
Connecting metabolism to intestinal barrier function: The role of leptin

Gwenola Le Dr�ean1,2,* and Jean-Pierre Segain1,2,*
1Universit�e de Nantes; Institut des Maladies de l’Appareil Digestif (IMAD); Centre de Recherche en Nutrition Humaine du Grand Ouest (CRNH); Nantes, France;
2CHU Hôtel-Dieu, Place Alexis Ricordeau; Nantes, France

Structure and function of the intestinal
epithelial barrier (IEB) are dependent

upon the integrity of junctional protein
structures sealing the apical surface
between epithelial cells. Tight junctions
(TJ) and the surrounding apical F-actin
cytoskeleton are involved in the regula-
tion of paracellular permeability. The
regulation of actin cytoskeleton organiza-
tion by RhoA/Rho-kinase (ROCK) path-
way plays an important role in TJ
assembly and function. There is mount-
ing evidence that the adipocyte-derived
hormone leptin exerts pleiotropic effects
on the intestinal epithelium including
nutrient absorption, epithelial growth,
inflammation and injury. Leptin activates
multiple cell signaling pathways in intes-
tinal epithelial cells (IEC) that can
explain these pleiotropic effects. How-
ever, these pathways are also involved in
the primary role of leptin that is the regu-
lation of energy and glucose metabolism
homeostasis. In this commentary, we
examine how the interplay between lep-
tin signaling pathways that regulate cell
metabolism could impact upon IEB
function.

Introduction

The intestinal epithelium is composed
of a single monolayer of polarized epithe-
lial cells that form a selective barrier allow-
ing absorption of solutes and nutrients
while excluding luminal microbes. Struc-
ture and function of the intestinal epithe-
lial barrier (IEB) are dependent upon
intercellular protein junctions, including
adherens and tight junctions (TJ), also
referred to as apical junctional complex.
TJ are involved in the control of paracellu-
lar permeability between cells.1 TJ are

associated with an apical meshwork of
actin filaments enriched in myosin II.2

Organization and contraction of junction-
associated actomyosin bundles play an
important role in the formation, mainte-
nance and permeability of TJ.2 The small
GTPase RhoA and its effector Rho-kinase
(ROCK) are important regulators of actin
cytoskeleton organization under physio-
logical and pathological stimuli.3,4 RhoA
activity is finely tuned and depends on the
nature and intensity of the stimuli. Both,
up- or down-regulation of RhoA/ROCK
pathway may result in similar effects (posi-
tive or negative) on TJ function.

The adipocyte-derived hormone leptin
plays an essential role in energy homeosta-
sis through its action on hypothalamic
neurons but also by stimulating glucose
and fatty acid oxidation in peripheral tis-
sues such as skeletal muscle.5 Leptin bind-
ing to the long form leptin receptor
(LepR-b) activates multiple cell signaling
pathways, including phosphoinositide-3-
kinase (PI3K), SH2-containing protein
tyrosine phosphatase 2/extracellular signal
regulated kinase (SHP2/ERK), Janus
kinase 2/ signal transducer and activator
of transcription (JAK2/STAT3), and
AMP-activated protein kinase (AMPK).5,6

In addition, it was recently shown that
hypothalamic activation of JAK2 by leptin
is mediated by ROCK1.7 LepR-b is
expressed throughout the intestinal epithe-
lium, both in apical and basolateral mem-
branes of intestinal epithelial cells (IEC)8,9

suggesting a physiological role of leptin in
IEB. Accordingly, it has been shown that
leptin reinforces IEB function by stimulat-
ing mucus secretion.10 The physiological
role of leptin in IEB regulation appears
rather complex because it may involve sev-
eral cell signaling pathways.5 It is possible
that leptin plays its specific role by
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regulating IEC metabolism using signal
pathways that also regulate cellular pro-
cesses involved in IEB function. This
would be in agreement with the emerging
concept of interplay between cellular
metabolism, TJ formation and cell polar-
ity.11,12 Several lines of evidence suggest
that leptin activation of the RhoA/
ROCK, JAK2/STAT3 and AMPK path-
ways are involved in the regulation of IEB
structure and function. In this commen-
tary, we examine how the interplay
between leptin signaling pathways that
regulate cell metabolism could impact
upon IEB with a special focus on TJ
permeability.

Leptin, JAK2/STAT3 and RhoA/
ROCK Pathways

Activation of RhoA/ROCK pathway
by leptin and subsequent reorganization
of actin cytoskeleton has been described in
vitro in different cell types, including car-
diomyocytes, fibroblasts and chondro-
cytes.13-15 We have recently shown that
intraperitoneal injection of leptin increases
intestinal paracellular permeability in
rats.16 In vitro, leptin treatment of colonic
epithelial HT29–19A cell monolayer
increased TJ permeability by inducing TJ
opening without delocalization of the TJ-
associated protein ZO-1. This effect of
leptin was attributed to a disorganization
of F-actin cytoskeleton through a RhoA/
ROCK-dependent pathway and was pre-
vented by the ROCK inhibitor Y-27632.
Another study reported that apical but not
basal, leptin treatment of intestinal epithe-
lial Caco2-BBe cells increased paracellular
permeability and decreased mRNA
expression of TJ proteins.17 The JAK2
inhibitor AG490 inhibited these effects
suggesting the implication of this path-
way. Interestingly, in human colonic epi-
thelial cell lines, LS174T and HM7,
leptin-induced RhoA activation was inhib-
ited by AG490.18 On the contrary, JAK2
inhibition enhanced the stimulation of 2
other Rho family members, namely Rac1
and Cdc42. This data suggests that JAK2
could be a pivotal regulator in the coordi-
nated activation and inhibition of small
Rho GTPases. It should be underline that
JAK signaling is also involved in TJ

disassembly induced by other cytokines,
such as IFN-g and TNF-a.19 In fact, it
appears that leptin shares similar barrier-
disrupting signaling cascades with these
pro-inflammatory cytokines. Intriguingly,
it was recently demonstrated in hypotha-
lamic neurons that leptin activation of
JAK2/STAT3 pathway requires direct
phosphorylation of JAK2 by ROCK1 and
that ROCK1 is indispensable to the cen-
tral satiety effect of leptin.7 Although the
involvement of RhoA in the activation of
ROCK1 was not investigated, this data
could suggests that in other cell types,
such as neurons, ROCK1 may phosphory-
late JAK2, thereby providing a positive
feedback loop during leptin signaling.20

This data also raises the question of the
specific ROCK isoform, ROCK1 or
ROCK2, involved in leptin-induced F-
actin cytoskeleton rearrangement in IEC.
It was suggested that ROCK2 could have
a more important role in TJ disassembly
induced by external stimuli including
hormones.3

However, the physiological relevance
of a crosstalk between these pathways in
the regulation of IEB by leptin remains to
be established. A beneficial effect of the
crosstalk between RhoA/ROCK and
JAK2/STAT3 pathways upon IEB could
be to coordinate intestinal epithelial repair
by activating cell motility and TJ forma-
tion.18,21,22 Inhibition of ROCK impaired
TJ formation in intestinal T84 cells in the
calcium switch assay,21 and actin rear-
rangement during wound healing.22 Con-
vincing evidence for a role of leptin in IEB
function came from mice with targeted
deletion of LepR-b in IEC.23 Although,
these mice do not present apparent alter-
ation of intestinal functions under normal
conditions, they were more susceptible to
enteric infection by Entamoeba histoly-
tica. Importantly, this study showed that
infection of mice harboring a mutation of
tyrosine 1138 in the intracellular domain
of the leptin receptor, which mediates
STAT3 signaling, have more severe
destruction of mucosal architecture with
large ulcerations. Similarly, mice with an
IEC-specific deletion of STAT3 activity
have a defective epithelial wound healing
following experimental colitis.24 However,
one must keep in mind that in this mice
the Tyr1138 mutation affects whole-body

leptin receptors and thus, leptin can indi-
rectly impact the IEB by stimulating cyto-
kine secretion by immune cells.25 Thus,
animal models with targeted deletion of
specific LepR-b signaling pathways in
intestinal epithelium are useful to delin-
eate the different pathophysiological roles
of leptin in IEB function.

Leptin, AMPK and RhoA/ROCK
Pathways

The AMP-activated protein kinase
(AMPK) is a molecular sensor of cellular
energy status that is activated by any stress
that depletes cellular ATP content.5

AMPK is activated by conformational
modification induced by AMP binding
and through phosphorylation by upstream
kinases, such as the tumor suppressor
LKB1.5 AMPK phosphorylates down-
stream targets resulting in inhibition of
ATP-utilizing pathways, such as fatty acid
synthesis, and activation of ATP-generat-
ing pathways, including fatty acid and glu-
cose oxidation. The demonstration that
AMPK pathway mediates stimulation of
fatty acid oxidation in skeletal muscle by
leptin was the first indication of its impor-
tant role in the regulation energy metabo-
lism.26 However, the mechanism by
which leptin activates AMPK (involve-
ment of LKB1?) and the role of the leptin/
AMPK pathway in regulating energy
metabolism of IEC remain elusive
(Fig. 1). A recent study suggested that
AMPK could regulate fatty acid oxidation
in intestinal epithelial Caco2/15 cells.27

Moreover, a proteomic analysis of intesti-
nal tissues isolated from mice treated with
leptin indicates that leptin modulates the
expression of proteins involved in energy
metabolism.28 Furthermore, it was
reported that luminal leptin up-regulated
the expression and activity of the sugar
transporters GLUT2 and GLUT5 in rat
jejunum through an AMPK-dependent
pathway.29 In our hands, leptin treatment
of colonic epithelial HT29–19A cells, in
vitro, or rat colonic tissues, ex vivo, indu-
ces a rapid phosphorylation of AMPK
(unpublished results).

Several lines of evidence suggest that
AMPK pathway is involved in the regula-
tion of TJ formation and cell polarity.11,12
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Energy metabolism of epithelial cells is
essential for maintaining the structure and
function of the intestinal epithelial barrier.
In kidney (MDCK) or intestinal epithelial
cells (Caco2, LS174T), ATP depletion by
inhibiting glycolysis or by cellular hyp-
oxia, increases epithelial permeability asso-
ciated with loss of TJ structure and cell
polarity.30-32 Several studies using
MDCK and LS174T cell monolayers
have shown that AMPK is involved in TJ
assembly and stability in recovery experi-
ments after different cellular stresses.33-35

Inhibition of glycolysis in LS174T cells
with 2-deoxy-D-glucose, induced an
AMPK-dependent phosphorylation of
myosin light chain (MLC) and reorganiza-
tion of F-actin cytoskeleton and conse-
quently cell polarization.34 However, a
direct phosphorylation of MLC by
AMPK is excluded,36 and several data sug-
gest that RhoA/ROCK could regulate
MLC downstream AMPK. Previous stud-
ies in MDCK cells demonstrated that
RhoA protects TJ structure during ATP
depletion,30 and that recovery of actomyo-
sin cytoskeleton after ATP depletion is
dependent on ROCK-induced

phosphorylation of MLC.32 Another
more recent study showed that pharmaco-
logical activation of AMPK in MDCK
cells induced phosphorylation of MLC
and other ROCK targets, including MLC
phosphatase MYPT1 and cofilin.37 The
ROCK inhibitor Y-27632 inhibited
AMPK-induced phosphorylation of these
proteins. Altogether, these data suggest
that, under cellular stresses AMPK acti-
vates the RhoA/ROCK pathway to initiate
organization of actomyosin cytoskeleton
and TJ formation. As mentioned above,
we have observed in HT29–19A that lep-
tin activates AMPK, thus it is tempting to
speculate that AMPK could be an
upstream effector in leptin-induced
RhoA/ROCK activation observed in
IEC.16 Evidence for a role of a leptin/
AMPK/RhoA/ROCK-dependent phos-
phorylation of MLC in actomyosin con-
traction and TJ opening16 needs further
investigation. Similarly, it will be neces-
sary to define the role of LKB in leptin-
induced AMPK activation in IEC.

Recent data also suggest that AMPK
may differentially regulate Rho and Rac/
Cdc42. A role for AMPK in pulmonary

endothelial barrier repair after LPS-
induced injury was recently reported in
vitro and in vivo.38,39 It was found that
LPS-increased endothelial permeability
was associated with a decrease in the phos-
phorylation of AMPK-a1 and that phar-
macological activation of AMPK
attenuated LPS-increased permeability.39

These effects were associated with Rac/
Cdc42 activation and inhibition of MLC
phosphorylation. Although not demon-
strated, the authors proposed that Rho
inhibition by AMPK was responsible for
this hypo-phosphorylation of MLC. In
agreement with this assumption, it was
reported in vascular smooth muscle cells
that estradiol inhibited RhoA/ROCK
pathway through AMPK-a1-induced
RhoA phosphorylation.40 Interestingly, a
role for AMPK-induced activation of
Rac1 in wound healing was clearly pro-
vided by Moser et al.41 in mouse embry-
onic fibroblasts (MEF) deficient for both
AMPK-a1 and -a2 subunits and in
human osteosarcoma U2OS cells treated
with the AMPK inhibitor compound C.
AMPK deficiency impaired Rac1-depen-
dent actin remodeling and MEF motility.
Although these data suggest that AMPK
inhibits Rho while activating Rac/Cdc42,
a subsequent activation of RhoA/ROCK
contributing to TJ formation is also
conceivable.

Thus, the role of AMPK in activation
or inhibition of Rho family members and
the consequences for actin cytoskeleton
organization seems finely tuned and
dependent on cell type and stimuli. Since
leptin activates RhoA, Rac1 and Cdc42 in
IEC,18 future studies have to establish the
specific role of each AMPK subunits in
leptin regulation of Rho family members
and actin cytoskeleton organization.

Pathophysiological Regulation of
Intestinal Permeability by Leptin

Whereas a role for leptin in regulating
IEC metabolism needs further investiga-
tion, it is now demonstrated that leptin
may increase IEB permeability.16,17 A
direct consequence is that it allows the
passage of luminal products such as endo-
toxin (LPS).16 However, leptin modula-
tion of IEB permeability by leptin could

Figure 1. Leptin signaling cascade at the crossroad of JAK/STAT3, Rho/ROCK and AMPK pathways in
intestinal epithelial cell (IEC). Beneficial (C) and deleterious (-) effects of leptin upon intestinal epi-
thelial barrier (IEB) involve the interplay of signaling pathways regulating cell metabolism and
tight-junction (TJ) integrity. Leptin activates AMPK, probably via LKB, thereby stimulating IEC
metabolism under physiological or cellular stress. Parallely or concomitantly, AMPK induces myosin
light chain (MLC) phosphorylation, probably via Rho/ROCK, and thus regulates actomyosin contrac-
tility and TJ structure. Leptin activates RhoA/ROCK directly or via JAK, resulting in F-actin cytoskele-
ton reorganization and increased IEB permeability. As shown in neurons7, Rho/ROCK could activate
of JAK in IEC. LepR-b signaling through the JAK2/STAT3 is important for IEB integrity and repair. See
text for details. Dotted lines show hypothetical pathways.
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be different between physiological and
pathological situations, depending on sev-
eral factors such as dose (low vs high), ori-
gin (gastric cells vs adipocytes) and
exposure time (transient vs chronic) of
leptin. Chronic secretion of high levels of
leptin by visceral adipose tissue (VAT) in
the context of aging or obesity would per-
manently impact IEB permeability by
binding LepR on basolateral side of IEC
and stimulating RhoA/ROCK.16 This in
turn may contribute to metabolic endo-
toxemia as reported in high-fat diet-
induced obesity42 and in the model of
VAT hypertrophy in rat born with intra-
uterine growth retardation.16 However, in
the context of intestinal inflammation,
Sitaraman et al.43 have shown that colo-
nocytes secreted high levels of luminal lep-
tin that could stimulate the apical side of
IEC. These authors demonstrated in vitro
that apical leptin stimulated the NF-kB
inflammatory signaling pathway in
Caco2-BBE monolayer. Although, this
study did not investigate the effect of lep-
tin on epithelial paracellular permeability,
it illustrates well that distinct pathways are
probably activated by apical and basolat-
eral leptin action.

Physiologically, post-prandial release of
luminal leptin by gastric cells44 could also
transiently increase IEB permeability by
stimulating apical LepR of IEC in a
JAK2/STAT3-dependent pathway.17 It is
tempting to speculate that the post-pran-
dial-increased leptinemia could be
involved in the fluctuation of endotoxe-
mia observed between fasted and fed
mice.42 In addition, it has been proposed
that physiological levels of luminal leptin
may contribute to IEB function in rat
colon by stimulating mucus secretion in a
JAK/STAT-independent pathway.10 Fur-
thermore, activation of AMPK by luminal
leptin in IEC could contribute to glucose
and fatty acid metabolism29 and thus in
the production of ATP indispensable to
the rapid turnover of intestinal epithe-
lium. In parallel, AMPK could participate
to TJ formation by regulating actomyosin
contractility in a RhoA/ROCK-dependent
pathway.37 However, the respective role
of AMPK-a1 and AMPK-a2 subunits in
the regulation of metabolism and actomy-
osin contractility needs to be established.
Further studies are needed to clarify

whether leptin action on apical and baso-
lateral side of IEC stimulates different
intracellular signaling pathways and differ-
ently affects IEB.

Conclusion

In conclusion, the physiological role of
leptin in IEB function appears complex
and involves crosstalk between numerous
signaling pathways (Fig. 1). Both JAK2
and AMPK that are implicated in meta-
bolic action of leptin in many cells could
differentially regulate Rho family mem-
bers to coordinate actin cytoskeleton orga-
nization that are involved in TJ formation
and in establishment and maintenance of
IEC polarity. There is compelling evi-
dence that cell signaling pathways that
regulate cellular metabolism are also
involved in remodeling actin cytoskeleton,
concomitantly or in parallel. Future stud-
ies need to more precisely determine how
these pathways and the different partners
are coordinately regulated in time and
space.
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