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FIG. 2. (A) Northern blot showing the effect of the protein synthesis inhibitor cycloheximide 
(CHX) on ob gene expression in control (C), insulin- (I), and dexamethasone- (D) treated rat adipo- 
cytes. Freshly isolated adipocytes were preincubated in the absence and presence of 20 @ml CHX 
for 30 minutes. The conditioned medium was changed and adipocytes were incubated for 2 hours with 
and without 100 nM insulin or 100 nM dexamethasone in the absence and presence of CHX (20 
&ml). Each lane was loaded with 10 ug total RNA and membranes hybridized with a mouse ob 
cDNA probe. Membranes were stripped and reprobed with a human g-actin cDNA probe as a control 
for RNA integrity and loading. (B) Effect of CHX (20 us/ml) on leptin secretion. Secreted leptin 
contained in the conditioned medium from the 2-hour incubation described above was measured by 
RIA. Results are the mean + S.E.M. for 12 rats. *P < 0.05 vs. control minus CHX; +P < 0.05 vs. 
insulin treated minus CHX; #P < 0.02 vs. control plus CHX; ++P < 0.05 vs. dexamethasone treated 
minus CHX. [Reprinted with permission from Bradley, R.L., and Cheatham, B. Diabetes 48,272-278, 
1999. Copyright by the American Diabetes Association.] 
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stimulated activation of the insulin receptor and phosphorylation of intracellular 
substrates, including insulin receptor substrates 1 and 2 (IRS-l and IRS-2) and 
She. These tyrosine-phosphorylated proteins then act as docking sites for proteins 
containing SH2 domains such as Grb2, phosphatidylinositol (PI) 3-kinase, and the 
tyrosine phosphatase, SHP2. These protein-protein interactions, in turn, lead to 
regulation of more-distal events, including activation of Ser/Thr phosphorylation 
cascades that result in activation of mitogen-activated protein kinase (MAPK), 
pp90 S6 kinase, and pp70 S6 kinase. The end result of this series of events is the 
modulation of many of insulin’s final biological responses (Cheatham and Kahn, 
1995). Using specific inhibitors of PI 3-kinase, MAPK kinase (MEK), and pp70 
S6 kinase, we have evaluated signaling pathways involved in the acute phase of 
insulin- and Dex-stimulated leptin synthesis/secretion. The effects of the PI 3-ki- 
nase inhibitor LY294002; the MEK inhibitor PD98059; and the immunosuppres- 
sant rapamycin on both insulin- and Dex-stimulated leptin mRNA secretion were 
determined. During a 2-hour incubation, basal levels of secreted leptin were not 
affected by any of the inhibitors (Figure 3). However, all three inhibitors markedly 
decreased both insulin- and Dex-stimulated leptin secretion (Figure 3). These 
findings suggest that a complex set of signaling pathways mediate insulin- and 
Dex-stimulated leptin production. These pathways involve multiple steps that are 
PI 3-kinase dependent as well as steps that are sensitive to the MEK inhibitor 
PD98059 and the immunosuppressant rapamycin. 

C. MELANIN-CONCENTRATING HORMONE 
REGULATES LEPTIN SECRETION 

More recently, the orexigenic (appetite-stimulating) neuropeptide, melanin- 
concentrating hormone (MCH), has emerged as a regulator of leptin production 
by rat adipocytes (Bradley et al., 2000). MCH is a hypothalamic peptide important 
in the regulation of feeding behavior, primarily via uncharacterized pathways in 
the central nervous system (CNS). Leptin is known to mediate some of its actions 
through several hypothalamic neuropeptides (Elmquist et al., 1998). Indeed, 
MCH-expressing neurons may be an important target of leptin action in the CNS, 
as MCH levels rise dramatically in the absence of leptin and also respond to 
fasting (Qu et al., 1996). In addition, adipocytes express a number of receptors 
for both hormones and neuropeptides, including peptides involved in the regula- 
tion of appetite, and it is possible that other peptides may regulate leptin responses, 
Very-recent studies show MCH to modulate leptin production (Bradley et al., 
2000). In these studies, MCH stimulated a two-fold increase in leptin secretion 
by isolated rat adipocytes after 4 hours of treatment. This increase in secreted 
leptin was preceded by a rapid and transient increase in ob mRNA levels. As 
shown in Figure 4, MCH stimulated a 2.5-fold increase in ob mRNA within 1 
hour of treatment, followed by a decline to basal levels within 4 hours. Thus, 
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FIG. 3. Effects of the PI 3-kinase inhibitor LY294002, the MEK inhibitor PD98059, and the 
immunosuppressant rapamycin on leptin secretion from control (C), insulin- (I), and dexamethasone- 
(D) treated rat adipocytes. Adipocytes were incubated in the absence and presence of 50 PM 
LY294002, IO PM PD98059, or 20 nM rapamycin for 30 minutes. The conditioned medium was 
changed and adipocytes incubated for 2 hours with and without 100 nM insulin or 100 nM dexametha- 
sane in the absence and presence of each inhibitor at the aforementioned concentrations. Secreted 
leptin contained in the conditioned medium was measured by RIA. Results are the mean f S.E.M. 
for three independent experiments (n = 14 per assay). *P < 0.05 vs. control (-); +P < 0.05 vs. insulin 
treated (-); ++ P < 0.05 vs. dexamethasone treated (-). [Reprinted with permission from Bradley, R.L., 
and Cheatham, B. Diabetes 48, 272-278, 1999. Copyright by the American Diabetes Association.] 

MCH acutely stimulates an increase in ob gene expression in rat adipocytes, 
resulting in an increase in leptin protein production and secretion (Bradley et al., 
2000). In addition, we found that the MCH receptor, a seven-transmembrane 
domain G-protein-coupled receptor termed SLC- 1 (Chambers et al., 1999; Saito 
et al., 1999), expressed in adipocytes (Figure 5). These data suggest that fat cells 
are targets of MCH or an MCH-like peptide under physiological conditions. These 
observations also represent the first cultured-cell model for signaling via endo- 
genous MCH receptors. We did not find MCH expressed in WAT (Bradley et al., 
2000). At present, the exact physiological role of MCH-stimulated leptin secretion 
is unclear. The cellular origin of MCH in peripheral tissues is unknown but 
circulating levels of MCH or an MCH-like peptide can be detected in rat plasma 
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FIG. 4. Northern blot showing the effect of MCH on ob gene expression in isolated rat adipocytes 
derived from epididymal fat pads. Cells were incubated in the absence (-) and presence of 1 uM MCH 
as indicated for up to 4 hours. Total RNA was isolated from cells collected at each time-point. Each 
lane was loaded with IO pg total RNA and hybridized with a mouse ob cDNA probe. Densitometric 
scanning was used to determine the relative amount of ob transcript. Blots were stripped and reprobed 
with a human l3-actin cDNA as a control for RNA integrity and loading. Results are means zb S.E.M. 
for two independent experiments (n = 8 per assay). *P < 0.05 vs. control (-). [Reprinted with permission 
from Bradley, R.L., Kokkotou, E.G., Maratos-Flier, E., and Cheatham, B. Diabetes 49, 1073-1077, 
2000. Copyright by the American Diabetes Association.] 
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FIG. 5. Immunoblot showing the presence of SLC-1 protein in rat adipocytes. Membrane 
fractions were prepared from rat adipocytes derived from epididymal fat pads. Aliquots (50 ug) of 
purified plasma membrane (PM), total internal membrane (IM), or cytosol (CYT) were solubilized in 
SDS-PAGE sample buffer, resolved by SDS-PAGE, transferred to nitrocellulose, and subjected to 
immunoblotting with a polyclonal a-SLC-1 peptide antibody. Immunoreactive material was detected 
using [‘251]-labeled protein A, followed by autoradiography. Results are representative of three 
independent experiments.[Reprinted with permission from Bradley, R.L., Kokkotou, E.G., Maratos- 
Flier, E., and Cheatham, B. Diabetes 49, 1073-1077, 2000. Copyright by the American Diabetes 
Association.] 

(Bradley et al., 2000). Finally, these data suggest a potential feedback mechanism 
between the brain and adipose tissue and further underscore the complexity of the 
cross-talk between the neuroendocrine systems mediating energy homeostasis as 
well as the ability of the adipocyte to respond to a wide range of afferent signals. 

VI. Vesicle Transport Pathways in Adipocytes 

It is clear that adipocytes secrete a wide variety of proteins that affect numer- 
ous cell biological and metabolic pathways. However, very little is known regard- 
ing the components of the intracellular secretory pathways through which these 
proteins transit and ultimately exit the adipocyte. The following section summa- 
rizes some of the known components of the regulated pathway, discusses a newly 
identified protein (pantophysin) that may play a multifunctional role in vesicle 
biogenesis and transport, and describes the characteristics of intracellular traffick- 
ing of leptin-containing vesicles. 

A. COMPONENTS OF THE REGULATED 
SECRETORY PATHWAY IN ADIPOCYTES 

Insulin’s primary physiological role is maintenance of glucose homeostasis 
via inhibition of hepatic glucose production and stimulation of glucose uptake into 
insulin-sensitive tissues: adipose, skeletal, and cardiac muscle (Bimbaum, 1992). 
Insulin stimulates the rate of glucose uptake into these tissues IO- to 20-fold. This 
is accomplished by an insulin-stimulated translocation of the Glut4 glucose trans- 
porter protein from a unique, intracellular vesicular compartment to the plasma 
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membrane (Bimbaum, 1992). The mechanism underlying translocation of Glut4 
is the best-characterized, acutely regulated vesicle transport process in adipocytes. 
Approaches to define this mechanism have focused on determining the insulin- 
regulated signaling pathways involved and identifying the molecular components 
utilized in directing movement and fusion of the Glut4-vesicle to the plasma 
membrane. A detailed review of this process by Pessin and colleagues can be 
found in this volume (Chapter 9); therefore, we will only touch on some high- 
lights, emphasizing the components in this vesicle transport pathway. 

Multiple lines of evidence have established a requirement for insulin-stimu- 
lated activation of PI 3-kinase as an upstream regulator or Glut4 translocation. 
More recently, protein kinase B (PKB) and the atypical PKCs (PKCh and PKC<) 
have been implicated as potential downstream targets of PI 3-kinase. However, 
their exact roles in signaling to the Glut4 vesicles are unknown. Clearly, much 
remains to be learned regarding the exact signaling cascade. However, in an effort 
to link signaling pathways to the Glut4 vesicle, several laboratories have focused 
on identifying proteins in adipocytes that are involved in regulated exocytosis. 
These studies found that adipocytes express proteins previously shown to mediate 
acute regulated vesicle transport events in neuroendocrine tissues. The research 
suggested that translocation of Glut4 may utilize machinery similar to that found 
in these systems (St-Denis and Cushman, 1998). These proteins include Soluble 
N-ethylmaleimide-sensitive fusion (NSF) protein attachment protein receptors, or 
SNARE proteins. Through defined protein-protein interactions, members of the 
SNARE family of membrane-associated proteins can selectively mediate homo- 
typic and heterotypic membrane fusion (Pfeffer, 1999; Hay and Scheller, 1997). 
The current model for SNARE-mediated docking and fusion states that a vesicle- 
associated SNARE (v-SNARE) interacts with cognate target-membrane SNARES 
(t-SNARE) to mediate the interaction between two separate membrane popula- 
tions. This minimal complement of a v-SNARE and t-SNARES is sufficient to 
mediate fusion in vitro (Weber et al., 1998). 

VAMP-2 is a v-SNARE in adipocytes associated with the Glut4 vesicle 
(St-Denis and Cushman, 1998). Syntaxin- and SNAP-23 are the cognate t- 
SNARE molecules expressed in adipocytes and found almost exclusively on the 
plasma membrane (St-Denis and Cushman, 1998). Studies from this lab and others 
have provided multiple lines of evidence for a specific role of these proteins in 
Glut4 translocation (Cheatham et al., 1996; St-Denis and Cushman, 1998; Pessin 
et al., 1999). The current minimal model for SNARE-mediated Glut4 vesicle 
trafficking suggests that VAMP-2 on the Glut4 vesicle forms a stable, hetero- 
trimeric complex with syntaxin- and SNAP-23 present at plasma membrane and 
brings the Glut4 vesicle in contact with the plasma membrane driving fusion. 
Disruption of the heterotrimeric complex and regeneration of the individual 
SNARE proteins are thought to involve the ATPase activity associated with NSF 
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and the soluble NSF attachment protein, a-SNAP. This “priming step” prepares 
the SNARE proteins for further fusion events (Pfeffer, 1999; Rice and Brunger, 
1999; Hay and Scheller, 1997). 

The regulation of SNARE-complex formation is currently an area of intense 
focus. Munc 18~ and Synip have been identified as potential regulators of SNARE- 
complex formation in adipocytes. Munc 18~ is a member of a family of syntaxind- 
binding proteins and, when bound to syntaxin-4, inhibits the binding of VAMP-2. 
Thus, Munc18c is thought to be a negative regulator of SNARE-complex forma- 
tion (Tellam et al., 1997; Tamori et al., 1998). Synip was isolated as a syntaxin- 
4-binding protein in a yeast two-hybrid screen (Min et al., 1999). It contains 
several potential functional domains, including a PDZ domain, a coiled-coil re- 
gion, and a WW domain. Synip also is enriched in adipose and skeletal muscle. 
Synip is associated with syntaxin- in the basal state. The current model for Synip 
function involves the interaction of its COOH-terminal domain with syntaxin-4, 
while the NH*-terminal domain responds to an as-yet-undefined insulin-generated 
signal. It should be noted that, other than Glut4 vesicles, a functional role for 
SNARE proteins in mediating exocytosis of other adipocyte-derived products has 
not been reported. 

B. PANTOPHYSIN IS A PHOSPHOPROTEIN COMPONENT 
OF ADIPOCYTE TRANSPORT VESICLES 

We have recently identified and have partially characterized pantophysin as 
another potential regulator of SNARE-complex formation and as a component of 
numerous intracellular vesicles (Brooks et al., 2000). Pantophysin is a homologue 
of the neuroendocrine-specific protein synaptophysin, sharing a 43 percent overall 
amino acid sequence identity (Haass et al., 1996). It contains four predicted 
transmembrane domains that are highly homologous to synaptophysin. In contrast, 
the NH*- and COOH-termini are quite divergent. Synaptophysin contains an 
extended COOH-terminus that includes a tyrosine-rich domain not present in 
pantophysin. Synaptophysin is fairly well characterized and, although its exact 
function is unclear, has been implicated in regulating SNARE-SNARE interac- 
tions, formation of fusion pores, vesicle biogenesis, and formation of lipid micro- 
domains at the cell surface (Elferink and Scheller, 1995; Thiele et al., 2000). Thus, 
based upon these data and the homology between the proteins, pantophysin is an 
intriguing molecule that may play a multifunctional role in vesicle biogenesis and 
transport. Therefore, we have included a description of some of the characteristics 
of pantophysin. 

1. Expression of Pantophysin and Its Subcellular Distribution 

Pantophysin mRNA is widely expressed in mouse tissues and is relatively 
abundant in adipose tissue. Pantophysin mRNA increases (approximately two- 
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fold) during adipogenesis of 3T3-Ll cells (Brooks et al., 2000). Immunoblot 
analysis indicates pantophysin is present exclusively in membrane fractions and 
relatively evenly distributed in the plasma membrane and two internal membrane 
fractions, the low (LDM)- and high (HDM)-density microsomes. Like synapto- 
physin, pantophysin is glycosylated and migrates as a broad band on SDS-PAGE. 
Following deglycosylation with N-glycosidase F, pantophysin migrates at its 
predicted molecular mass of 28.5 kDa (Brooks et al., 2000). Interestingly, its 
pattern of glycosylation changes during differentiation of 3T3-Ll cells to adipo- 
cytes. In addition, we observed that the glycosylation pattern of pantophysin varies 
considerably in a tissue-dependent manner. The role of this variable glycosylation 
is unclear but may be involved in membrane targeting or perhaps in hmctional 
differences between tissues. 

2. Pantophysin Is a Component of Glut4 Vesicles 

Compared to insulin-stimulated Glut4 translocation, insulin stimulates only 
a modest, but significant, redistribution of pantophysin from an intracellular 
vesicular compartments to the plasma membrane. Thus, some pantophysin traf- 
ficks in an insulin-dependent manner similar to that of Glut4, although to a lesser 
extent. Further analysis of pantophysin vesicles by sucrose gradient ultracentri- 
fugation demonstrated that pantophysin and Glut4 exhibited overlapping distribu- 
tion profiles. Analysis of immunopurified vesicles revealed that Glut4 vesicles 
contain pantophysin. Both Glut4 and pantophysin were depleted from this vesicle 
population following treatment with insulin (Figure 6). However, only a subpopu- 
lation of the total immunopurilied pantophysin vesicles contained insulin-respon- 
sive Glut4, consistent with the modest, insulin-stimulated redistribution of panto- 
physin (Brooks et al., 2000). Taken together, these data suggest pantophysin is 
present on a variety of intracellular vesicles. 

3. Pantophysin Interacts with VAMP-2 

Synaptophysin has been shown to interact with the V-SNARES in neuroen- 
docrine tissues (Calakos and Scheller, 1994). Consistent with this observation, we 
found pantophysin associated with VAMP-2 but not VAMP-3 in adipocytes 
(Figure 7). The interaction of VAMP with synaptophysin has been shown to block 
the interaction of VAMP with syntaxin (Calakos and Scheller, 1994). Thus, it has 
been suggested that the synaptophysinNAMP interaction may be a regulatory 
mechanism in SNARE-SNARE interaction or perhaps is involved in recycling of 
VAMP into a newly formed regulated vesicle. Our data suggest that pantophysin 
may play a similar role; however, much more work is necessary. Currently, we 
are mapping domains on VAMP-2 that are involved in the interaction with 
pantophysin. 
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FIG. 6. Immunopuritied GLUTC and pantophysin-containing vesicles analyzed by immunoblot 
with a-GLUT4, a-pantophysin, and &RAP. Fully differentiated 3T3-Ll adipocytes were incubated 
in DMEM/O.l% bovine serum albumin (BSA) overnight and treated for 10 minutes in the absence (-) 
or presence (+) of 100 nM insulin. Immunopurified vesicles (IPVs) were prepared from LDM fractions 
using nonimmune (NI) serum, a-GLUT4-, or a-pantophysin (pant). Immunopurified vesicles were 
solubilized in SDS-PAGE sample buffer, separated on 10% SDS-PAGE, and electrophoretically 
transferred to nitrocelhdose for immunoblotting with a-GLUT4 (top), a-IRAP (middle), or a-panto- 
physin (bottom). Immunoreactive material was detected by [‘*SI]-labeled protein A and subsequent 
autoradiography. Results are representative of three or more independent experiments. [Reprinted with 
permission from Brooks, C.C., Scherer, P.E., Cleveland, K., Whittemore, J.L., Lodish, H.F., and 
Cheatham, B. J. Biol. Chem. 275,2029-2036,200O. Copyright The American Society for Biochemistry 
& Molecular Biology.] 

4. Pantophysin Is PhosphoFylated 

Finally, another interesting characteristic of pantophysin is its phosphoryla- 
tion. In [32P]-orthophosphate-labeled 3T3-Ll adipocytes, pantophysin is phospho- 
rylated in the basal state. Insulin or serum does not affect this phosphorylation. 
However, we did observe an insulin-stimulated phosphorylation of a 77-kDa 
protein associated with a-pantophysin immtmoprecipitates (Brooks et al., 2000). 
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FIG. 7. Interaction of pantophysin and VAMP2 in a-pantophysin immunoprecipitates. Fully 
differentiated 3T3-Ll adipocytes were mcubated m DMEM/O. 1% BSA overnight. Cells were incu- 
bated for 10 minutes in the absence (-) or presence (+) of 100 nM insulin, lysed, and immunoprecipi- 
tates using nonimmune (NI) or a-pantophysin (pant) serum prepared. Samples were solubilized in 
SDS-PAGE sample buffer, separated on SDS-PAGE, and electrophoretically transferred to nitrocel- 
lulose membranes for immunoblotting with a-VAMP2, a-VAMP3, or a-pantophysin. Immunoreac- 
tive material was detected by [‘Z51]-labeled protein A and subsequent autoradiography. IP = immuno- 
precipitate; Br = 40 pg brain lysate; IM = 20 ug 3T3-Ll adipocyte internal membranes (LDM + 
HDM). The data presented are representative of three or more independent experiments. [Reprinted 
with permission from Brooks, C.C., Scherer, P.E., Cleveland, K., Whittemore, J.L., Lodish, H.F., and 
Cheatham, B. J. Bro[. Chem. 275,2029-2036,200O. Copyright The American Society for Biochemistry 
& Molecular Biology.] 

The role of phosphorylation of pantophysin is unclear. Identification of sites of 
phosphorylation and a potential regulation of this phosphorylation are underway. 

Although the functional role of pantophysin in vesicle trafficking is unclear, 
its presence on Glut4 vesicles is consistent with the emerging role of SNARE- 
complex and related proteins in regulated vesicle transport in adipocytes. Re- 
cently, we observed that microinjection of antibodies against pantophysin or 
microinjection of a COOH-terminal fragment of pantophysin inhibited insulin- 
stimulated Glut4 translocation (L. Foster, B. Cheatham, and A. Klip, unpublished 
data). The exact mechanism of this inhibition is unclear but is consistent with a 
role of this protein in vesicle transport/biogenesis. In addition, since pantophysin 
is present on a variety of intracellular vesicles, we have begun using it as a marker 
to help define the trafficking and contents of uncharacterized vesicles in adipo- 
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cytes. As will be discussed, we show that leptin is a cargo protein in a subpopu- 
lation of pantophysin-containing vesicles that is distinct from Glut4-containing 
vesicles. In addition, the predicted roles of synaptophysin in a variety of vesicle 
transport functions, vesicle biogenesis, and formation of lipid microdomains at 
the cell surface suggest that pantophysin may play an important role in one or 
more of these processes. 

C. A CONSTITUTIVE SECRETORY PATHWAY IN ADIPOCYTES: 
INTRACELLULAR TRAFFICKING OF LEPTIN-CONTAINING VESICLES 

As discussed earlier, insulin stimulates leptin secretion by primary rat adipo- 
cytes. However, the extent to which this effect is mediated by a regulated secretory 
pathway vs. a constitutive pathway remains unclear. In one study, insulin appeared 
to acutely stimulate exocytosis of leptin directly from an endoplasmic reticulum 
(ER)-enriched compartment, bypassing accumulation in identifiable, regulated 
secretory vesicles (Barr et al., 1997). Our initial studies suggested that the major 
component of insulin-stimulated leptin secretion trafficks along a constitutive path 
requiring de nova protein synthesis. However, we also showed that, in the pres- 
ence of cycloheximide, insulin can stimulate exocytosis of a small, preformed pool 
of leptin-containing vesicles (Bradley and Cheatham, 1999). These data suggest 
that leptin secretion is primarily via a constitutive pathway; however, there is a 
small population of leptin-containing vesicles able to undergo acutely regulated 
exocytosis. These observations are similar to the characteristics for the stimulated 
secretion of Acrp30 (Bogan and Lodish, 1999). To better define these pathways, 
we have analyzed and characterized leptin-containing vesicles in rat adipocytes. 

1. Subcellular Distribution of Leptin in Rat Adipocytes 

To analyze intracellular pools of leptin, rat adipocytes were homogenized and 
the nuclear/mitochondrial supernatant subjected to subcellular fractionation by 
differential centrifugation to yield two internal membrane fractions, the LDM and 
HDM, respectively. The LDM is enriched with Golgi-derived membranes as well 
as the insulin-sensitive pool of Glut4 vesicles, whereas the HDM is enriched with 
ER-derived markers. As shown in Figure 8A - and consistent with the expected 
enrichment of specific organellar membranes in the HDM and LDM - both 
ER-specific proteins translocon-associated protein-o (TRAP-a) and calnexin 
were highly enriched in the HDM and were undetectable in the LDM. The LDM 
was enriched with the Golgi markers mannosidase I1 and coat protein, P-COP. 
Furthermore, as shown in Figure 8B, intracellular leptin associates primarily with 
the HDM and insulin stimulates an increase in intracellular leptin exclusively in 
this compartment. This increased intracellular leptin was accompanied by a cor- 
responding increase in secreted leptin. Under these conditions, there were no 
detectable changes in leptin protein levels in the LDM. These results also indicate 
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FIG. 8. Effect of insulin on the subcellular distribution of leptin. (A) Membrane fractions were 
prepared from freshly isolated rat adipocytes. An aliquot containing an equal amount of protein (IO-25 
ug) from LDM or HDM was solubilized in SDS-PAGE sample buffer, resolved by SDS-PAGE, and 
electrophoretically transferred to nitrocellulose membranes. For marker enzyme assays, membranes 
were subjected to immunoblotting using primary antibodies for calnexin, TRAP-cc, mannosidase II 
(Mann II), or S-COP. (B) Leptin content was determined in HDM and LDM fractions from rat 
adipocytes incubated in the absence or presence of 100 nM insulin for 2 hours. The leptin content of 
each sample was measured using a commercially available rat leptin RIA kit. Results are representative 
of three independent experiments (n = 8 per assay) and are expressed as the mean f S.E.M. N.D.= 
below the limit of detection. *P < 0.05 vs. HDM in the absence of insulin. 
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that leptin-containing vesicles are distinct from the insulin-sensitive, Glut4-con- 
taining vesicles that are present in the LDM. Our findings are consistent with 
immunofluorescence data of Barr and coworkers (1997) that showed co-localiza- 
tion of leptin with the ER-specific protein calnexin and insulin stimulation of the 
release of leptin from this compartment. 

2. Effect of Brefeldin A on Leptin Secretion and Accumulation of Leptin in Golgi 
Compartments at 20°C 

It is generally accepted that proteins destined for secretion leave the ER and 
transit through the Golgi for final processing on their way to the cell surface. Barr 
and colleagues (1997) showed that insulin stimulated the transport of leptin from 
the ER without any observable accumulation in secretory vesicles. They hypothe- 
sized that since leptin is not glycosylated, it is not retained and rapidly transits the 
Golgi. Similarly, we were unable to detect changes in leptin content in the 
Golgi-enriched LDM. To test this hypothesis, and to further define the intracellu- 
lar localization of leptin and its transit through the secretory pathway, adipocytes 
were incubated in the absence or presence of brefeldin A, which causes Golgi 
disassembly. Brefeldin A treatment blocked both basal and insulin-stimulated 
leptin secretion from rat adipocytes (Figure 9A). As indicated in Figure 9B, this 
resulted in a dramatic accumulation of intracellular leptin (i.e., a 12-fold increase) 
in the HDM from basal cells. In the presence of brefeldin A, insulin stimulated 
an even-greater accumulation of intracellular leptin (i.e., a 24-fold increase). 
These findings suggest a role of intact Golgi membranes in secretion of leptin and 
further confirm that insulin stimulates an increase in intracellular leptin content. 
In addition, these data suggest that secretion of the proposed preformed, insulin- 
sensitive pool of leptin-containing vesicles requires the presence of intact Golgi 
membranes. Thus, these preformed, insulin-sensitive, leptin-containing vesicles 
are most likely pre-Golgi or are derived from an intermediate Golgi compartment. 
Furthermore, the primary insulin-stimulated component is to increase leptin pro- 
tein levels. This model is similar to that shown for another adipocyte-derived 
protein, Acrp30, in which a portion of Acrp30 is apparently sorted into regulated 
secretory vesicles whose initial exocytosis is stimulated by insulin. The remainder 
are sorted into vesicles that undergo constitutive exocytosis (Bogan and Lodish, 
1999). The exact nature of this model of secretion in adipocytes is unclear and 
requires further analysis. 

The brefeldin A experiments described here provide evidence for a role of 
the Golgi complex in leptin secretion. In an effort to show transit of leptin through 
the Golgi, we determined the extent of leptin secretion and its subcellular distri- 
bution in experiments performed at 20°C. At this temperature, secretory proteins 
exit the ER and enter the Golgi, where they accumulate in late Golgi compart- 
ments (Matlin and Simons, 1983). At 20°C leptin secretion was completely 
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Insulin - + + 

Brefeldin A - + + 

Control Insulin Bref A Bref A 

In&in 

FIG. 9. Effect of brefeldin A on basal and insulin-stimulated leptin secretion and intracellular 
leptin content. Adipocytes were preincubated in the absence and presence of 20 &ml brefeldin A for 
30 minutes. The conditioned medium was changed and the adipocytes were incubated for 2 hours with 
or without 100 nM insulin in the absence or presence of 20 &ml brefeldin A. (A) Secreted leptin 
contained in the conditioned medium was measured by RIA. (B) HDM and LDM were prepared and 
the leptin content of each was measured by RIA. Results are means k S.E.M. for three independent 
experiments (n = 10 per assay). N.D.= below the limit of detection. *P < 0.05 vs. relative to control 
HDM; **P < 0.02 vs. control. 

 by on May 25, 2012 rphr.endojournals.orgDownloaded from 

http://rphr.endojournals.org


THE ADIPOCYTE AS SECRETORY ORGAN 351 

A. ‘c 

B. 

HDM LDM HDM LDM 

37 Oc 20 Oc 

FIG. 10. Secretion and subcellular distribution of leptin at 20°C. Isolated rat adipocytes were 
subjected to incubation at 37°C or 20°C for 1.5 hours, (A) Conditioned medium was subjected to RIA 
for leptin. (B) Cells were homogenized and HDM and LDM fractions prepared and analyzed for leptin 
content by RIA. Results are means f S.E.M. for two independent experiments. N.D.= below the limit 
of detection. 
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inhibited (Figure 1 OA). Analysis of intracellular leptin showed a two-fold increase 
in HDM-derived leptin. Consistent with a block in exit from the Golgi at 20°C 
there was an approximately IO-fold increase in leptin content in the Golgi-en- 
riched LDM compartment (Figure 10B). 

3. Analysis of Leptin-containing Vesicles by Sucrose Gradient Ultracentrifugation 

To further characterize LDM- and HDM-derived, leptin-containing intracel- 
lular vesicles, we performed velocity and density gradient ultracentrifugation. The 
distribution of total protein in LDM or HDM, as resolved by velocity gradient 
centrifugation, is shown in Figure 11A. Figure 11B shows a typical immunoblot 
for pantophysin contained in fkactions derived from the gradients (fractions are 
shown from bottom to top, i.e., fraction 1 is bottom of the gradient). Figures 11C 
and 11D depict the velocity gradient profiles for leptin and pantophysin from the 
LDM and HDM, respectively. LDM-derived vesicles containing leptin fraction- 
ated near the bottom of the gradient and were largely separated from the total 
protein and pantophysin vesicles, suggesting there is little overlap of these mark- 
ers in this subcellular compartment. In contrast, the profiles of pantophysin and 
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FIG. 11. Velocity gradient centrifugation analysis of subcellular fractions. LDM and HDM 
subcellular fractions were subjected to velocity gradient centrifugation. Fractions were collected from 
bottom (Fraction 1) to top (Fraction 14) and subjected to protein analysis (A). (B) Aliquots of each 
fraction were subjected to immunblot analysis with a-pantophysin. (C) and (D) show a typical profile 
for pantophysin, as determined by densitometric scans of autoradiograms (dotted line) and leptin 
content as determined by RlA (solid line) from LDM and HDM, respectively. Results are repre- 
sentative of three or more independent experiments. 
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leptin from HDM-derived vesicles indicate a significant overlap (Figure 11D) and 
suggest that these vesicles are of similar size. 

4. Immunopurified Pantophysin Vesicles Contain Leptin 

Gradient profiles of leptin and pantophysin from HDM-derived vesicles 
showed a significant overlap, which suggested that these vesicles were of similar 
size and buoyant density. The similar profiles of these proteins and the presence 
of pantophysin on various intracellular vesicles raised the possibility that leptin 
is potentially a cargo protein in a population of pantophysin-containing vesicles. 
To address this, pantophysin-containing vesicles were immunopurified. In these 
studies, internal membrane fractions were incubated with a nonrelated IgG or with 
an antibody specific for the C-terminus of pantophysin, then immunopurified 
vesicles (IPVs) were analyzed for leptin content and pantophysin. As illustrated 
in Figure 12A, immunoblotting showed that vesicles containing the two isoforms 
of pantophysin (native, 28.5 kDa, and glycosylated, 38 kDa) detected in rat 
adipocytes were specifically immunoadsorbed with a-pantophysin but not with 
non-immune IgG. Subsequent analysis of the same IPVs by radioimmunoassay 
(Figure 12B) showed that leptin is, indeed, a resident cargo protein in a subpopu- 
lation of pantophysin-containing vesicles. Leptin was not detected in the nonim- 
mune sample. Thus, using pantophysin as a marker and a-pantophysin as an 
affinity reagent to purify these vesicles, we have been able to partially purify and 
enrich for leptin-containing vesicles. The exact origin of these vesicles and their 
content require further investigation. 

VII. Summary and Conclusions 

The adipocyte is an important site of synthesis and secretion of factors that 
regulate a variety of metabolic processes. Alterations in the production of these 
factors are associated with - and can play a primary role in -the pathophysi- 
ology of several disease states, including obesity, hypertension, cardiovascular 
anomalies, hyperglycemia, insulin resistance, and type 1 and type 2 diabetes. 
Despite the volume of protein cargo and vesicle traffic within the adipocyte, very 
little is known regarding the synthesis and secretion of adipocyte-secretory prod- 
ucts. There have been significant advances in our understanding of the acute 
regulated translocation of Glut4. These include the signaling pathways down- 
stream of IRS proteins and PI 3-kinase as well as SNARE proteins that comprise 
some of the molecular machinery necessary for docking and fusion of the Glut4 
vesicles (see Figure 13 for a summary model). However, the pathways utilized by 
other secreted proteins have not been investigated to any significant extent. In an 
attempt to better define these pathways, we have analyzed the agonist-stimulated 
biosynthesis and secretion of leptin and characterized the intracellular vesicle 
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FIG. 12. Immunopurification of pantophysin-containing vesicles. Pantophysin-containing ves- 
icles were purified from an intracellular membrane preparation by immunoadsorption using a non-im- 
mune IgG (NI) or specific pantophysin antisera (a-Pant). Associated proteins were analyzed for 
pantophysin by immunoblot (A) or for leptin content (B) by RIA. Results are representative of two 
independent experiments. N.D. = below the limit of detection. 
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transport of leptin-containing vesicles. Our findings suggest that insulin-stimu- 
lated leptin secretion involves at least two components. The major component is 
the ability of insulin to stimulate an increase in intracellular leptin content that 
appears to traffick out of the cell in a constitutive manner. A second, relatively 
minor component is the ability of insulin to stimulate the secretion of a small, 
preformed pool of leptin-containing vesicles. These pathways are independent of 
ongoing transcription but do require intact signaling pathways through PI 3-ki- 
nase, pp70 S6 kinase, and the MAPK cascade. We also report that leptin secretion 
is stimulated by treatment of adipocytes with glucocorticoids or MCH. These 
pathways appear primarily to utilize a transcriptional mechanism to increase ob 
mRNA, with subsequent increases in leptin protein production. Continued eluci- 
dation of the molecular components involved in secretion of leptin should provide 
a more-comprehensive understanding of the vesicle transport and secretory path- 
ways in adipocytes. 
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