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In rodents, soluble leptin receptor (SLR) may be generated by
alternative splicing of ObR mRNA and/or as a cleavage prod-
uct of ObR membrane-anchored receptors. In this study, we
investigated the contribution of both processes on the gener-
ation of SLR in 3-, 8-, and 24-month-old Wistar rats fed ad
libitum (AL) or under food restriction (FR). To this end, we
determined serum SLR levels and analyzed ObRa and ObRe
mRNA expression under these physiological conditions. Ad-
ditionally, we studied the cellular distribution of ObRa and
the generation of SLR by N-ethyl-maleimide-induced shed-
ding from ObRa membrane receptors in isolated adipocytes.
Serum SLR levels were significantly increased in 8- and 24-
month-old rats under FR, whereas similar amounts were
found in rats of different ages fed AL. ObRa and ObRe mRNA

expression in epididymal adipose tissue increased with aging.
In contrast, after FR, ObRe mRNA expression decreased,
whereas ObRa mRNA expression further increased compared
with 8- and 24-month-old rats fed AL. Additionally, FR pro-
moted a change in the distribution of ObRa between internal
and plasma membranes in isolated adipocytes, increasing its
presence at the cell surface. Finally, the generation of SLR by
N-ethyl-maleimide-induced shedding from ObRa was also in-
creased under FR. These data suggest that shedding of ObRa
membrane-anchored receptors, rather than ObRe expression,
might preferentially contribute to the generation of the in-
creased levels of SLR in serum under conditions of FR. (En-
docrinology 146: 4934–4942, 2005)

LEPTIN, A POLYPEPTIDE hormone mainly secreted by
adipocytes to the blood, plays its most relevant phys-

iological functions in the brain (1, 2). Leptin regulates food
intake and energy homeostasis modifying not only the ex-
pression of hypothalamic orexigenic and anorexigenic neu-
ropeptides but also the action of these neuropeptides after
they are secreted (3). Leptin may also have an antisteatotic
function in peripheral tissues preventing fatty acid accumu-
lation in circumstances of excess of food intake (4).

Leptin acts by binding to its receptor, structurally related
to the cytokine receptor family, which can be alternatively
spliced into several isoforms (5). The alternative mRNA
splicing of mammal leptin receptor generates four mem-
brane isoforms, which differ in the amino acid length of their
cytoplasmic domains that include crucial specific motifs for
leptin signaling via the janus kinase/signal transducer and
activator of transcription pathway (6, 7). Although ObRb, the
long isoform of the leptin receptor, is assumed to be respon-
sible for transmitting the majority of biological signals me-

diating the central effects of leptin on appetite and energy
expenditure, other receptor isoforms may still be necessary
for leptin to exert its full spectrum of in vivo functions. ObRa,
a short isoform, appears to be the predominant receptor
isoform expressed in most peripheral tissues. However, the
function of the ObRa remains to be clearly established, al-
though it has been suggested that it may be involved in the
transport of leptin across the blood-brain barrier as well as
in leptin internalization and degradation (8, 9).

In rodents, an additional splice variant not found in hu-
man tissues, the ObRe, has been reported (6, 7, 10). This
isoform lacks the transmembrane and cytoplasmic domains
and is predicted to be secreted, being the main source of
serum leptin binding protein, at least during late pregnancy
in mice (11). Nevertheless, in vitro and in vivo studies in mice
overexpressing ObRa or ObRb indicate that murine soluble
leptin receptor (SLR), as reported in humans (12, 13), may
also be generated by ectodomain shedding from membrane-
anchored receptors (14). Moreover, although the functional
significance of SLR is yet to be defined, recent studies have
suggested that it may modulate the biological effects of leptin
in tissues in which direct action of leptin has been demon-
strated (15).

Previously, we and others reported that aged rats develop
hyperleptinemia and central leptin resistance and suggested
that the elevated levels of circulating leptin might play a key
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role in the development of insulin resistance in adipose tis-
sue, leading to overall insulin insensitivity (16, 17). In addi-
tion, we have also shown that prolonged moderate food
restriction (FR) improves central leptin sensitivity, lowers
hyperleptinemia, and restores adipocyte insulin sensitivity
in aged rats (18, 19). However, studies on the regulation of
the circulating free leptin (FL), bound leptin (BL), and SLR
levels in aged rats and the effect of FR initiated at different
moments of the lifespan on these components have not yet
been addressed.

In the present work, we have determined serum FL and
BL, as well as SLR levels in 3-, 8-, and 24-month-old rats fed
ad libitum (AL) or under moderate FR. Additionally, we have
evaluated the generation of SLR by alternative splicing of
ObR mRNA expression and/or by shedding of ObRa mem-
brane-anchored receptors in isolated rat adipocytes with ag-
ing with or without FR.

Materials and Methods
Animals

Three-, 8-, and 24-month-old male Wistar rats were provided by the
Center of Molecular Biology Severo Ochoa (Madrid, Spain). Animals
were housed in climate-controlled quarters with a 12-h light cycle and
fed AL with standard laboratory chow and water. They were handled
according to the European Union laws and the National Institutes of
Health guidelines for animal care. The institutional committee of bio-
ethics approved the experimental procedures, and special care was
taken to minimize animal suffering and to reduce the number of animals
used.

FR

FR was undertaken as described earlier (18). Five- and 21-month-old
rats from our own colony were randomly placed in individual cages and
were fed daily with an amount of chow equivalent to 75–80% of the
normal food intake until they reached a body weight equivalent to 85%
of that of AL-fed aged mates. Thereafter, the rats were weighed weekly,
and the amount of food provided was adjusted individually to maintain
their weight. Animals were used at the ages of 8 and 24 months, re-
spectively. This FR protocol is enough to obtain animals of different ages
with adiposity index similar to those of young mature 3-month-old
animals (18).

Biological samples

Epididymal (E), perirenal, and retroperitoneal fat depots were care-
fully dissected and weighed. The sum of the weight of these fat pads
(visceral fat) divided by body weight � 100 was used as an index of
adiposity. Serum samples were obtained by blood centrifugation and
stored at �70 C until used.

Gel filtration chromatography

Sephadex G-100 was used to separate the FL and BL forms in serum.
In each case, 500 �l serum was applied on a Sephadex G-100 column
(30 � 0.7 cm) equilibrated and eluted with PBS (pH 7.4) containing 0.01%
sodium azide at a flow rate of 0.2 ml/min. The fractionation was con-
ducted at 4 C. Fractions of 600 �l were collected and lyophilized.

Leptin and insulin measurements

Leptin levels, in serum, in the incubation medium, and in the fractions
obtained by gel filtration chromatography, were measured using a spe-
cific rat leptin RIA kit (LINCO Research, Inc., St. Charles, MO) with a
detection limit of 0.5 ng/ml. Serum insulin levels were determined with
a specific rat RIA kit (LINCO Research, Inc.) with a detection limit of 0.02
ng/ml (0.5 �U/ml).

Partial affinity purification of the SLR

Purification of SLR was performed as described by Li et al. (20).
Briefly, affinity leptin beads were obtained by coupling rat leptin to
Affigel 15 (Bio-Rad, Hercules, CA), 1.5 mg rat leptin/ml Affi-Gel 15,
following manufacturer’s instructions. To purify the SLR, 0.5 ml rat
serum was diluted 1:2 with PBS (pH 7.4) and mixed with 30 �l leptin
beads. After overnight incubation at 4 C, the beads were washed twice
in cold PBS and twice in cold PBS [10 mm (pH 7.4)] with 200 mm NaCl,
reconstituted in 2� sodium dodecyl sulfate sample buffer, boiled for 5
min and applied onto a 7.5% SDS-PAGE. Bound protein (SLR) was
detected by Western-blot analysis with specific leptin receptor antibod-
ies as described below.

Isolation of rat adipocytes and membrane fraction
preparations

Adipocytes were obtained by collagenase digestion of E adipose
tissue in Krebs-Ringer-bicarbonate buffer (pH 7.4) containing 3% BSA
according to Rodbell’s method (21). Plasma membrane of fat cells was
purified in the presence of 1 mm phenylmethylsulfonylfluoride and 1
mm Na3VO4 as described by Massagé and Czech (22), and the internal
membrane (light and heavy microsomes) was obtained by centrifugation
of the infranatant at 200,000 � g for 1 h. The presence of ObRa in both
membrane fractions was detected by Western-blot analysis.

Effect of N-ethyl-maleimide (NEM) on the SLR production

Adipocytes from 8- and 24-month-old rats fed AL and/or under FR
were used for the generation of SLR by NEM-induced shedding from
ObRa membrane receptors. Fat cells were incubated (1 ml cells per 2 ml
medium) at 37 C in Krebs-Ringer-Phosphate buffer (pH 7.4) containing
2 mm glucose, 1.2 mm CaCl2, and 0.01% BSA in the presence of 5 mm
NEM or vehicle (0.1% ethanol) for 5 min (13). After the treatment, the
incubation media was collected, concentrated with Centricon 3 (Milli-
pore Corp., Billerica, MA), and used for affinity purification of the SLR
by AffiGel 15-leptin chromatography as described before. SLR and ObRa
at the plasma membrane, in the absence or presence of NEM treatment,
were detected by Western-blot analysis.

Western blot

For SDS-PAGE electrophoresis, protein samples were boiled for 5 min
in 2� Laemmli buffer under reducing conditions and electrophoresed
in 7.5% SDS-PAGE. Proteins were electrophoretically transferred to ni-
trocellulose sheets (0.2 �m, Whatman Schleicher and Schuell, Keene,
NH) for 2 h with a constant current of 300 mA. The transfer buffer used
was 48 mm Tris, 39 mm glycine, 0.01% sodium dodecyl sulfate, and 10%
methanol. Blots were then blocked with 5% (wt/vol) nonfat skim milk
in PBS for 1 h at room temperature. Once blocked, the blots were
incubated during 16 h at 4 C with a polyclonal antibody (Affinity BioRe-
agents, Golden, CO) that had been raised against the amino acids 577–
594 of the extracellular domains of rat ObR. The nitrocellulose mem-
branes were then washed five times with PBS containing 0.05% Tween
20 before incubation for 1 h at room temperature with the second
antibody (rabbit antimouse IgG coupled to horseradish peroxidase, di-
luted 1/5000 in rinse buffer). The blots were again washed as detailed
above. The immunocomplexes formed were visualized using the ECL
Western-blotting detection kit (Amersham Biosciences, Inc., Piscataway,
NJ). Bands corresponding to the SLR or membrane leptin receptor were
subjected to a densitometric analysis.

RNA extraction and RT-PCR

Total RNA from E adipose tissue was isolated using RN-Easy Mini
kit (QIAGEN, Valencia, CA). Five micrograms total RNA was reverse-
transcribed into cDNA in a total reaction volume of 20 �l and then
diluted to 100 �l as described by Peralta et al. (23). PCRs were performed
basically as described previously (23), except for RT cDNA template: 5
�l for actin, 10 �l for leptin and ObRa, and 20 �l for ObRe; and the
amplification cycle numbers: 25 for actin, 30 for ObRa and leptin, and
35 for ObRe amplification, respectively. The primers used for Ob-Re
cDNA PCR amplification were 5�-CCTTACGTTCTCATGGCCCAT-
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GAG-3� as forward and 5�-GGTTGACATCCTTGCTTGAGGTTGTC-3�
as reverse one. The primers used for ObRa cDNA PCR amplification
were 5�-GAGAACGGACACTCTTTGAAGTC-3� as forward and 5�-
AGTCATTCAAACCATAGTTTAGG-3� as reverse one. These primers
were synthesized according to the published sequences for the rat leptin
receptors and flank a 310-bp fragment (nucleotides 509–819, National
Center for Biotechnology Information accession no. AF007819) for ObRe
receptor and a 138-bp fragment (nucleotides 2727–2865, accession no.
U42467) for ObRa receptor. The primers used for leptin cDNA PCR
amplification were: 5�-TCACCCCATTCTGAGTTTTGTC-3� as forward
and 5�-CGCCATCCAGGCTCTCT-3� as reverse one. Both flank a 203-bp
fragment for the described rat leptin sequences (nucleotides 257–460,
National Center for Biotechnology Information accession no.
NM013076). The rat actin primers were 5�-GGTATGGAATCCTGTG-
GCATCCATGAAA-3� for the 5� end and 5�-GTGTAAAACGCAGCT-
CAGTAACAGTCC-3� for the 3� end. Both primers flank a 356-bp frag-
ment (24). After reactions, samples were separated by agarose gel (2.5%)
electrophoresis, and the amplified bands were analyzed as described by
Peralta et al. (23). Control reactions with different number of cycles were
performed previously to select conditions for amplification in the lin-
earity range.

Leptin secretion

Adipocytes from 3- and 24-month-old rats fed AL were prepared by
the collagenase method using DMEM containing 25 mmol/liter HEPES
(pH 7.4) and 4% BSA (19). Cells were washed in HEPES-buffered bal-
anced salt solution (pH 7.4) containing 20 mmol/liter HEPES, 120
mmol/liter NaCl, 1.2 mmol/liter MgSO4, 2 mmol/liter CaCl2, 2.5
mmol/liter KCl, 1.0 mmol/liter NaH2PO4, 1% BSA, and 5 mmol/liter
glucose and incubated in the same buffer (1 ml cells per 3 ml medium)
at 37 C for 4.5 h. At times 0, 1.5, 3, and 4.5 h, aliquots of the medium were
removed for the determination of the leptin released.

Other methods

Protein concentration was determined by Lowry’s method with BSA
as standard. All values shown are expressed as mean � sem. Statistical
analyses were performed using one-way ANOVA (GraphPad Prism 3.03
software, GraphPad Software, Inc., San Diego, CA). When the main
effect was significant, the Bonferroni post hoc test was applied to de-
termine individual differences between means. For comparisons be-
tween FR and AL aged mates, the unpaired Student’s t test was used.
P values less than 0.05 were considered to be statistically significant.

Results
Characteristics of the animals

The biological characteristics of the animals used in this
study are summarized in Table 1. As we expected, body
weight, visceral fat, and serum leptin of rats fed AL signif-
icantly increased with advancing age, whereas insulin levels
remained constant. Nevertheless, FR prevented the weight
gain and the increment of adiposity in 8-month-old rats;

consequently, leptin and insulin levels acutely fell to values
below those found in 3-month-old rats. In contrast, in 24-
month-old animals under FR, there was a decrease in serum
leptin levels, but never beyond the values observed in
8-month-old rats fed AL, and no change was observed in
their serum insulin levels. These data agree with previously
published results (23). When the leptin to adiposity ratio was
calculated (Table 1), no statistically significant differences
could be found between 3- and 8-month-old rats fed AL.
However, we observed a marked increase of this ratio at 24
months of age in both AL and FR rats.

Effects of aging and FR on leptin mRNA expression in E
adipose tissue

Because factors, like changes in leptin synthesis and/or
secretion, may contribute to alter the leptin to adiposity ratio
with aging, we studied leptin mRNA expression in E adipose
tissue from 3-, 8-, and 24-month-old AL- and FR-fed rats. As
shown in Fig. 1, leptin mRNA expression only decreases at
24 months of age in AL-fed rats, whereas in aged FR rats, a
further significant decrease was observed. Thus, we next
examined the effect of aging on leptin secretion in isolated
adipocytes from 3- and 24-month-old rats fed AL. To this
end, a time course of leptin release was done, and it was
found that leptin secretion across all time points measured
was about 1.5- to 2-fold higher in adipocytes from old com-
pared with young rats (data not shown).

Changes in serum FL and BL levels with age and
nutritional status

Serum from 3-, 8-, and 24-month-old AL- and FR-fed rats
were fractionated in a Sephadex G-100 gel filtration column.
Figure 2 shows a representative chromatographic fraction-
ation of serum obtained from rats fed AL at different ages.
In agreement with previously published results (11, 25–27),
we observed two different leptin immunoreactive peaks after
the chromatographic fractionation. As can be seen, FL and BL
levels increase with age (Fig. 2). Nevertheless, the major
differences were found in the values of the FL form.

Moreover, when the data are analyzed in terms of percent
respect total leptin, the differences between young and aged
rats were even more clearly seen. As shown in Table 2, at 3
months of age, BL represents 39% and FL 61%, whereas in 8-
and 24-month-old rats fed AL, BL form was decreased to 20

TABLE 1. Biological characteristics of the animals

3-Month-old AL 8-Month-old AL 8-Month-old FR 24-Month-old AL 24-Month-old FR

Body weight (g) 385 � 17 519 � 15a 438 � 19b 699 � 44a 567 � 29b

Visceral fat (g) (E � PR � RP) 9.9 � 2.7 20.8 � 4.2a 10.3 � 4.4d 26.7 � 2.8a 15.9 � 3.2b

Adiposity index (% fat pad weight) 2.4 � 0.6 3.9 � 0.5c 2.3 � 0.8d 3.8 � 0.2c 2.7 � 0.5d

Serum leptin (ng/ml) 4.7 � 0.6 6.5 � 1.4 1.8 � 0.4b 16.9 � 2.4a 7.04 � 1.2d

Leptin to adiposity ratio 1.6 � 0.1 1.5 � 0.5 0.7 � 0.1e 3.9 � 0.5a 2.5 � 0.5b

Serum insulin (�U/ml) 33 � 5 34 � 6 14 � 1a 32 � 5 34 � 3

Data are the mean � SEM of six to eight separate determinations.
a P � 0.005 compared with 3-month-old rats.
b P � 0.005 compared with AL age-mate rats.
c P � 0.01 compared with 3-month-old rats.
d P � 0.01 compared with AL age-mate rats.
e P � 0.05 compared with AL age-mate rats.
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and 15%, respectively. At the same time, the FL levels were
increased to 80 and 85% in 8- and 24-month-old rats, respec-
tively, probably due to the higher serum leptin concentration
in these rats. The similar distribution pattern observed in 8-
and 24-month-old rats fed AL changes after moderate FR.
Thus, although the distribution between BL and FL became
approximately 50% in 8-month-old FR rats, no significant
change in the distribution of BL and FL was observed in
24-month-old rats after FR compared with controls.

Effects of aging and FR on SLR and ObRa protein
expression

SLRs isolated from serum by affinity purification with
leptin-agarose beads were analyzed by Western blot and the
bands quantified by scanning densitometry. The results
showed that SLR levels were comparable in rats of different
ages fed AL. However, after FR, SLR levels were markedly
increased in both 8- and 24-month-old rats (Fig. 3A).

On the other hand, the densitometric analysis of ObRa
protein present in the adipocyte plasma membrane showed
that in rats fed AL, the levels were significantly increased
with aging (P � 0.005 when compared 3- vs. 8- and 24-

month-old rats; Fig. 3B). In addition, FR caused a further
significant increase in the ObRa protein levels at the plasma
membrane when compared with their AL age mates (P �
0.01, 8-month-old AL vs. 8-month-old FR; P � 0.05, 24-
month-old AL vs. 24-month-old FR).

Effects of aging and FR on mRNA expression of ObRa and
ObRe in E adipose tissue

We next analyzed ObRa and ObRe mRNA expression in
E adipose tissue from 3-, 8-, and 24-month-old AL and FR fed
rats. We performed semiquantitative RT-PCR analyses using
ObR isoform-specific primers. As shown in Fig. 4, the ex-
pression of both leptin receptor isoforms, ObRa and ObRe,
was increased with aging, although to a lesser extent in the
case of ObRe (Fig. 4). Interestingly, during FR, the expression
of ObRa and ObRe in E adipose tissue was modulated in an
opposite manner. In aged FR rats, the expression of ObRe
was significantly decreased, reaching values similar to those
found in 3-month-old rats (Fig. 4C), whereas the expression
of ObRa was further increased respect to the AL age mates
(Fig. 4D).

Effect of NEM on SLR production in isolated adipocytes
from aged and FR rats

To study whether isolated rat adipocytes could generate
SLR by shedding of ObRa membrane-anchored receptors, we
incubated adipocytes from 8- and 24-month-old fed AL and
FR rats with and without NEM, a sulfhydryl alkylating re-
agent, that has been used to enhance shedding of membrane-
anchored receptors like GHR (28) and ObR (13) through a
mechanism that involves a metalloprotease activity. As
shown in Fig. 5A, NEM induced a significant loss of ObRa
plasma membrane-anchored receptors in adipocytes from
8-month-old rats and to a lesser degree in adipocytes from
older rats. Although the content of ObRa at the plasma mem-
brane is quite similar in both groups of aged and FR rats, it
is interesting to note that the effect of NEM is higher in rats
of 8 months of age (Fig. 5B). The loss of ObRa at the plasma
membrane was parallel to the increment of SLR in the ex-

FIG. 2. FL and BL levels with age and FR. Total serum leptin from
3-, 8-, and 24-month-old rats fed AL and their FR age-matched rats
was fractionated in a size exclusion chromatography. A representa-
tive Sephadex G-100 elution profile of serum from 3-, 8-, and 24-
month-old fed AL rats. The two peaks correspond to BL and FL.
Pooled fractions, 15–25 and 29–42 for BL and FL respectively, were
used for measuring leptin immunoreactivity using a rat RIA kit. Data
are presented in Table 2.

FIG. 1. Leptin mRNA expression in E adipose tissue from aged and
FR rats. Expression of leptin in E adipose tissue from 3-, 8-, and
24-month-old rats fed AL as well as their nutritionally restricted
age-mates (FR) were determined by RT-PCR as indicated in Materials
and Methods and quantified as the ratio of nanograms of leptin cDNA
amplified per nanogram of cDNA of actin, under the reaction condi-
tions used. Quantification of leptin expression in AL (white bar) and
FR (gray bar) rats. a, P � 0.01 vs. same age fed AL. Values are
means � SEM of five separate determinations per group of animals.
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tracellular medium, being highest in 8-month-old rats under
FR (Fig. 5B).

Effect of FR on the subcellular distribution of ObRa in
adipocytes from aged rats

Because the availability of ObRa receptor at the plasma
membrane may, in part, determine the generation of SLR, we
decided to analyze whether the subcellular distribution of
ObRa in the adipocytes could be affected in aged rats under
FR. As can be seen in Fig. 6, the distribution of ObRa within
the subcellular compartments in isolated adipocytes from 8-

and 24-month-old rats changes significantly after FR. In adi-
pocytes from aged rats fed AL, 70% of ObRa receptors were
located at the plasma membrane and 30% in the internal
membranes. After FR, 90% of ObRa receptors were at the
plasma membrane and 10% in the internal membranes.

Discussion

Leptin circulates in serum both as a free biologically active
form and as a form bound to a SLR and possibly also to other
as yet unidentified binding proteins (25). The balance be-
tween FL and BL, and the SLR levels are potential regulators
of leptin bioavailability and bioactivity (15, 29). Thus, studies
addressing the regulation of circulating SLR and FL under
different physiological conditions may contribute to the un-
derstanding of the effects of leptin in central and peripheral
tissues. The results in the present study confirmed that serum
leptin levels were related to increased adiposity. However,
at 24 months of age, the leptin to adiposity ratio was higher
than expected, suggesting that the leptin resistance associ-
ated with aging, in addition to the increased adiposity, might
contribute to the hyperleptinemia. In this sense, our data on
leptin mRNA expression could not explain the higher serum
leptin levels observed in aged rats, although they agree with
recent results reporting that aging-related obesity in mice is
associated with a decreased leptin gene expression per unit
of fat mass (30) and with a decrease in leptin mRNA level in
cultured aged 3T3-L1 adipocytes (31). However, as reported
in rats with diet-induced obesity (32), we found a higher
leptin secretion in adipocytes from old compared with young
rats that might contribute to increase serum leptin levels with
aging. Nevertheless, because we have not analyzed other fat
depots implicated in the synthesis and secretion of leptin,
further work has to be done before a conclusion may be
drawn.

FL is the predominant form reported herein in serum in
rats of different ages fed AL, but the percentage of FL in-
creases with advancing age and a parallel decrease in the BL
form is observed. Because aged rats present an increase in
adiposity, our results agree with previous findings in normal
weight and obese humans, where similar percentage values
of FL and BL have been reported (33, 34). Additionally,
serum SLR levels in aged rats fed AL were not different from
the levels found in 3-month-old rats, despite the differences
in serum leptin concentrations. These data are in agreement
with previous results reporting similar amounts of circulat-
ing SLR in advanced age in humans, as well as in obese and
normal-weight individuals (34–36). Nevertheless, other
studies have reported that obesity is associated with de-
creasing levels of the circulating SLR in humans (27, 37).

FIG. 3. Effects of aging and FR on the serum SLR and plasma mem-
brane ObRa levels in Wistar rats. In all assays, the blots were incu-
bated with a polyclonal antibody raised against the amino acids 577–
594 of the extracellular domain of rat ObR. A, SLR was purified from
serum (0.5 ml) of 3-, 8-, and 24-month-old AL and FR fed rats using
leptin-agarose beads. After Western-blot analysis, the autoradio-
graphs were quantified by scanning densitometry, and the results are
expressed in arbitrary units. b, P � 0.01 compared with 8-month-old
rats AL; c, P � 0.05 compared with 24-month-old rats AL. B, Plasma
membrane (60 �g) from isolated adipocytes from 3-, 8-, and 24-month-
old AL- and FR-fed rats was subjected to immunodetection of Ob-Ra.
After Western-blot analysis, the levels of Ob-Ra were quantified as
described in A. a, P � 0.005 compared with 3-month-old rats AL; b,
P � 0.01 compared with 8-month-old rats AL; c, P � 0.05 compared
with 24-month-old rats AL. Data are the mean � SEM of three to five
independent experiments.

TABLE 2. BL and FL concentrations in serum from 3-, 8-, and 24-month-old rats fed AL and FL

BL (ng/ml) FL (ng/ml) TL (ng/ml)

3 Month 1.58 � 0.1 (39 � 3%) 2.46 � 0.2 (61 � 4%) 4.04 � 0.6
8-Month-old AL 1.27 � 0.4 (20 � 4%) 5.02 � 1.8a (80 � 5%) 6.29 � 1.4a

8-Month-old FR 0.63 � 0.1b (45 � 8%) 0.78 � 0.05b (55 � 9%) 1.41 � 0.4b

24-Month-old AL 2.54 � 0.5a (15 � 1%) 14.20 � 1.3a (85 � 2%) 16.72 � 2.4a

24-Month-old FR 1.18 � 0.08b (18 � 3%) 5.35 � 0.3b (82 � 5%) 6.53 � 1.2b

Pooled fractions obtained in Fig. 2, 15–25 and 29–42 for BL and FL, respectively, were used for measuring leptin immunoreactivity using
a rat RIA kit. Data are the mean � SEM of six to eight separate determinations.

a P � 0.05 vs. 3-month-old rats. b P � 0.05 vs. AL age-mate rats. Percentages with respect to total leptin are also indicated.
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Weight loss in humans is known to induce an increase in
the circulating levels of serum SLR and, concomitantly, a
decrease in serum leptin levels (27, 38, 39). Because a negative
correlation between SLR and leptin levels has been reported
in this and other studies (37), these data suggest that leptin,
alone or in conjunction with other factors, may play an in-
hibitory role in the regulation of the serum SLR levels. In fact,
it has been reported that administration of recombinant hu-
man leptin to fasted lean men for 72 h prevents the significant
increase in SLR and even results in a decrease in SLR (38). The
results in the present work demonstrate that weight loss in
aged rats, after FR, brings about a significant increase in
serum SLR and a parallel significant decrease in leptin levels
in both 8- and 24-month-old animals. However, despite the
similar SLR levels found in aged FR rats, leptin concentration
is still significantly much higher in 24- compared with
8-month-old rats. These data support the notion that, in
addition to leptin, other unidentified factor(s) may be in-
volved in regulating the circulating concentrations of SLR
with aging.

On the other hand, although FR initiated at 20 months of
age had a small, insignificant, effect in the distribution of free

and bound forms of serum leptin, this treatment decreased
significantly the percentage of FL (�50%) in serum in
8-month-old FR rats. Thus, prevention of fat mass gain at
earlier ages during the life span could better regulate the
proportion of free bioactive leptin and, consequently, leptin
action. In fact, in aged FR rats under euglycemic-hyperin-
sulinemic clamp conditions, we found that in vivo insulin
stimulation of glucose use by white adipose tissue is only
restored in 8- but not in 24-month-old rats that remain re-
sistant to the action of insulin (Escrivá, F., M. L. Gavete, C.
Perez, C. Alvarez, A. Andrés, M. Ros, and J. M. Carrascosa,
unpublished observations). Thus, it may be possible that the
peripheral inhibitory effect of leptin on insulin action in
white adipose tissue in FR rats is only abolished at 8 months
of age, when serum leptin concentration is much lower, and
the increased SLR levels would better modulate the amount
of FL and, therefore, indirectly leptin action on peripheral
tissues, as it has recently been suggested (15).

Because the source of SLR in vivo remains unknown, we do
not know at this point whether a rise in SLR levels could be
associated with any change in leptin receptor expression
isoforms and/or with shedding of membrane-anchored re-

FIG. 4. ObRe and ObRa mRNA expression in E adipose tissue from aged and FR rats. Expression of ObRe (A) and ObRa (B) in E adipose tissue
from 3-, 8-, and 24-month-old rats fed AL as well as their nutritionally restricted age-mates (FR) were determined by RT-PCR as indicated in
Materials and Methods and quantified as the ratio of nanograms of Ob-R cDNA amplified per nanogram of cDNA of actin, under the reaction
conditions used. C, Quantification of ObRe expression in AL (white bar) and FR (gray bar) rats. a, P � 0.025, and b, P � 0.005 vs. 3-month-old
animals; c, P � 0.01, and d, P � 0.005 vs. same age fed AL. D, Quantification of ObRa expression in AL (white bar) and FR (gray bar) rats.
a, P � 0.05 vs. 3-month-old animals; b, P � 0.05 vs. same age fed AL. Values are means � SEM of five separate determinations per group of
animals.
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ceptors in different tissues. Our results show that ObRe and
ObRa mRNA expression in white adipose tissue increase
with aging by 2- and 5-fold, respectively, in rats fed AL, but
this is not followed by a parallel increase in serum SLR levels.

However, although ObRe mRNA expression significantly
decreased in white adipose tissue of aged FR rats, a further
increment in the ObRa mRNA expression is observed par-
allel to a 2-fold increase in serum SLR levels. These results
agree with previous observations in men reporting that the
expression of the shortest membrane anchored leptin recep-
tor mRNA in lymphocytes is induced after a 72-h fast, a
situation where the SLR levels are also increased (38). Recent
in vitro and in vivo studies in mice overexpressing ObRa or
ObRb have shown, as reported in humans (12, 13), that SLR
may also be generated by ectodomain shedding from mem-
brane-anchored receptors (14). Our results suggest that
changes in leptin receptor gene expression in white adipose
tissue, as indicated by ObRa mRNA expression data pre-
sented herein, might contribute to generate SLR after ectodo-
main shedding, either to increase serum SLR levels or, al-
ternatively, to abrogate leptin paracrine actions on adipose
cells to avoid leptin-mediated depletion of the major energy
storage under moderate FR. Our data do not rule out the
possibility that other as yet unidentified tissues, under phys-
iological conditions in which the expression of ObRa and/or
ObRe is induced, could also participate in the generation of
SLR, as in the case of placenta in mice and rats during preg-
nancy (11, 40). In fact, it has been very recently reported that
in mice, ObR mRNA expression in the liver is induced under
conditions of negative balance, and, in parallel, this was
associated with increased levels of plasma SLR (41). Because
fasting in mice had no effect on levels of ObRe mRNA, these
authors suggest that the increased levels of plasma SLR ap-
pear to be the result of cleavage and shedding of membrane-
anchored leptin receptor (41).

Previous studies have analyzed the generation of human
and mice SLR in transient or stable cultured cell lines over-
expressing ObRa and/or ObRb leptin receptors (13, 14). Be-

FIG. 5. Effects of NEM on ObRa level at the cell surface and SLR
production. Adipocytes from E adipose tissue from 3-, 8-, and 24-
month-old AL- and FR-fed rats were incubated with and without 5 mM
NEM (5 min). In all assays, the blots were incubated with a polyclonal
antibody raised against the amino acids 577–594 of the extracellular
domain of rat ObR. After Western-blot analysis, the autoradiographs
were quantified by scanning densitometry, and the results are ex-
pressed in arbitrary units. A, Plasma membrane ObRa levels in adi-
pocytes incubated in the absence (�) or presence (�) of NEM. B,
Autoradiograph shows the SLR levels detected in the concentrated
extracellular media, purified by affinity using leptin-agarose beads.
The results are expressed in arbitrary units as fold stimulation of SLR
production above basal (in the absence of NEM). Data are depicted as
mean � SEM of four experiments. *, P � 0.005 compared with (�NEM);
�, P � 0.005 compared with their age-mate rats.

FIG. 6. Subcellular distribution of ObRa in adipocytes from aged FR
rats. Fifty micrograms plasma membrane (PM) or internal membrane
(IM) fractions purified from adipocytes from E adipose tissue were
subjected to immunodetection with a polyclonal antibody raised
against the extracellular domain of the ObR. After Western blot anal-
ysis, the levels of Ob-Ra in PM (white bars) and in IM (gray bars) were
quantified by scanning densitometry, and the results are expressed
in arbitrary units. *, P � 0.05 compared with their age-mate rats.
Data are the mean � SEM of three to four independent experiments.
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sides this, it has recently been reported that SLR can be
generated from human subcutaneous adipose tissue explants
(35). Thus, assuming that in rat tissues SLR might also be
generated by shedding from membrane-anchored leptin re-
ceptors, this work demonstrates that in primary cells, as
adipocytes, the constitutive release of SLR into the medium
is increased after NEM-induced shedding from ObRa recep-
tors. Although NEM-induced shedding it is not considered
a physiological process, our data agree with previous find-
ings in cultured cell lines reporting that NEM enhance the
constitutive shedding rate of membrane-anchored receptors
like GHR (28) and ObR (13). In addition, the amount of SLR
released into the incubation medium by NEM-induced shed-
ding is increased depending on the physiological conditions.
In fact, it is higher in adipocytes isolated from adult than
from older rats in both AL- and/or FR-fed animals, despite
expression of similar amounts of ObRa receptors at the
plasma membrane at both ages. Although the metallopro-
tease activity implicated in leptin receptor shedding is un-
known (13), our data suggest that the proteolytic cleavage of
membrane-anchored leptin receptor could be modified with
aging and/or with FR. In this sense, several studies have
reported the existence of changes in metalloprotease activ-
ities with aging and obesity in different tissues (42, 43).

Finally, although we have not been able to directly assess
the relationship between SLR levels in the circulation and the
expression of leptin receptor isoforms in white adipose tis-
sue, our results do demonstrate that the level of SLR detected
in the incubation medium from isolated adipocytes was
closely related to the level of expression of the ObRa receptor
at the plasma membrane. It is known that leptin receptors are
mainly localized in intracellular compartments in target tis-
sues (17, 44). In this sense, we have seen by Western-blot
analysis that the distribution of ObRa between plasma mem-
brane and internal membranes represents 27 and 73%, re-
spectively, in isolated adipocytes from 3-month-old rats fed
AL (data not shown). However, the subcellular distribution
of ObRa in the adipocytes changes significantly with aging
and with FR, increasing the level of ObRa receptors at the
plasma membrane, while decreasing them at the internal
membranes. Thus, our results suggest that the increased
availability of ObRa receptor at the cell surface in adipocytes
of aged and FR rats may, at least in part, determine the
generation of SLR. The mechanism by which aging and FR
triggers the increased sorting of ObRa to the plasma mem-
brane under these circumstances remains to be established.

In conclusion, we have shown that leptin receptor mRNA
expression isoforms, ObRa and ObRe, in white adipose tissue
are differently regulated by moderate FR, and in this situa-
tion, the subcellular localization of ObRa in the adipocytes is
mainly at the plasma membrane. Additionally, our study
demonstrate that in isolated rat adipocytes, the level of SLR
detected in the incubation medium, after NEM-induced
shedding, was closely related to the level of expression of
ObRa at the plasma membrane. The observed changes in the
circulating FL, BL, and SLR levels in aged and FR rats could
be implicated in the regulation of central and peripheral
leptin actions.
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