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Abstract

Upon demonstrating in previous studies that daily oral administration of 
leptin is able to regulate food intake and reduce body weight in small rodents 
while controlling appetite in dogs, we assessed in the present study the action 
of oral leptin on brown adipose tissue. This thermogenic tissue is stimulated by 
leptin through activation of UCP1. Leptin increases peripheral lipid oxidation with 
increased lipolysis and decreased fat synthesis leading to reduction of adiposity. 
Upon force-feeding leptin to gerbils once a day, the animals reduced their food 
intake and started to lose weight. Morphological and biochemical examination 
of the interscapular brown adipose tissue revealed significant activation by 
oral leptin. By the third day of treatment, the brown adipocytes demonstrated a 
breakdown of the lipid droplets into smaller ones, an increase in the number of 
mitochondria and their cristae, while nuclei with extended dispersed chromatin 
moved towards the center of the cells. By day ten of treatment, the number of lipid 
droplets decreased being degrade by phagolysosomal structures. Mitochondrial 
UCP1, key protein in thermogenesis, as well as several enzymes essential to 
sustain energy metabolism of activated BAT were significantly increased. Thus 
oral leptin mimics all activities of the endogenous one; it reduces food intake 
and activates BAT thermogenic activity, thus contributing to the rapid reduction 
in body weight and adiposity. 
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Introduction
In previous series of studies we have demonstrated that in 

response to food intake, leptin secretion originating from the gastric 
mucosa is stimulated. At mealtime, gastric chief cells process leptin 
through regulated secretion [1]. The release of leptin takes place 
concurrently with other gastric proteins such as pepsinogen and 
lipase and corresponds to its exocrine secretion into the gastric cavity. 
As an integral part of the gastric juice, leptin requires protection 
from early degradation. This is carried out by a chaperon, the soluble 
isoform of its own receptor [2,3]. A complex leptin-leptin receptor is 
formed in the chief cell secretory granules prior its discharge into the 
gastric cavity. The complex is then vehiculated towards the duodenal 
lumen by the gastric juice. Transmembrane leptin receptors, present 
on the enterocyte luminal brush border membrane, bind leptin and 
internalize it towards the Golgi apparatus [3,4]. Upon an intricate 
transcytotic path, a leptin-leptin receptor complex is released 
towards the baso-lateral space of the duodenal mucosa and reaches 
circulation to be carried to the hypothalamic target cells where it acts 
as a satiety factor [4,5]. On the other hand and concurrently, leptin 
is continuously synthesized and secreted through a constitutive 
pathway by white adipocytes [5-7]. This adipocyte-secreted leptin 
plays important roles not only for the control of appetite but also for 
regulating energy expenditure [8-13].

Presence of leptin in the gastric cavity led us to propose the 
oral administration of leptin. Indeed leptin given orally should be 
very effective in triggering early satiety and could thus control our 
tendency for overeating. Obesity has become a very serious problem 
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in our western society leading to major health problems [14-16]. 
Several physiological and psychological issues bring humans to the 
trend of overeating which in turn gives rise to leptin resistance that 
exacerbates our system leading to morbid obesity [17,18]. There is 
a crucial need for safe and efficient approaches to control our food 
intake. Our studies on leptin secretion by the gastric mucosa led 
us to envision the prospect of having an oral medication of leptin. 
Exogenous leptin would undertake the same physiological path as the 
endogenous one from the gastric cavity into circulation and would 
reach the target hypothalamic cells to exert its physiological actions 
[19].

We have previously designed a vehicule capable to administer 
leptin orally [20]. This vehicle protects the hormone while in transit 
in the gastric cavity and promotes its absorption by the duodenal 
mucosa [20]. We reported that once administrated orally to mice, 
exogenous leptin is transferred very efficiently to blood circulation in 
a matter of minutes [20]. Oral leptin is able to control food intake and 
to induce loss of body weight [20]. The efficiency of oral leptin was 
found to be more striking when given to leptin-deficient ob/ob obese 
mice [20]. In addition to significantly reducing their food intake, 
the animals were losing so much body weight that we had to end 
the experiments [20]. The fact that the ob/ob mice lack leptin but do 
express leptin receptors at the surface of their cells [21-23], allowed 
for oral leptin to restore circulating levels of leptin and correct the 
over-eating problem in these leptin-deficient animals [20]. On the 
other hand, experiments performed with db/db mice lacking the 
leptin receptor [21-23], demonstrated that oral leptin administration 
is not effective [20]. For oral leptin to be efficient, expression of the 
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corresponding leptin-receptor at the plasma membrane of the target 
cells is essential.

Further work confirmed the efficiency of oral administered leptin. 
Experiments were carried out on large animals, namely dogs [24]. For 
such studies, a leptin pill was designed. Human leptin was inserted 
in a capsule together with components that protect leptin from early 
degradation during transit in the digestive track and promote its 
absorption by intestinal cells [24]. As it occurred in rodents, leptin 
given orally to dogs was able to significantly reduce amounts of food 
ingested by the animals. Efficiency of the treatment reached 60% in 
some animals. Treatments were by far more efficient in the mornings 
that in the afternoons. Correlations between amounts of circulating 
oral leptin and amounts of food intake were highly significant which 
indicates that the effectiveness of the treatment is related to the 
efficiency for leptin to cross the intestinal wall rather than the leptin 
action by itself [24]. 

Leptin, a 16kd peptide, regulates adiposity and body weight by 
controlling food intake and energy homeostasis through its membrane 
receptor at the level of the target hypothalamic cells and those of 
some peripheral tissues such as the Brown Adipose Tissue (BAT) 
[25]. Brown adipocytes play crucial roles in thermogenesis; property 
conferred by a particular mitochondrial protein, the Uncoupling 
Protein-1 (UCP1) [26-30]. BAT is found in abundance in particular 
anatomical sites mainly in small mammals, in hibernating animals, 
in newborns of large animals and humans [30-33]. In addition to the 
large number of small lipid droplets the activated brown adipocyte 
displays numerous mitochondria packed with well developed cristae. 
Leptin stimulates brown adipocytes through activation of UCP1 
[31,34]. The activation of this protein represents a key player in the 
nonshivering thermogenesis activity for cold acclimation. Leptin 
increases peripheral lipid oxidation with increased lipolysis and 
decreased fat synthesis leading to a rapid reduction in body weight 
and adiposity [35].

In the present study we have evaluated the response of BAT to 
oral administrated leptin. Gerbils were force-fed daily with leptin 
and their brown adipose tissue was examined periodically by 
morphological approach and analysed for the expression of various 
enzymes and mitochondrial proteins. Results have shown that oral 
leptin not only reduces food intake in the gerbil but it also activates its 
brown adipocytes with raise in the number of mitochondria cristae, 
increases in the expression of various mitochondrial proteins and 
fragmentation followed by disappearance of the lipids droplets. 

Oral leptin mimics all physiological activities of endogenous 
leptin ; not only it reduces food intake leading to loss of body weight 
but it also acts on adipose tissue by stimulating lipid oxidation 
increasing lipolysis and decreasing fat synthesis, overall contributing 
to a rapid reduction of adiposity. 

Material and Methods and Results
Thirteen adult male gerbils weighing an average of 75g were 

used for this study. After a few days of acclimation 8 animals were 
force-fed with 100 µg of leptin in the appropriate vehicle, once a day 
for a period of 11 days. Five control animals were force-fed with the 
vehicule alone. Based on previous results obtained on mice [20], 100 
µg of mouse recombinant leptin (R&D Systems Inc. Minneapolis, 

MN, USA) were administered orally, dissolved in 0.5 ml of vehicle 
which composition included 2000 Kallikrein Inhibitor Units (KIU) 
of aprotinin (Trasylol, Bayer, Leverkusen, FRG) and 5 mg of sodium 
deoxycholate (22mmol/l) (Sigma St-Louis, Mo, USA) in bicarbonate 
buffer pH 9. Aprotinin reduces leptin degradation in the gastric 
cavity while sodium deoxycholate enhances duodenal absorption 
[36-38]. Food intake and body weight were monitored daily. Results 
are reported in Figures 1&2. Figure 1 demonstrates that oral leptin 
reduces the daily food intake by 55% as soon as the leptin treatment 
was initiated. Body weight show steady decreases when compared to 
vehicle-fed control animals already by the second day of treatment 
(Figure 2). Body weight continued to decrease as long as the treatment 
with oral leptin was maintained (Figure 2). These results are similar to 
those previously obtained on mice [20].

Morphological studies on BAT were carried out upon oral 
administration of leptin. We chose to examine the interscapular 
brown adipose tissue. Tissues were sampled and fixed by immersion 
in Bouins’ fixative prior processing them for embedding in 
paraffin according to routine histological techniques. For electron 
microscopy, small fragments of BAT were fixed by immersion in 
1% glutaraldehyde in 0.1M phosphate buffer for 2 hours, post-fixed 
with 1% osmium tetroxide at 4ºC and upon dehydration in graded 
ethanol and propylene oxide embedded in Epon. Tissue thin sections 
(70nm) were performed with an ultra-microtome and upon staining 

Figure 1: Average food intake per day by control (vehicule-fed) (N=5) and 
leptin-treated gerbils. (N=8).

Figure 2: Body weight of non-treated (N=5) and leptin-treated (N=8) gerbils.
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them with uranyl acetate and lead citrate, they were examined with a 
Philips electron microscope.

In control vehicule-fed animals, BAT appears light colored. Upon 
stimulation by leptin it turned to a rather brownish color which we 
know to be due to proliferation and activation of mitochondria 
as well as disappearance of the lipid deposits. Also, the dense 
vascularisation in the connective tissue must contribute to the 
appearance of BAT. Morphological examination of the BAT by light 
microscopy (Figure 3) demonstrated the presence of cells containing 
large lipid droplets resembling in many instances those of the white 
adipose tissue. Interstitial connective tissue appeared abundant with 
significant vascularisation (Figure 3). By electron microscopy non-
stimulated brown adipocytes displayed one or two large lipid droplets 
surrounded by a thick rim of cytoplasm filled with mitochondria. The 
large nucleus was located in the peripheral cytoplasm (Figure 4). The 
cells were closely related to numerous blood capillaries (Figure 4). 
This contrasts with the features of the white adipocytes which display 
a single large lipid droplet surrounded by a very thin peripheral 
cytoplasmic rim with few mitochondria and a flattened nucleus. 

Upon oral administration of leptin, BAT is activated and the 
morphology of its cells changes drastically as early as after three days 
of treatment. By light microscopy the cells appeared to be filled with 
numerous lipid droplets much smaller in size than those found in 
resting cells (Figure 3). Tissue appears more compact with increased 
vascularisation. By electron microscopy we detected several changes 
that evolved along with the length of the oral leptin treatment. Upon 
3 days of leptin stimulation the morphology of the brown adipocyte 
differs drastically from that of the resting cell. The single large lipid 
droplet had fragmented into numerous smaller ones (Figure 5). 
These new smaller lipid droplets fill up the cytoplasm. The peripheral 
nucleus moved towards the center of the cell and its dense chromatin 
evolved towards the dispersed type. Mitochondria increased in 

number with a darker aspect. In fact, the number of cristea within 
each mitochondrion increased drastically and the mitochondria 
matrix was denser (Figure 6). Number of blood capillaries seemed 
to have increased and they moved close to the adipocyte plasma 
membrane (Figure 5). 

Morphology of the brown adipocyte continued to evolve as the 
treatment with leptin was prolonged. Upon ten days of treatment, 
the aspect of the brown adipocytes was quite different from that of 
the resting cells or even from the short-term activated ones (Figure 
7). While nuclei were still centrally located and the number of 
mitochondria remained very high, the number of lipid droplets 
decreased drastically and those still present were surrounded by 
phagolysosomal like structures (Figure 7). The presence of these 
phagolysosomes indicates dynamic digestive activities. Nuclei matrix 
became quite clear with very small nucleoli; progression towards 
pyknosis and cell death was noted. Blood vessels still very abundant 
remained in close contact with the adipocyte cell membrane. 

Figure 3: BAT from non-treated (top figure) and 3 days leptin-treated (bottom 
figure) animals. Tissue from leptin-treated animals displays a higher number 
of lipid droplets much smaller in size.

Figure 4: Electron micrograph of a brown adipocyte of a control animal. It 
displays a large Lipid droplet (L) surrounded by a wide rim of cytoplasm filled 
with Mitochondria (M). The Nucleus (N) is located at the periphery of the 
cell. Numerous blood Vessels (V) are located close to the adipocyte in the 
connective tissue.

Figure 5: Low magnification electron micrograph, illustrating the brown 
adipose tissue of an animal receiving oral leptin for a period of three days. 
Many changes are clearly seen. The large lipid droplets have fragmented into 
numerous smaller ones (L). The Nuclei (N) have moved towards the centre 
of the cells and the blood Vessels (V) are numerous and in close contact with 
the adipocytes.
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Biochemical assessment of the activated brown adipose tissue was 
performed through analysis of different proteins and mitochondrial 
enzymes. BAT from control and leptin-administered animals were 
sampled. The first protein considered was indeed the UCP-1 (or 
thermogenin) which is found exclusively in BAT [27,34,39]. It is 
a transmembrane protein of the inner mitochondria membrane. 
Protons present in the inter-mitochondrial membranes are channelled 
through UCP-1 into the mitochondrial matrix. This results in a 
drastic loss of energy in the form of heat, concomitant with a decrease 
in ATP synthesis. An increase in the UCP-1 protein is characteristic 
of activated BAT [27]. UCP-1 in our gerbil BAT was determined by 
immunoblotting and referred to ß-actin levels. Oral administration of 
leptin led to significant increases in UCP-1 confirming that oral leptin 
was able to trigger mitochondria activation (Figure 8). Lipogenesis 
in brown adipocytes requires activation of mitochondria enzymes 
with a proper supply of NADPH for the synthesis of fatty acids. This 
is ensured by the malic enzyme and the glucose-6P dehydrogenase. 
Malic enzyme was measured by generation of NADPH in the 
presence of L-Malate [40]. Figure 9 demonstrates that the malic 

enzyme is highly enhanced upon oral leptin administration. Similar 
results were obtained for glucose-6P dehydrogenase (Figure 9) which 
was assessed by incubation of glucose and ATP to generate glucose-
6P followed by a NADP and glucose-6Pdehydrogenase reaction to 
produce NADPH [41]. Glucose-6P dehydrogenase converts glucose-
6P into 6P-D-gluconate with generation of NADPH [40]. Again the 
glucose-6P dehydrogenase was found to be increased under oral 
administration of leptin (Figure 9).

Besides lipids, glucose is an important fuel during BAT activation 
with a high capacity of glycolysis. The rate of glycolysis was assessed by 
measuring the activities of glucokinase and pyruvate kinase. Pyruvate 
kinase activity was measured by conversion of phosphoenolpyruvate 
to pyruvate in the presence of ADP followed by pyruvate to lactate 
in the presence of NADH and LDH [42]. Glucokinase and pyruvate 
kinase activities were both increased in BAT upon oral administration 
of leptin (Figure 9). Finally, cytochrome c oxidase being a key 
enzyme of the mitochondrial respiratory chain was also assessed 
using the criteria of its oxidation of vitamin C [43]. And again upon 
oral administration of leptin, cytochrome c oxidase was found to be 
significantly increased (Figure 9).

All along the study, comparative assessments were carried out with 
tissues from control animals and results were statistically evaluated 
with standard errors to the means and Student t-test analysis.

Discussion
We previously established that the gastric mucosa secretes leptin 

at time of food intake [1]. This secretion takes place concomitantly 
with other gastric proteins such as pepsinogen and lipase, leptin 
being an integral part of the gastric juice. Leptin secreted by the 
gastric chief cells represents an unusual example of the exocrine 
secretion of a hormone. Due to the drastic conditions existing 
within the gastric juice and leptin being a small peptide, survival of 
leptin requires protection. This is provided by a chaperon. We have 
demonstrated that leptin is secreted associated to the soluble isoform 
of its receptor [2,5]. The complex leptin-leptin receptor formed 
within the secretory granules of the gastric chief cells is released into 
the gastric cavity by exocytosis. The leptin-leptin receptor complex 
resists the harsh conditions of the gastric juice and is vehiculated 
towards the duodenum. Once in the intestinal lumen, leptin interacts 
with its integral transmembrane receptor present on the apical brush 
border membrane of the intestinal cells leading to its internalization 
by endocytosis [4,5,19]. From the endosomal compartment it is 
channeled to the Golgi apparatus where it gets complexed again to its 
soluble receptor before being released towards the interstitial tissue 
to reach blood circulation [5]. Thus, leptin secreted by the gastric 
mucosa into the gastric juice finds its way to reach circulation across 
the intestinal cells. 

The fact that a peptide or a protein present in the intestinal lumen 

Figure 6: Brown adipocyte Mitochondria (M) from a three days leptin-treated 
animal. Mitochondria are numerous and display a very large number of 
cristea, Mitochondria matrices appear very dense. V: blood Vessel; L: Lipid 
droplets.

Figure 7: High magnification of a cytoplasmic area of a brown adipocyte 
from an eight days leptin-treated animal. The number of Lipid droplets 
(L) has diminished drastically and the few remaining are surrounded by 
Phagolysosomal structures (PL). Mitochondria (M) remain numerous. N: 
Nucleus; V: blood Vessel. 

Figure 8: UCP1 (or thermogenin) is drastically enhanced in brown adipose 
tissue of leptin treated animals.
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reaches blood circulation in an intact and functional form is not a 
unique situation. We have previously reported that some pancreatic 
proteins secreted in an exocrine fashion into the pancreatic juice, 
cross the intestinal wall to reach blood circulation [44-46]. Indeed, 
pancreatic lipase as well as bile salt dependant lipase, secreted by the 
exocrine pancreas into the pancreatic juice, crosses the intestinal cells 
through an elaborate transcytotic pathway to reach blood circulation 
[44-46] where they play key roles.

It is also important to underline that formation of the leptin-
leptin receptor complex is crucial for the physiological activity of this 
hormone since both leptin peptides, the one originating from the 
gastric mucosa as well as that of the adipose tissue, circulate in the 
blood in their complexed form, associated to the soluble isoform of 
their receptor [5]. We herein emphasize the fact that the circulating 
physiological hormone is not the peptide by itself, but rather the 
complex leptin-leptin receptor.

The presence of leptin in the gastric cavity as an integral part 
of the gastric juice motivated us to propose that leptin could be 
administered orally. Oral leptin would reach the gastric cavity and 
provided degradation by the gastric juice is prevented, it would reach 
the intestinal lumen. It would then be internalized by enterocytes and 
complexed to its soluble receptor prior being discharged on the basal 
interstitial space to reach target cells via blood circulation [5,19]. 
Experiments were performed to establish this path. Leptin forced-
fed to normal mice, was found to efficiently reach blood circulation 
through the intestinal wall in matters of minutes and able to decrease 
food intake to such an extent that the animals start losing weight [20]. 
The efficiency of oral leptin was even more drastic when administered 

to ob/ob mice [20]. These mice, genetically deficient of leptin, become 
rapidly obese [21,22]. Daily oral administration of leptin was able to 
control their food intake and even induce major loss of their body 
weight [20].

Further studies were performed with small mammals [20] 
including the rat and the gerbil (present study) as well as with large 
animals such as the dog [24]. In all instances the efficiency of oral 
leptin to decrease food intake was established provided that major 
degradation of the leptin peptide in the gastric cavity is prevented. 
Two approaches to reach this objective; the most direct and efficient 
one would be to bind leptin to the soluble isoform of its receptor as it 
occurs in vivo. Alternatively, we choose to prevent major degradation 
by using a protease inhibitor [20]. This was found to be very efficient 
since significant amounts of leptin reach blood circulation within the 
first 15 minutes [20]. Working with obese mice such as the ob/ob and 
the db/db mice allowed us to establish that oral administered leptin is 
very efficient in reaching the hypothalamic targets cells and inducing 
significant reduction of food intake provided that the transmembrane 
leptin receptor is expressed on the plasma membrane of the target cells 
[20]. In the case of the db/db mice deficient in leptin receptor, oral 
administered leptin was unable to induce any changes in the feeding 
behavior [20]. The integrity of the leptin receptor and its expression 
at the cell plasma membrane are primordial for our treatment with 
oral leptin to be efficient.

Besides acting on feeding behavior, leptin is known to activate 
brown adipose tissue [27,39]. In the present study we looked into 
the activation of BAT by oral leptin. The study was performed on 
gerbils that present significant amounts of BAT particularly in the 
interscapular region. Leptin was orally administered daily and 
the BAT was examined at three different time points: prior leptin 
administration, 3 and 10 days after daily administration of an amount 
of leptin that was able to reduce food intake and even decrease body 
weight. Indeed, immediately upon starting the oral administration of 
leptin, the animals reduced significantly their food intake and started 
to lose weight. The loss of body weight resulted from the combination 
of two actions, the loss of appetite with reduced ingestion of 
food but also by activation of the BAT. This was demonstrated by 
morphological and biochemical approaches. Brown adipocytes under 
resting condition present one or two large lipid droplets surrounded 
by a large rim of cytoplasm that displays numerous mitochondria 
and a large, spherical and peripheral located nucleus. In addition, the 
connective tissue is rich in blood vessels. 

Oral administered leptin reaching rapidly blood circulation 
acted upon these BAT target cells. As soon as three days of daily oral 
administration of leptin, we were able to demonstrate activation of 
the BAT. The large lipid droplets broke down into numerous small 
ones; mitochondria proliferated and the large nuclei became centrally 
located with developed dispersed chromatin. The mitochondria 
show increased number of cristae and a dense matrix. We were also 
able to observe that the numerous capillary blood vessels got closely 
associated to the adipocytes. Thus activation of lipolysis was triggered 
by the oral leptin administration. After ten days of treatment, few 
lipid droplets remained in the adipocytes. They were surrounded 
by autophagolysosomes that encapsulated them to proceed with 
lipolysis [47]. Mitochondria remained numerous each displaying a 

Figure 9: Levels of various enzymes of brown adipose tissue from control 
and leptin-treated animals.
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large number of cristae and dense matrices. UCP1 the main protein 
involved in thermogenesis, present exclusively in BAT mitochondria, 
was found to be increased demonstrating activation with decrease in 
ATP synthesis and production of heat. Similarly other mitochondria 
enzymes involved in lipogenesis were increased confirming again 
activation of BAT.

Taken together all the data clearly demonstrate that once orally 
administrated, leptin reaches target tissues through circulation 
triggering activation of BAT. Besides acting as a satiety hormone 
reducing appetite and decreasing food intake, leptin stimulates 
brown adipocytes triggering lipogenesis, stimulating mitochondria 
and generating large amounts of heat thus contributing to loss of 
body weight. 

Oral administration of leptin should be considered as a very 
promising opportunity for managing body weight loss in obese 
patients. Several points should be taken into consideration when 
bearing in mind oral administration of leptin: 1- protection of the 
oral administered leptin from early degradation by the gastric juice, 
2- the fact that the physiological active circulating factor is not the 
free leptin peptide but rather the leptin-leptin receptor complex and 
3- the leptin hormone does not act only on satiety but also activates 
lipolysis with heat production. These combined actions lead to major 
loss of body weight.
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