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Abstract
Backdround/Aims: The aim of this work was to study the effect and mechanism of action 
of leptin added apically, on glucose absorption, using Caco-2 cells as a model. Methods: 
Cells were grown on inserts and treated with leptin, at different time points after confluence. 
Radiolabelled glucose was added to the upper chamber and samples from the lower chamber 
were collected and assayed for radioactivity. Results: Glucose absorption increased with an 
increase in the level of differentiation and was associated with an increase in the protein 
expression level of glucose transporters. Leptin reduced glucose absorption only by day 16 
after confluence, the time at which apical leptin receptors started appearing. This inhibitory 
effect became higher the longer the post confluence period, and was prominent on day 
23. The hormone effect was found to be mediated via a decrease in the number of glucose 
transporters (SGLT1 and GLUT2) and a decrease in the activity of the Na+/K+ ATPase which was 
assayed by measuring the amount of inorganic phosphate liberated in presence and absence 
of enzyme activators. Conclusion: It was concluded that by day 23 post confluence, Caco-2 
cells are differentiated and are appropriate to use as a model for intestinal transport studies.

Introduction

Leptin has recently been shown to be produced by the stomach, and its receptors have 
been identified in intestinal absorptive cells [1-3]. These findings support the idea that leptin 
may play a role in modulating nutrient absorption and probably glucose. Few studies have 
tested this hypothesis and those which did, relied on intestinal loops or Ussing chambers [4-
6] which have many experimental limitations. This is why we opted in this work to investigate 
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the effect of leptin on glucose absorption using Caco-2 cells which provide a valuable and well 
recognized model for transport studies, in isolation of other components of the gut. These 
cells are cancerous colonocytes which grow in continuous polarized monolayers, undergo 
spontaneous differentiation in long-term culture, and acquire several of the characteristics 
of normal enterocytes [7-9]. Upon differentiation, they express enzymes and transporters 
of the small intestine like the PepT1 transporter, Na+/H+ transporter, folate receptor 1, Na+-
dependent vitamin C transporter, basolateral Fe exporter, and others [8, 10-15].

Intestinal glucose absorption is dependent on two families of carriers which ensure 
the proper delivery of glucose to the blood stream. These are the Na+-dependent glucose-
transporters (SGLTs) present on the apical membrane (Wright, 2001) and the facilitative 
Na+‏-independent glucose transporters (GLUTs) identified on both the mucosal and serosal 
sides [16-18]. The energy needed to drive glucose entry via SGLT1 against its concentration 
gradient is provided by the Na+ electrochemical gradient created by the Na+/K+ ATPase 
present in the basolateral membrane [19-21]. The accumulated sugar within the enterocytes 
leaves across the basolateral membrane via a facilitative transport process involving GLUT2 
[22]. Thus both, glucose transporters and Na+/K+ ATPase, may modulate glucose transport 
across the intestine. 

The aim of this work was, to investigate the effect of leptin on glucose absorption by 
Caco-2 cells at different differentiation levels, and to identify its mode of action.

Materials and Methods

Materials
Human leptin was purchased from Biovision, CA, USA. Rabbit anti-Na+/K+ ATPase α1 polyclonal 

antibody was purchased from Upstate Biotechnology, NY, USA. Rabbit anti-GLUT2 and anti-SGLT1 polyclonal 
antibodies were purchased from Chemicon International, CA, and USA. Rabbit anti-Ob-R polyclonal 
antibody and anti-rabbit IgG horse raddish peroxidase (HRP) conjugated were purchased from Santa 
Cruz, CA, USA. Protease inhibitors cocktail tablets were purchased from Boehringer Mannheim, Germany. 
Enhanced Chemiluminescence (ECL) kit was obtained from Santa Cruz, CA, USA. Nitrocellulose membranes, 
Biorad protein assay reagent and rainbow marker were purchased from Biorad, California, USA. Dulbecco’s 
Minimal Essential Medium (DMEM) with 4500mg/L Glucose and pyridoxine HCL, Fetal Bovine Serum 
(FBS), Penicillin/Streptomycin (PS), Trypsin-EDTA, 10x Phosphate Buffered Saline (PBS) without calcium 
and magnesium were purchased from Sigma, Chemical CO, St. Louis, Missouri, USA. Transwell permeable 
supports (0.4 µm-pore-sizes, 24 mm-diameter, and polyester) were purchased from Corning, MA, U.S.A. 
Scintiverse BD Cocktail was purchased from Fisher Scientific, Fairlawn, NJ, USA. 3-O-methyl-D-glucose ([14C] 
3OMG) and Mannitol, D-[1-3H (N)] were bought from Amersham International Ltd. Amersham, UK. The 
human colon carcinoma cell line (Caco-2) was purchased from American Type Culture Collection (ATCC), 
VA, USA.

Culture and treatment of Caco-2 Cells
Caco-2 cells were used at passages 25-35. They were grown in DMEM containing 4500mg/L Glucose, 

sodium pyruvate, 1% Penicillin (100 µg/ml), streptomycin (100 µg/ml), supplemented with 10% FBS, and 
kept in a humidified incubator (95% O2, 5% CO2) at 37°C. The cells were plated at a density of 120,000 cells 
/ ml and treated on different days after confluence following an overnight starvation.

Caco-2 cells were treated with different concentrations of leptin, at different time points post 
confluence. The vehicle was added to the control plates in the same amount and for the same duration. At 
the end of the incubation period, the plates were washed twice with PBS buffer (pH 7.4) and the cells lysed 
and homogenized in a polytron (20000-22000 rpm) at 4°C after addition of protease inhibitors. Proteins 
were quantified in the homogenized cells using the Bio-Rad assay, which is based on the Bradford method.

Effect of leptin on glucose absorption by Caco-2 cells
Caco-2 cells were grown on transwell inserts. To determine the hormone effect at different levels of 

differentiation, the cells were treated with leptin at different time intervals after confluence. Leptin (10 
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nM) was added to the upper chamber together with 3-O-14C methyl D glucose ([14C] 3OMG) (0.3 μM, 2.087 
GBq mmol-1) and D-mannitol-[1-3H (N)] (0.44 nM, 455.1 GBq mmol-1). The latter was used to check for 
the integrity of the Caco-2 cell monolayer and to confirm junctional tightness.  The Permeability indices 
obtained ranged between 6.6 x 10-10 cm s-1 and 9.5 x 10-8 cm s-1. Monolayers with an index higher than 5 
x 10-7 cm s-1 were considered leaky and were discarded (Hubatsch et al., 2007). Glucose absorption was 
calculated as the difference in radioactivity of samples collected from the lower chamber before and 50 min 
after addition of the radioactive tracers, standardized to unit surface area.

Na+/K+ ATPase Activity
Na+/K+ ATPase activity was assayed as described by Esmann [23]. Samples of cell homogenates 

were incubated with ATP (2.94 mM) for 30 min at 37°C in presence and absence of KCl (19.6 mM), NaCl 
(121.52 mM), and MgCl2 (3.92 mM). The reaction was stopped by addition of trichloroacetic acid (50%) and 
samples were spun at 3000g for 5min. The amount of inorganic phosphate liberated in the supernatant was 
measured colorimetrically using an ELISA reader at 750 nm according to the method of Taussky and Shorr 
[24]. Enzymatic activity was determined by calculating the difference in inorganic phosphate liberated in 
the presence and absence of the activators (Na+,K+ and Mg++). Results are reported as percent of control 
values.

Isolation of Apical and Basolateral Membrane Fractions
The isolation was performed as described by Ellis et al. [25]. All steps were carried out at 4°C. Cells 

were collected, homogenized in a polytron, suspended in buffer A (250 mM sucrose/12 mM Tris-HCl, pH 
7.4) and spun at 270 x g for 5 min. The resulting supernatant (1) was collected and centrifuged for 10 min 
at 920 x g. To the new supernatant (2), MgCl2 was added to a final concentration of 10 mM while stirring 
on ice for 15 min.  The resulting supernatant (3) obtained was spun in an ultra-centrifuge at 170000 x g for 
45 min, thus giving a crude membrane pellet (4) which was re-suspended in buffer B (250 mM sucrose/ 5 
mM Na2EDTA/ 12 mM Tris-HCl, pH 7.4) and layered on a discontinuous sucrose density gradient (w/w): 
1.41 ml, 45 %; 1.64 ml, 35 %; 1.42 ml, 30%; the sucrose solutions were prepared using 10 mM-Tris/HCl, pH 
7.4. Centrifugation was at 68000 x g for 4.5 h. The bands at the interfaces (assigned as fractions: I, overlay / 
30%; II, 30% / 35 %; III, 35% / 45%) were collected with a needle and diluted with buffer A to 8 % sucrose. 
Fraction II was spun at 23000 x g for 14 min after addition of MgCl2 on ice, while stirring for 15 min. The 
resulting supernatant (5) and fractions I and III were separately spun at 36600 x g for 60 min. The pellets 
from fractions I (Golgi-complex), II (basolateral) and III (apical) were re-suspended in a minimal volume of 
buffer A. Protein levels in fractions II and III were determined using the Bio-Rad protein assay and subjected 
to western blot analysis.

Western Blot Analysis
Equal amounts of proteins of whole homogenates or isolated fractions (apical or basolateral) were 

loaded, resolved on 8% SDS polyacrylamide gel and transferred to a nitrocellulose membrane which was 
then blocked and incubated with a primary Na+/K+ ATPase, SGLT1, GLUT2, or Ob-R antibody followed by 
an incubation with a goat anti-rabbit secondary IgG conjugated to horse radish peroxidase (HRP). The 
signal was detected by enhanced chemiluminescence using luminol. Equal loading was checked by GAPDH 
expression.

Statistical Analysis
Results are reported as means ± SEM and tested for statistical significance by a t-test or by a one-way 

Analysis of Variance (ANOVA) followed by Tukey-Kramer multiple comparisons test using Instat and Excel 
Analysis softwares.

Results

Caco-2 cells differentiation and leptin’s effect on glucose absorption
Glucose absorption by Caco-2 cells was dependent on the level of differentiation and 

increased sharply as of day 12 post confluence.
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Leptin inhibited glucose absorption, but this inhibitory effect appeared only after the 
12th day post confluence (Fig. 1).

Effect of leptin on the Na+/K+ ATPase activity at different periods post confluence
Similarly, the inhibitory effect of leptin (10 nM, 45 min) on the activity of the Na+/

K+ ATPase did not appear till day 12 post confluence and increased thereafter to reach a 
maximum on day 23, then decreased to disappear completely by the 30th day after confluence 
(Fig. 2).

Dose and Time response studies on leptin’s action on the Na+/K+ ATPase activity in 
differentiated Caco-2 cells, 23 days after confluence
A dose and time response study on the effect of leptin on the activity of the Na+/K+ 

ATPase was conducted on day 23 after confluence, the time point at which the maximal 
inhibitory effect was observed previously. Leptin caused a significant decrease in the 
ATPase activity at doses ranging between 5 nM and 25 nM but not at higher ones (40 nM 
to 100 nM). At the concentrations assayed, 5 nM, 7 nM, 10 nM, 15 nM, 20 nM and 25 nM, 
the ATPase activity was reduced by 26%, 30%, 47%, 37%, 32% and 24% respectively (Fig. 
3a). At a concentration of 10 nM, the decrease in the ATPase activity was also dependent on 
the duration of the treatment; it was manifested only during the first 60 min, reached its 
maximum at 45 min and disappeared completely after one hour (Fig. 3b).

Fig. 1. Effect of leptin (10 nM) on 
glucose absorption by Caco-2 cells 
at different time points post- conflu-
ence. Cells were treated with leptin 
for 50 min. Values are means ± SE of 
6 observations. Different letters in-
dicate significant differences. Values 
sharing a common letter are not sig-
nificantly different from each other. 
* P<0.04, **P<0.01, significantly dif-
ferent from the control.

Fig. 2. Effect of leptin (10 nM) on 
the activity of the Na+/K+ ATPase in 
Caco-2 cells at different time points, 
post confluence. Cells were trea-
ted with leptin for 45 min. Values 
are means ± SE of 6 observations. * 
P<0.04, **P<0.01, ***P<0.001: sig-
nificantly different from the control.
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Purity of the isolated apical and basolateral membranes
The purity of the isolated mucosal and serosal membranes was assessed by checking 

for the protein expression of SGLT1, a transporter present exclusively on the apical side and 
the expression of the Na+/K+ ATPase, a marker enzyme expressed only in the basolateral 
membrane. The expression of SGLT1 was 9.3-fold higher in the isolated apical fraction than 
in the whole homogenate (Fig. 4a) while that of the Na+/K+ ATPase was 21.2 fold higher in 
the basolateral membrane than in the whole homogenate (Fig 4b). The ATPase was barely 
detected in brush border membranes (Fig. 4c) and SGLT1 was barely detected in basolateral 
membranes (Fig. 4d), confirming thus the absence of any contamination.

Effect of differentiation on the apically expressed leptin receptors, SGLT and GLUT2 , and 
on basolaterally expressed GLUT2
The number of leptin receptors in the apical membrane of Caco-2 cells was very low on 

days 1 and 7 after confluence, but started to increase progressively from day 12 up to day 23 
after confluence (Fig. 5a).

At days 1 and 7 after confluence, SGLT1 was barely detected in the apical membrane 
but became clearly apparent by day 12 and its expression increased further on day 16 and 
23 post confluence (Fig. 5b). Changes in the expression of apical and basolateral GLUT2 
followed exactly the same trend (Fig. 5c & d).

Effect of leptin on glucose transporters
Leptin decreased the level of expression of SGLT1 and GLUT2 transporters in the 

membranes on days 16 and 23 after confluence, with a higher effect on day 23 (Fig. 6).

Discussion

To appear in blood, luminal glucose has to cross two barriers: the enterocyte brush 
border membrane via a secondary active transport process mediated by SGLT1 transporters, 

Fig. 3. Dose (a) and time (b) respon-
se study on the effect of leptin on 
the activity of the Na+/K+ ATPase in 
Caco-2 cells, at different time peri-
ods post confluence. Cells were incu-
bated with leptin for 45 min. Values 
are means ±SE of 6 observations. (a) 
‡ P<0.01, *P<0.005: significantly dif-
ferent from the control. (b) * P<0.01, 
**P<0.003, ***P<0.0001: significant-
ly different from the control.
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Fig. 5. Expres-
sion of apical 
leptin receptors 
(a), SGLT1 (b), 
and GLUT2 (c), 
and basolateral 
GLUT2 in Caco-2 
cells, at different 
time periods post 
confluence. The 
results of each of 
(a), (b), (c) and 
(d) are represen-
tative of an expe-
riment repeated 3 
times. Bands were 
quantified using 
GelPro 3 analy-
zer software and 
represented in 
arbitrary densito-
metry units.

Fig. 4. Enrichment and recovery of markers SGLT1 (a,d) and Na+/K+ ATPase (b,c)  in the whole homogenate 
and the purified membranes. (The bands and their quantification values are the result of three independent 
experiments. Bands were quantified using GelPro 3 analyzer software and represented in arbitrary units. 
*P<0.0001: significantly different from its homogenate.

and the basolateral membrane via a passive facilitative process mediated by GLUT2 
transporters [22]. GLUT2 was thought previously to be restricted to the basolateral plasma 
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membrane [26], but more recent studies showed that the increase in intracellular glucose 
transported by SGLT1 induces GLUT2 recruitment to the apical side [18].

In this work, glucose absorption was studied using colonic Caco-2 cells, which are known 
to differentiate after confluence into cells possessing all the characteristics of enterocytes. 
Whether glucose uptake by these cells varies with the stage of differentiation is a question 
that we tried to address by measuring glucose absorption at different time points after 
confluence.

The total glucose absorbed on days 16 and 23 post confluence was respectively 2 
and 7 folds higher than the amount absorbed on day 1 after confluence (Fig. 1), and was 
accompanied with an increase in the number of SGLT1 and GLUT2 transporters (Fig. 5). 
Since Caco-2 cells are cancerous colonocytes, they are not expected to express high levels 
of glucose transporters, as the large intestine is not usually involved in glucose absorption. 
As the cells differentiate, they acquire the properties of enterocytes and express proteins 
specific to intestinal cells like hormone receptors and membrane carriers [27].

The effect of leptin on glucose absorption varied at different stages of differentiation. A 
significant inhibitory effect of the hormone on glucose absorption appeared only as of day 
12 post confluence (Fig. 1). The absence of a leptin effect before day 12 may be ascribed to 
the absence of leptin receptors in the apical membrane. Western blot analysis revealed in 
fact a very low protein expression of the receptors earlier than day 12 post confluence (Fig. 
5). Although many studies demonstrated the presence of leptin receptors in colonocytes and 
enterocytes [3, 28-33], none of them studied in Caco-2 cells the changes in their level at 
various periods after confluence. One study checked for the expression of these receptors 
on day 21 post confluence, but it was conducted in a modified intestinal cell line, Caco-2/15 
[34]. The receptors identified in our purified brush border membranes had a molecular 
weight of ~120 kDa indicating that they are of the OB-Rb type, the isoform that is thought to 
mediate the biological effects of leptin [28, 29].

Fig. 6. Effect of leptin (10 nM) on the expression of apical SGLT1, and apical and basolateral GLUT2 in Caco-
2 cells on days 16 and 23 post confluence. Cells were treated with leptin for 50 min. The results of each of 
(a), (b) and (c) are representative of an experiment repeated 3 times. Bands were quantified using GelPro 3 
analyzer software and represented in arbitrary densitometry units.
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Intestinal glucose absorption is known to be regulated, by the number of glucose 
transporters and by the sodium gradient created by the Na+/K+ ATPase that gears the 
transport process [35-37].

The inhibitory effect of leptin on glucose absorption appeared by day 12 post confluence 
(Fig. 1), and became significant on day 16 and thereafter.  Leptin decreased the expression 
of basolateral GLUT2, and apical SGLT1 and GLUT2 on day 16 and day 23 after confluence 
(Fig 6). On day 23, glucose absorption was reduced to around 55% of its control value. The 
literature reports controversial data on the effect of leptin on sugar absorption. While some 
studies demonstrated a similar leptin induced inhibition ascribed to a down-regulation of 
SGLT1 but not GLUT2 [2, 4, 38, 5, 6,], others reported in rat enterocytes, a leptin induced 
increase in galactose and fructose absorption due to an increase in GLUT2 and GLUT5 [39].

Similar to its effect on glucose absorption, leptin exerted an inhibitory effect on the 
activity of the Na+/K+ ATPase that was maximal on day 23 (Fig. 2) and was manifested 
only for 60 min and at a dose ranging between 5-25 nM (Fig. 3). Leptin thus reduced the 
sodium gradient that drives glucose transport by SGLT1 transporters. The restriction of 
leptin response to one hour only may be ascribed to the inhibitory effect of the suppressor of 
cytokine signaling 3 (SOC-3).  SOC-3 has been recognized as an inhibitor of leptin signaling 
and its production is induced by leptin itself. SOC-3 binds to JAK-2 and attenuates its tyrosine 
phosphorylation and consequently the transduction of the signal. An increase in SOC-3 
mRNA appeared at 30 and 60 min after treatment in CHO cells expressing the long form of 
the leptin receptor [40].

SOC-3 may be also behind the specific range at which leptin effect was observed. Doses 
lower than 5 nM were probably too low to activate the receptors, and doses higher than 25 
nM elicited the production of a high level of SOC-3 that blocked leptin signaling.

A decrease in the activity of the pump in the control untreated cells was observed at late 
periods after confluence, that is ascribed to differentiation A reduced Na+/K+ ATPase activity 
and an increase in intracellular sodium were found to induce cell differentiation in many cell 
types like adipocytes [41], murine erythroleukemia cells [42], pre-B lymphocyte cells [43] 
and MDCK cells [44, 45].

The results suggest that the inhibitory effect of leptin on glucose absorption appears 
only when Caco-2 cells have differentiated and acquired the properties, transporters, and 
receptors of enterocytes. The hormone reduces glucose absorption by decreasing the activity 
of the Na+/K+ ATPase and the number of glucose transporters (SGLT1 and GLUT2).
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