.org/10.3945/ajcn.110.001941
http://www.ncbi.nlm.nih.gov/pubmed/22545749
http://dx.doi.org/10.1111/j.1749-6632.2012.06491.x
http://www.ncbi.nlm.nih.gov/pubmed/22207759
http://dx.doi.org/10.1074/jbc.M111.310342
http://dx.doi.org/10.1074/jbc.M111.310342
http://www.ncbi.nlm.nih.gov/pubmed/10675352
http://dx.doi.org/10.1172/JCI7901
http://www.ncbi.nlm.nih.gov/pubmed/16002549
http://dx.doi.org/10.1677/joe.1.06150
http://dx.doi.org/10.1677/joe.1.06150
http://www.ncbi.nlm.nih.gov/pubmed/22007021
http://www.ncbi.nlm.nih.gov/pubmed/22007021
http://dx.doi.org/10.1530/JOE-11-0201

	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41
	Reference 42
	Reference 43
	Reference 44
	Reference 45
	Reference 46
	Reference 47
	Reference 48
	Reference 49
	Reference 50
	Reference 51
	Reference 52
	Reference 53
	Reference 54
	Reference 55
	Reference 56
	Reference 57
	Reference 58
	Reference 59
	Reference 60
	Reference 61
	Reference 62
	Reference 63
	Reference 64

