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FIG. 8. S-agonist-stimulated adenylyl cyclase and expression of PAR subtypes in WAT of 
C57BL/6J (“lean”) and Zep”b (“obese”) mice. (Left panel) Dose-response curves of stimulation of 
CAMP production by epinephrine in WAT plasma membranes. (Right panel) Northern blot of S,-, Ss-, 
and &AR mRNA levels in WAT. [Reprinted with permission from Collins, S., Daniel, K.W., et al., 
Mol. Endocrinol. 8,518-527, 1994. Copyright The Endocrine Society.] 

original findings in the Lepob mouse to several other models of obesity. Significant 
deficits in the expression and function of adipocyte PARs were found in essen- 
tially every model of obesity that we have examined, including obesity induced 
by high-fat feeding in nomnutant mice (Collins et al., 1999) and in the slowly 
developed obesity associated with aging (Gettys et al., 1995). 

The molecular basis for this dramatic impairment in PAR expression and 
function may be related to the abnormal endocrine profiles observed in these 
models of obesity (reviewed in Bray et al., 1990). For example, in C57BL/6J 
Lepob and C57BL/6J LepRdb mice, hypercorticism is an important component in 
the development of obesity (Bray and York, 1979). However, manipulation of this 
system in the face of leptin deficiency is unable to fully reverse this phenotype. 
There is also significant adipose deposition in humans with Cushing’s syndrome, 
particularly in intra-abdominal regions (Wilson et al., 1998). Despite this evidence 
for a role of the hypothalamic-pituitary-adrenal (HPA) axis in certain situations, 
most obese humans, as well as other mouse obesity mutants such as tubby and 
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Cpefat (Naggert et al., 1995; Noben-Trauth et al., 1996) and diet-induced obese 
mice (Surwit et al., 1988), have completely normal corticosteroid levels, yet 
clearly show reduced expression and function of adipocyte PsAR and j3tAR 
(Collins et al., 1997,1999). 

B. OBESITY AND INSULIN RESISTANCE 

The single, most-common variable among all animal models of obesity, as 
well as a large percentage of obese humans, is the coexistence of hyperinsulinemia 
and insulin resistance. Due to this strong association between compromised gly- 
cemic control, obesity, and PAR expression and function, we have proposed that 
this contributes, either directly or indirectly, to the inhibition of adipocyte PAR 
expression and function (Collins et al., 1999). The result is impaired catecho- 
lamine-stimulated lipolysis, which exaggerates the excessive lipid storage in the 
adipocyte and consequent obesity. Evidence in support of this hypothesis includes 
the observation that P3AR expression rapidly declined in differentiated 3T3- 
F442A mouse adipocytes treated with insulin (Feve et al., 1994). In addition, a 
role for insulin in affecting PAR function in adipocytes is suggested by a series 
of studies showing that suppressing hyperinsulinemia with the KATP channel 
agonist, d&oxide, results in improved ability to stimulate lipolysis and a signifi- 
cant loss of adipose tissue mass (Alemzadeh et al., 1996,1998). The mechanism 
by which insulin may negatively impact PAR function is not known but may be 
related to an insulin-dependent decrease in expression or function of C/EBPo: 
(MacDougald et al., 1995), which we now know is critically required for proper 
expression of PsAR in adipocytes (Dixon et al., 2000). 

We provided additional support for the hypothesis that hyperinsulinemia 
directly affects adipocyte PAR function in a recent study in which we used 
diazoxide to suppress diet-induced hyperinsulinemia in B6 mice. We observed a 
restoration of both PsAR expression and function. Animals treated with diazoxide 
exhibit lower plasma insulin levels and increased CAMP production in adipocytes 
in response to a selective PjAR agonist (Surwit et al., 2000). As a consequence 
of the restoration of PsAR expression by diazoxide, increased CAMP production 
was accompanied by significant loss of WAT mass. In combination with PsAR- 
agonist stimulation, there was a significant increase in UCPl in brown fat. Be- 
cause diazoxide could have some direct effects on Ca+2 influx through the adipo- 
cyte sulfonyl urea receptor 1 and KATP to increase lipolysis (Shi et al., 1999), it 
is not clear to what extent the effects of diazoxide are due to decreased circulating 
insulin. In spite of this, the clinical efficacy is encouraging for future studies to 
explore the mechanisms responsible for these effects of d&oxide, with and 
without a selective PsAR agonist. 
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C. DISCOVERY OF UCP 1 HOMOLOGS AND 
LINKAGE WITH METABOLIC FUEL HOMEOSTASIS 

Strong evidence of a proton “leak” in mitochondria from non-BAT tissues 
such as liver (Porter and Brand, 1993) coupled with sporadic observations that 
the brown fat UCP could be detected in other tissues such as muscle (Yoshida et 
al., 1994) (primarily when using antisera to measure protein levels), led Ricquier 
and colleagues to search for UCP homologues. In 1997, the isolation of UCP2, a 
novel gene with significant homology (59 percent) to the brown fat UCP (now 
named UCPl) was reported (Fleury et al., 1997). In addition to its ability to 
uncouple respiration as efficiently as UCPl in model systems, UCP2 was broadly 
expressed in many tissues. These features of UCP2 led to the proposition that it 
was the long-sought explanation for the relative inefficiency of oxidative respira- 
tion seen in most cell types. In those initial studies, we noted that the UCP2 gene 
resides in a location on mouse chromosome 7 that is coincident with a quantitative 
trait locus (QTL) linked to hyperinsulinemia and high plasma leptin levels (re- 
flective of body fat stores). In addition, we showed that consumption of a high-fat 
diet increased expression of UCP2 specifically in WAT in strains of mice that are 
relatively resistant to the development of diet-induced obesity and diabetes but 
not in obesity-prone strains of mice (Fleury et al., 1997; Surwit et al., 1998).This 
upregulation of UCP2 gene expression was postulated to be due to increased flux 
of fatty acids and a PPAR-dependent increase in UCP2 expression (Aubert et al., 
1997; Camirand et al., 1998; Viguerie-Bascands et al., 1999). Subsequent discov- 
ery of another UCP homologue, UCP3, which is expressed predominantly in 
skeletal muscle and brown fat, was reported by several groups (Boss et al., 1997; 
Vidal-Puig et al., 1997). The structural homology between these UCPs and basic 
features about their regulation and expression in various rodent models and human 
populations have been recently reviewed (Boss et al., 1998; Ricquier et al., 1999). 
Because the UCP3 gene is also located 8-10 kb 5’ to the UCP2 gene in both the 
mouse and human genomes (Solanes et al., 1997; Surwit et al., 1998), this close 
linkage relationship means that either or both (or neither) of these UCPs could be 
related to this QTL. However, we could find no evidence for changes, at least in 
expression of UCP3, in the mouse models that originally defined this QTL (Surwit 
et al., 1998). Confounding the concept that these novel UCPs may be involved in 
dissipation of excess caloric energy, it was reported that fasting led to increases, 
rather than decreases, in expression of UCP2 and UCP3. Dull00 and colleagues 
showed that blockade of the fasting-induced rise in free fatty acids completely 
prevented the increase in UCP2 and UCP3 mRNA (Samec et al., 1998,1999; 
Cadenas et al., 1999). Thus, in the aggregate, these novel UCPs would appear to 
be involved in the metabolic adaptations required during the fasted state, which 
requires a switch in fuel source from predominantly glucose to predominantly 
fatty acids. More importantly, since neither UCP2 nor UCP3 are expressed in 
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hepatocytes under normal conditions, neither of these UCPs would appear to 
explain the well-documented proton leak in these cells (Porter and Brand, 1993). 

Recently, several groups, including our own, have generated mice with tar- 
geted disruption of the UCP2 gene (Arsenijevic et al., 2000; Zhang et al., submit- 
ted) or the UCP3 gene (Gong et al., 2000; Vidal-Puig et al., 2000). At this point, 
there is no evidence of significant effects on either body temperature or body 
weight in either UCP2- or UCP3-deficient mice, even when challenged with a 
hyperlipidemic diet. However, since strain background can significantly affect the 
propensity to develop obesity and diabetes, the consequences of UCP2 or UCP3 
deficiency may be revealed only under certain genetic or environmental situations. 
Nevertheless, novel phenotypes that are emerging in UCP2 -/- mice (Arsenijevic 
et al., 2000; unpublished observations) should help to shed light on the physi- 
ologic role of these mitochondrial proteins. Indeed, if we consider the fact that 
the mechanism of uncoupling by UCPl is still debated many years after its 
discovery, perhaps we should not be surprised that efforts to determine the func- 
tion of UCP2 and UCP3 at the physiologic and molecular level are unresolved. 

IV. Summary 

During the past decade, the discovery of a host of new molecules involved 
in adipocyte metabolism (Friedman and Halaas, 1998), thermogenesis (Lowell 
and Spiegelman, 2000) and hypothalamic peptides and receptors (Schwartz et al., 
2000) have led to new concepts and paradigms about the control of fuel intake 
and metabolism. While our understanding of the importance of catecholamines in 
controlling lipolysis and thermogenesis in the adipocyte is established, it is clear 
that we still have much work to do in order to understand the interplay between 
PAR subtypes, their signaling pathways, and their regulation. Since pharma- 
cologic treatments for obesity that focus on depressing food intake will likely 
never overcome the inevitable drop in energy expenditure that accompanies ca- 
loric restriction (Leibel et al., 1995) future discoveries in PAR signaling mecha- 
nism and their targets in the adipocyte may provide not only insight into the 
“expenditure” side of the energy balance equation but also another therapeutic 
angle to exploit in the treatment of the growing obesity problem. 
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