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Leptin Inhibits Glucose Intestinal Absorption via PKC,
p38MAPK, PI3K and MEK/ERK
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Abstract

The role of leptin in controlling food intake and body weight is well recognized, but whether this is achieved by
modulating nutrient absorption is still a controversial issue. The aim of this work was to investigate the direct effect of
luminal leptin on glucose intestinal absorption and elucidate for the first time its signaling pathway. Fully differentiated
Caco-2 cells grown on transwell filters were used for glucose transport studies. Leptin caused a significant reduction
in glucose absorption. Individual and simultaneous inhibition of ERK, p38MAPK, PI3K or PKC abrogated completely
the inhibitory effect of leptin. Activating PKC, lead to a stimulatory effect that appeared only when ERK, p38MAPK, or
PI3K was inactive. Moreover, leptin increased the phosphorylation of ERK, Akt and p38MAPK. This increase
changed into a decrease when p38MAPK and PKC were inactivated individually. Inhibiting ERK maintained the
leptin-induced up-regulation of p-Akt and p-p38MAPK while inhibiting PI3K reduced the level of p-ERK and p-Akt but
maintained the increase in p-p38MAPK. These results suggest that leptin reduces glucose absorption by activating
PKC. Although the latter modulates glucose absorption via a stimulatory and an inhibitory pathway, only the latter is
involved in leptin’s action. Active PKC leads to a sequential activation of p38MAPK, PI3K and ERK which exerts an
inhibitory effect on glucose absorption. The results reveal a modulatory role of leptin in nutrient absorption in addition

to its known satiety inducing effect.
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Introduction

Obesity increases the occurrence of several diseases and is
a leading contributor to morbidity and mortality both in
developed and developing countries. It is mainly caused by
excessive food and energy intake [1].

Since its discovery in 1994, leptin has been recognized as a
hormone playing an important role in energy homeostasis [2].
Studies on massively obese mice and human subjects
demonstrated that normal production and action of leptin are
critical for controlling body weight and adiposity [3-5]. Initially,
leptin was known to be secreted by white adipose tissue, and
circulates at levels directly proportional to the total amount of
fat in the body [6]. However, it is now considered a
multifunctional hormone that is produced by various tissues
and organs including the placenta [7], kidney [8], salivary
glands [9], and stomach [10]. Leptin secreted from the chief
cells of the stomach is released into the gastric juice and
remains active despite the severe acidic environment [10-13].

Similar to other hormones, leptin exerts its effects by
interacting with its receptors (OB-Rs) which are expressed in
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several peripheral tissues [14-16] including the apical
membrane of intestinal epithelial cells [17-19].

The secretion of leptin by the stomach and its entry with
chyme into the small intestine suggest that it may play a role in
food absorption. Indeed, several studies have shown that leptin
interferes with the absorption of some nutrients. It enhances
butyrate uptake [18], intestinal transport of fructose [20] and
oligopeptides [21], and decreases galactose uptake [22,23] and
glutamine transport [24]. Glucose is the major end-product of
carbohydrate digestion and a main source of energy for the
body. Whether modulation of glucose absorption may be one
aspect of the recognized role of leptin in inducing satiety is a
question that has not been addressed properly till now.

Literature on this topic is scarce [25] and the few studies
undertaken so far focused on the effect of leptin on glucose
transport in intestinal loops, or on the change in current in
Ussing chambers [26,27]. These studies were conducted thus
on tissues containing other cells in addition to the absorptive
enterocytes. Consequently, one cannot rule out the possibility
of the hormone acting on non-intestinal cells and inducing them
to produce factors that interfere with the absorption of glucose

December 2013 | Volume 8 | Issue 12 | e83360


http://creativecommons.org/licenses/by/4.0/

by enterocytes. This is why we opted in this work to use
Caco-2 cells that provide a model highly used in transport
studies. These cells are cancerous colon cells but differentiate
when confluent into enterocytes and acquire all their properties.
They express in addition leptin receptors [19,21,28,29], and
can be cultured on transwell supports giving access to both
apical and basolateral membranes [21,29,30]. Their use will
allow for the determination of the direct effect of leptin on
intestinal cells as well as its mode of action.

The aim of this study was to investigate the direct effect of
luminal leptin on glucose absorption by fully differentiated
Caco-2 cells and to elucidate its signaling pathway, which
although highly studied in the central nervous system, is still ill-
defined in the peripheral tissues.

The results might help in the design of new drugs that imitate
leptin’s action and contribute to the treatment of obesity and
other related disorders.

Materials and Methods

Materials

Human leptin was purchased from Biovision, CA, USA.
Rabbit anti-ERK1/2 polyclonal antibody was purchased from
Promega, WI, USA. Rabbit anti-p-p44/42 MAPK (ERK1/2)
monoclonal antibody was purchased from Cell Signaling, MA,
USA. Rabbit anti-Akt1/2/3, anti-p- Akt1/2/3, anti-p38a, anti-p-
p38a polyclonal antibodies, 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 4500 mg 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. Phorbol-12-myristate-13-acetate
(PMA), an activator of PKC, was purchased from
CALBIOCHEM, San Diego, California, USA. Wortmannin,
PD98059, SB202190, and Calphostin C, respective inhibitors
of PI3K, MEK/ERK, p38MAPK and PKC, were also purchased
from CALBIOCHEM, San Diego, California, USA. Transwell
permeable supports (0.4 pm-pore-sizes, 24 mm-diameter,
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 (['“C] 30MG) and
Mannitol, D-[1-H (N)] were bought from Amersham
International Ltd. Amersham, UK. The human colon carcinoma
cell line (Caco-2) from a Caucasian male was purchased from
American Type Culture Collection (ATCC), VA, USA.
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Methods

Cell Culture and Treatments

a: Culture of Caco-2 Cells. Caco-2 cells were used at
passages 25-35. They were grown in DMEM containing 4500
mg L' Glucose, sodium pyruvate, 1% Penicillin (100 ug mL"),
streptomycin (100 ug mL-"), 10% FBS, in a humidified incubator
(95% O,, 5% CO,) at 37°C. The cells were grown either on 100
mm culture plates or on polyester transwell permeable
supports (0.4 um-pore-sizes, 24 mm-diameters) at a density of
120,000 cells mL-" and treated always on the twenty third day
after confluence following an overnight starvation.

b: Effect of leptin on glucose absorption by Caco-2
cells. Leptin (10 nM), 3-O-"“C methyl D glucose (['*C] 30MG)
(0.3 pM, 2.087 GBq mmol') and D-mannitol-[1-*H (N)] (0.44
nM, 455.1 GBq mmol') were added to the upper well of the
transwell inserts on which Caco-2 cells were cultured. Mannitol
was added to check for the integrity of the Caco-2 cells
monolayer and to confirm junctional tightness. Samples were
collected from the lower chamber immediately upon addition of
the radioactive tracers and every 10 min thereafter, over a
period of 50 min, and were assayed for radioactivity.

c: Determination of the signaling mediators of
leptin. The involvement of MEK/ERK, p38MAPK, PI3K, and
PKC in the pathway mediating the effect of mucosal leptin on
glucose absorption was studied. Starved fully differentiated
CaCo-2 cells grown on transwell inserts for 23 days after
confluence were pre-treated with a specific inhibitor of each of
the above mediators and which are respectively: PD98059 (50
UM dissolved in DMSO), SB202190 (50 pM dissolved in
DMSO), wortmannin (100 nM dissolved in DMSO) and
Calphostin C (50 nM dissolved in DMSO). All inhibitors were
added 15 min before leptin, except wortmannin and Calphostin
C which were added respectively 20 min and 60 min prior to
leptin. The vehicles were added to the control plates in the
same amount and for the same duration.

In another set of experiments, the cells were also treated at
the same dose and times described above but the four
mediators were inhibited simultaneously in different
combinations (Calphostin C and SB202190, Calphostin C and
wortmannin, PD98059 and wortmannin, PD98059 and
SB202190 and wortmannin). In addition, PMA (100 nM
dissolved in DMSO), an activator of PKC was also
administered either alone or in the individual presence of
inhibitors of MEK/ERK (PD98059), or p38MAPK (SB202190) or
PI3K (wortmannin).

Western Blot Analysis

On day 23 after confluence, starved fully differentiated
CaCo-2 cells grown on 100 mm culture plates were pre-
treated, before leptin (10nM, 50 min), with a specific inhibitor of
each of the above mediators and which are: PD98059,
SB202190, wortmannin and Calphostin C. The treatments were
done at the same doses and times as described in part c
above. 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 (20,000-22,000 rpm) at 4°C after
addition of a cocktail of phosphatase inhibitors. Proteins were
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Figure 1.

Involvement of MEK/ERK, p38MAPK, PI3K, and PKC in leptin’s action.

Effect of leptin (10 nM) on glucose

absorption by Caco-2 cells in presence and absence of (a) PD98059, inhibitor of MEK/ERK, (b) SB202190, an inhibitor of
p38MAPK, (c) Wortmannin, an inhibitor of PI3K, (d) Calphostin C, an inhibitor of PKC. Absorption of glucose was measured at 10-
min intervals over a period of 50 min. Values are means + SEM of 5 observations. * P<0.05, **P<0.01, ***P<0.001: significantly

different from all other treatments.
doi: 10.1371/journal.pone.0083360.g001

quantified using the Bio-Rad assay. Equal amounts of proteins
were loaded, resolved on 8% (Akt) or 10% (p38MAPK, ERK)
SDS polyacrylamide gel and transferred to a nitrocellulose
membrane which was then blocked and incubated with a
primary p38a, phospho-p38a, Akt1/2/3, phospho-Akt1/2/3,
ERK1/2, or phospho-p44/42 MAPK (ERK1/2) antibody followed
by an incubation with a goat anti-rabbit secondary horseradish
peroxidase (HRP) conjugated IgG. 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 one-way Analysis of Variance
(ANOVA) followed by Tukey-Kramer multiple comparisons test
using Instat and Excel Analysis softwares.
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Results

Effect of mucosal leptin on glucose absorption by
Caco-2 Cells

Mucosal leptin (10 nM) caused a significant reduction in
glucose absorption by fully differentiated CaCo-2 cells (23 days
after confluence). This decrease appeared at 10 min and was
maintained up to 50 min (Figure 1a).

The apparent permeability coefficient of mannitol ranged
between 6.6 x 10"® cm s and 9.5 x 10® cm s™'. Monolayers in
which the coefficient was higher than 5 x 107 cm s were
considered leaky and were discarded [31].

Involvement of MEK/ERK, p38MAPK, PI3K, and PKC in
mucosal leptin action

When Caco-2 cells were pretreated with PD98059,
SB202190, wortmannin, or calphostin C, respective inhibitors
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Figure 2. MEK/ERK, p38MAPK, PI3K and PKC act along the same pathway. Effect of leptin (10 nM) on glucose absorption by
Caco-2 cells in presence and absence of (a) Calphostin C + SB202190, inhibitors of PKC and p38MAPK respectively, (b)
Calphostin C + Wortmannin, respective inhibitors of PKC and PI3K, (c) PD98059 + Wortmannin, inhibitors of MEK/ERK and PI3K
respectively, (d) PD98059 + SB202190 + Wortmannin, respective inhibitors of MEK/ERK, p38MAPK and PI3K. Absorption of
glucose was measured at 10-min intervals over a period of 50 min. Values are means + SEM of 5 observations. * P<0.05, **P<0.01,

***P<(0.001: significantly different from all other treatments.
doi: 10.1371/journal.pone.0083360.g002

of MEK/ERK, p38MAP kinase, Pl3-kinase and PKC, the
inhibitory effect of leptin on glucose absorption disappeared
completely and went back to control values (Figures 1a-1d).

The effect of leptin on glucose absorption was similarly
abrogated when Caco-2 cells were pre-treated simultaneously
with calphostin C and SB202190, or calphostin C and
wortmannin. Each combination of inhibitors alone did not have
any effect on glucose absorption (Figures 2a & 2b).

Leptin could not exert its effect on glucose absorption in the
simultaneous inhibition of MEK/ERK and PI3K, or the
simultaneous inhibition of MEK/ERK, p38MAPK and PI3K
(Figures 2c & 2d).

PMA, an activator of PKC, did not have any effect on glucose
absorption (Figure 3). However, the activation of PKC with a
simultaneous inhibition of each of MEK/ERK, p38MAPK or
PI3K resulted in a significant increase in glucose absorption
(Figure 3).
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Effect of mucosal leptin on the level of p-ERK1/2, p-
Akt1/2/3 and p-p38MAPKa

Leptin increased the phosphorylation of ERK (p-ERK), Akt
(p-Akt) and p38MAPK (p-p38MAPK) (Figures 4.1-4.3).

This increase changed into a decrease in presence of
SB202190, an inhibitor of p38MAPK (Figures 4.1(a), 4.2(a), &
4.3(a)). Leptin did not have, however, any effect on the level of
total ERK, Akt or p38MAPK (Figures 4.1-4.3).

The leptin-induced increase in the phosphorylated forms of
Akt and p38MAPK still appeared when MEK/ERK was inhibited
(Figures 4.2(a) & 4.3(a)). No p-ERK could be detected in
presence of PD98059 confirming its specific inhibitory effect on
the kinase (Figure 4.1(a)).

When PI3K was inhibited with wortmannin, leptin caused
instead of an increase, a decrease in the level of p-ERK
(Figure 4.1(b)) and p-Akt (Figure 4.2(c)), but still enhanced the
phosphorylation of p38MAPK (Figure 4.3(a)). Inhibiting PKC

December 2013 | Volume 8 | Issue 12 | e83360
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Figure 3. Effect of PKC activation with PMA in the individual presence of inhibitors of MEK/ERK (PD98059), or p38MAPK
(SB202190) or PI3K (Wortmannin). Absorption of glucose was measured at 10-min intervals over a period of 50 min. Values are
means = SEM of 5 observations. ***P<0.001: significant difference from PMA + PD98059 as well as from PMA + SB202190 and

PMA + Wortmannin.
doi: 10.1371/journal.pone.0083360.g003

also changed the effect of leptin into a decrease in the level of
p-ERK, p-Akt and p-p38MAPK (Figures 4.1(b), 4.2(b) & 4.3(b)
respectively).

Discussion

This work demonstrated a significant inhibitory effect of
mucosal leptin on glucose absorption in fully differentiated
Caco-2 cells. Because extracellular signal-regulated kinase
(ERK), p38 mitogen-activated protein kinase (p38MAPK),
phosphatidylinositol-3-OH kinase (PI3K) and protein kinase C
(PKC) are known to be involved in the regulation of glucose
transport [32-36] , we hypothesized that these four mediators
might be involved in the signaling pathway underlying the
inhibitory effect of the hormone. This hypothesis was confirmed
when inhibiting individually ERK, p38MAPK, PI3K or PKC
abrogated completely the effect of leptin (Figures 1a-1d). Such
an involvement has been observed by other workers in other
cells. Van den Brink et al. [37], reported a leptin induced
increase in p38MAPK phosphorylation in human mononuclear
cells. Leptin was found also to stimulate PI3K in different
tissues and organs such as HepG2 cells [38], pancreatic 8 cells
[39], fibroblasts [40], macrophages [41], C2C12 muscle cells
[42] and insulinoma cells [43]. Similarly, ERK1 kinase activity

PLOS ONE | www.plosone.org

and endogenous ERK2 phosphorylation were increased by
leptin in COS cells, hamster ovary cell lines and human
embryonic kidney cells [44,45]. The effect on PKC was
however cell-dependent. While activation of PKC was noted in
kidney epithelial cells [46], inhibition was observed in
pancreatic islets [47].

The results imply also that all four kinases involved in leptin’s
action are along the same pathway, or else, a partial effect
would have remained when every mediator was inhibited
individually. To confirm that the four mediators act along the
same pathway, they were inhibited simultaneously in different
combinations. Leptin could not exert its effect when PKC was
inhibited simultaneously with p38MAPK or simultaneously with
PI3K (Figures 2a & 2b). Thus, although in the first combination
MEK/ERK and PI3K were still active, leptin could not act.
Similarly, having only MEK/ERK and p38MAPK active was not
enough to see leptin’s effect. Likewise, inhibiting MEK/ERK and
PI3K simultaneously leaving PKC and p38MAPK active or
inhibiting simultaneously MEK/ERK, p38MAPK and PI3K
leaving PKC active abolished the effect of leptin (Figures 2c &
2d). The findings indicate that all four mediators need to be
active and confirm our previous conclusion that all of them are
along the same pathway.

December 2013 | Volume 8 | Issue 12 | e83360
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(a) ERK and p38MAPK are inhibited with PD98059 and SB202190 respectively, (b) PI3K and PKC are inhibited respectively with

Wortmannin and Calphostin C.
4.2 phosphorylated Akt when

(a) ERK and p38MAPK are inhibited with PD98059 and SB202190 respectively, (b) PKC is inhibited with Calphostin C

(c) PI3K is inhibited with Wortmannin,
4.3 phosphorylated p38MAPK when

(a) ERK, p38MAPK and PI3K are inhibited respectively with PD98059, SB202190 and Wortmannin,

(b) PKC is inhibited with Calphostin C.

All the results are representative of an experiment repeated 3 times. Bands were quantified using the gel- Pro Analyzer 3.0 software
and are accompanied by their densitometric analysis. The intensity of the bands is reported as “arbitrary densitometry units”. Letters
on top of the bars indicate significant difference. Bars having different letters are significantly different from each other (P<0.01).

doi: 10.1371/journal.pone.0083360.g004

As the above results indicate that leptin acts via activation of
PKC, we attempted to imitate the effect of leptin by activating
PKC with PMA. To our surprise, PMA did not have any effect
on glucose absorption, but caused a significant increase when
administered simultaneously with PD98059, an inhibitor of ERK
(Figure 3). These findings stipulate that an active ERK inhibits
glucose absorption and by so doing masks and counteracts a
stimulatory effect of PKC that cannot appear except when ERK
is inactive. Thus, PKC seems to act on glucose absorption via
two pathways: an inhibitory pathway mediated via ERK and a

PLOS ONE | www.plosone.org

stimulatory pathway mediated via an unknown effector (X)
activated by PKC and which increases glucose absorption.
Leptin may be activating PKC and inhibiting the mediator X,
cancelling thus the stimulatory pathway and leaving only the
inhibitory pathway involving p38MAPK, PI3K and ERK active.
The same stimulatory effect was observed when Caco-2 cells
were pretreated simultaneously with both SB202190 (inhibitor
of p38MAPK) and PMA (Figure 3), or with wortmannin (inhibitor
of PI3K) and PMA (Figure 3) confirming the presence of all four

December 2013 | Volume 8 | Issue 12 | e83360



kinases along the same pathway that leads to an inhibition of
glucose absorption.

Since all four mediators are along the same pathway, the
positioning of one mediator with respect to the other needs to
be determined. The activation of each mediator was checked
by western blot analysis by determining changes in the level of
their phosphorylated active forms or in the phosphorylation of
their substrates. Leptin increased the phosphorylation of ERK
(Figures 4.1(a) & 4.1(b)) thus activating ERK and confirming
the above conclusion. This increase disappeared in presence
of PD98059 (Figure 4.1(a)) confirming that PD98059 is a
specific pharmacological inhibitor of ERK. Similarly, the leptin
induced increase in p-ERK was reduced when p38MAPK was
inhibited by SB202190 (Figure 4.1(a)) indicating that p38MAPK
is upstream of ERK and acts by activating it. Moreover, p-ERK
was also decreased when PI3K or PKC were inhibited
individually (Figure 4.1(b)) inferring that both kinases are up-
stream of ERK. It can be concluded that ERK is downstream of
all other mediators. Our results are in line with those of Berti
and Gammeltoft [48], who reported in C2C12 muscle cells a
leptin-induced increase in glucose uptake that was mediated
via activation of ERK2 in a PI3K dependent manner.

To position PI3K, the effect of leptin on the level of the
phosphorylated form of its downstream target, the serine/
threonine kinase Akt/PKB, was studied in presence of inhibitors
of the different mediators. Akt is activated by phosphorylation
on two residues, Thr308 and Ser473. An antibody directed
against these residues was used. The level of p-Akt was
increased by leptin (Figures 4.2(a), 4.2(b) & 4.2(c) ) which is in
accordance with the previous results and conclusions, but
remained unaltered when cells were pre-treated with an
inhibitor of MEK/ERK, indicating that ERK is downstream of
PI3K (Figure 4.2(a)). However the leptin induced increase in
Akt phosphorylation was reduced when p38MAPK and PKC
were individually inhibited (Figures 4.2(a) & 4.2(b)) inferring
that both are situated up-stream of PI3K and exert a
stimulatory effect on PI3K. In presence of its pharmacological
inhibitor, wortmannin, the level of p-Akt was decreased (Figure
4.2(c)), confirming thus that wortmannin is a specific inhibitor of
PI3K.

Since ERK was found to be the most downstream effector
and to be directly activated by PI3K which is in turn activated
by both PKC and p38MAPK, the positioning of p38MAPK and
PKC with respect to each other still needs to be investigated.
Leptin increased the phosphorylation of p38MAPK (Figures
4.3(a) & 4.3(b)). This increase was not affected by inhibition of
MEK/ERK or PI3K (Figure 4.3(a)), indicating again that
p38MAPK is upstream of both PI3K and ERK. However, p-
p38MAPK was decreased in presence of SB202190 (Figure
4.3(a)), confirming that SB202190 is a direct pharmacological
inhibitor of p38MAPK. Inhibiting PKC reduced the level of p-
p38MAPK (Figure 4.3(b)) indicating that PKC acts upstream of
p38MAPK and activates it.

It can be concluded that leptin inhibits glucose absorption by
activating PKC which acts via a stimulatory and inhibitory
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Figure 5. Proposed signaling pathway for
action. (-): inhibitory effect; (+): stimulatory effect.
doi: 10.1371/journal.pone.0083360.g005

leptin

pathway. Leptin inhibits at the same time the stimulatory
pathway and leaves only the inhibitory one active resulting thus
in a reduction in glucose absorption. This inhibitory pathway
involves activation of PKC which activates p38MAPK. The
latter activates PI3K which eventually activates ERK. An active
ERK exerts an inhibitory effect on glucose absorption. Figure 5
shows the suggested pathway.

This work determined for the first time the direct effect and
signaling pathway of mucosal leptin on glucose absorption by
differentiated Caco-2 cells grown on transwell inserts. The
identity of the mediator X needs still to be determined in a
future work. These results suggest that leptin may induce
weight loss not only by reducing appetite, but also by
interfering with nutrient absorption.

The findings provide experimental evidence supporting the
benefit of leptin as a complementary therapeutic agent in the
treatment of obesity and other related disorders.
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