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The small intestine is the major site for nutrient absorption that is critical in maintenance of euglycemia. Leptin, a key

hormone involved in energy homeostasis, directly affects nutrient transport across the intestinal epithelium. Catestatin

(CST), a 21-amino acid peptide derived from proprotein chromogranin A, has been shown to modulate leptin signaling.

Therefore, we reasoned that leptin and CST could modulate intestinal Na+-glucose transporter 1 (SGLT1) expression in the

context of obesity and diabetes. We found that hyperleptinemic db/db mice exhibit increased mucosal mass, associated

with an enhanced proliferative response and decreased apoptosis in intestinal crypts, a finding absent in leptin-deficient

ob/ob mice. Intestinal SGLT1 abundance was significantly decreased in hyperleptinemic but not leptin-deficient mice,

indicating leptin regulation of SGLT1 expression. Phlorizin, a SGLT1/2 inhibitor, was without effect in an oral glucose

tolerance test in db/db mice. The alterations in architecture and SGLT1 abundance were not accompanied by changes in

the localization of intestinal alkaline phosphatase, indicating intact differentiation. Treatment of db/db mice with CST

restored intestinal SGLT1 abundance and intestinal turnover, suggesting a cross-talk between leptin and CST, without

affecting plasma leptin levels. Consistent with this hypothesis, we identified structural homology between CST and the AB-

loop of leptin and protein–protein docking revealed binding of CST and leptin with the Ig-like binding site-III of the leptin

receptor. In summary, downregulation of SGLT1 in an obese type 2 diabetic mouse model with hyperleptinemia is

presumably mediated via the short form of the leptin receptor and reduces overt hyperglycemia.
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Obesity and diabetes are the two largest health challenges in
the twenty-first century, and both are associated with an
increased risk and incidence of gastrointestinal disorders such
as gastroparesis, slowed gastrointestinal transit time, and
constipation.1,2 The small intestine is involved in delivering
dietary sugars to the systemic circulation, the rate of which
has a major impact on regulating blood glucose concentration.
Under basal conditions, glucose is actively transported across
the apical membrane of the enterocyte via the Na+-glucose
cotransporter-1 (SGLT1)3 and is passively transported across
the basolateral membrane via the glucose transporter-2
(GLUT2).4 These sugar transporters are highly regulated by
changing their activity levels, localization within the cell, and
by regulation of encoding genes. In addition, they can be
controlled by gastrointestinal hormones such as glucagon-like
peptide-2 (GLP-2),5 cholecystokinin(CCK),6 and leptin.7

Leptin, a 16 kDa adipocyte-derived hormone, is critically
involved in energy intake and expenditure.8 Leptin exerts its
biological actions via six distinct leptin receptors (LEPRa to
LEPRf) generated by alternative splicing and proteolytic
cleavage.9–11 These isoforms are divided into three classes:
short (LEPRa, c, d, and f), long (LEPRb), and secreted
(LEPRe) forms. LEPRs are abundant in the small and large
intestine, supporting the idea that leptin could directly affect
nutrient transport across the intestinal epithelium.7 The long
form, LEPRb, has been shown to be crucial for leptin action;
however, the function of the short forms of the receptor is less
clear. Of note, LEPRa was found to be the most abundant as
well as the most ubiquitously expressed isoform.12–15 The
absence of leptin signaling in leptin-deficient ob/ob mice or
impaired leptin signaling in LEPRb-deficient db/db mice
promotes hyperphagia and decreased energy expenditure,
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making them commonly used animal models for obesity and
type 2 diabetes mellitus.16 Importantly, both models mimic
the gastrointestinal dysfunction seen in obese diabetic
patients. It was shown that in db/db mice, the defective
LEPRb isoform is replaced by LEPRa,9,17 and generation of a
LEPRa knockout mouse confirmed that LEPRa is indeed
required for leptin signaling.18 Leptin signaling appears to
play a critical role in gastrointestinal functions and nutrient
absorption.19,20 However, the role of leptin signaling in
regulation of nutrient transporters such as SGLT1 in the
context of obesity and type 2 diabetes has remained elusive.

Catestatin (CST) was initially identified as a physiological
brake for catecholamine secretion.21–23 Recently, it has been
shown that CST interacts with leptin receptors.24 The aim of
the present study was to investigate the role of leptin and its
receptors (LEPRa and LEPRb) on intestinal morphology and
expression of SGLT1 in leptin-deficient ob/ob mice and
LEPRb-deficient db/db mice and its regulation by CST. We
found that leptin-induced downregulation of intestinal
SGLT1 is mediated by the short form of the leptin receptor,
LEPRa. In addition, our data provide initial evidence that CST
may bind to the leptin receptor and modulate SGLT1
abundance and intestinal turnover.

MATERIALS AND METHODS

Animals

Animal experiments were conducted according to protocols
reviewed and approved by the institutional animal care and
use committee of the Veterans Affairs San Diego Healthcare
System. Homozygous db/db mice (697, Jackson Laboratories,
Bar Harbor, ME, USA) were used as a hyperleptinemic obese
type 2 diabetic model, and littermate heterozygote db/+ mice
served as controls (db/con). Homozygous ob/ob mice
(632, Jackson Laboratories) were used as a leptin-deficient
obese type 2 diabetic model, and littermate heterozygote ob/+

mice served as controls (ob/con). The generation and
phenotype of SGLT1 knockout mice (Sglt1− /−) has been
described previously.3 Adult male (between 3 and 6 months
old) mice were used for all experiments. Mice were housed in
the same animal room with a 12:12 h light/dark cycle and free
access to food (7001, Harlan Teklad, Indianapolis, IN, USA)
and tap water. Sglt1− /− mice were kept on low-glucose diet to
prevent glucose/galactose malabsorption and subsequent
diarrhea and death due to the absence of SGLT1.

Oral Glucose Tolerance Tests (OGTT)

Animals were fasted overnight before glucose challenge. For
OGTT, glucose was administered (2 g/kg, 1% of body weight
(bw) via oral gavage) without or with phlorizin (0.5 g/kg).
Blood glucose was determined (measured via tail snip,
Ascensia Elite XL) at 0, 15, 30, 45, 60, and 120 min. To
obtain the area under curve (AUC), the blood glucose
response profiles corresponding to each animal were
determined using as reference each individual baseline

(t= 0) blood glucose measurement or the lowest point of
the curve.

Morphological Analysis of the Intestine

Small intestine and colon were collected from each animal
and measured in length (cm) before flushing fecal contents
with ice-cold phosphate-buffered saline (PBS). Afterwards,
tissue was fixed overnight in 4% paraformaldehyde, paraffin
embedded, and sectioned at 4–6 μm. After deparaffinization
and rehydration, sections were either stained with hematoxy-
lin and eosin (H&E; for morphometry and apoptosis
quantification), stained for proliferating cell nuclear antigen
(PCNA; for proliferation quantification), stained for cleaved
caspase-3 (for apoptosis quantification), or stained with
substrate to localize endogenous intestinal alkaline
phosphatase (to assess differentiation).

For immunohistochemical staining of PCNA and cleaved
caspase-3, sections were incubated in 3% H2O2 for 10 min,
heated in Antigen Decloaker (Biocare Medical, Concord, CA,
USA) for 45 min, blocked with 20% normal goat serum
(Vector Laboratories, Burlingame, CA, USA), and then
incubated with either mouse monoclonal PCNA antibody
(1:100; Invitrogen, Camarillo, CA, USA) or rabbit polyclonal
cleaved caspase-3 antibody (1:100; Cell Signaling Technology,
Beverly, MA, USA) for 1 h at room temperature. Sections
were then incubated with either goat anti-mouse biotinylated
secondary antibody (PCNA, 1:200; Vector Laboratories) or
goat anti-rabbit biotinylated secondary antibody (cleaved
caspase-3, 1:200; Vector Laboratories) for 30 min at room
temperature. Vectastain Elite ABC reagent (Vector Laborato-
ries) was then applied, followed by diaminobenzidine as
substrate. Sections were counterstained with hematoxylin,
dehydrated, and cover-slipped. For immunohistochemical
analysis of differentiation, slides were incubated with Vector
Red Alkaline Phophatase Substrate (Vector Laboratories) and
then counterstained with hematoxylin, dehydrated, and
cover-slipped according to the manufacturer’s instructions.

In H&E-stained jejunal sections, villus length and crypt
depth were measured in 12–15 well-oriented crypt–villus
units per animal. To determine apoptosis in the intestinal
epithelium, apoptotic cells were quantified using
(1) morphological criteria of cell shrinkage with
condensed and fragmented nuclei and (2) number of
cleaved caspase-3-positive cells.25 Apoptotic epithelial cells
were quantified in 100 well-oriented contiguous crypts and
50 well-oriented villi per animal. Intestinal proliferation was
determined by quantifying PCNA-positive cells in 100
consecutive crypts per animal. All counting was performed
by a blinded investigator.

Western Blot Analyses

Intestinal mucosa was scraped and homogenized in buffer
containing protease inhibitor cocktail (250 mM sucrose,
10 mM triethanolamine, Sigma-Aldrich, St Louis, MO, USA
and Roche Applied Science, Indianapolis, IN, USA,
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respectively) and Halt phosphatase inhibitor cocktail
(Thermo Fisher Scientific, Waltham, MA, USA).26,27 The
homogenate was centrifuged at 4000 g for 15 min. Pellets were
resuspended and used for western blotting. Equal lane loading
(20 μg) was achieved using a detergent-compatible protein
assay (Bio-Rad, Richmond, CA, USA). Samples were resolved
on 4–12% NuPAGE gels in MOPS buffer (Invitrogen,
Carlsbad, CA, USA). Gel proteins were transferred to
nitrocellulose membranes and incubated over night at 4 °C
with rabbit-raised primary antibody against SGLT1 (1:2000).3

Horseradish peroxidase enzyme activity was detected via
enhanced chemiluminescence (Amersham, Piscataway, NJ,
USA). For verification of equal protein loading, the
membrane was stripped (0.2 mol/l NaOH for 5 min) and
reprobed with monoclonal anti-β-actin antibody (1:30 000;
A2228, Sigma-Aldrich). Densitometric analysis was
performed by ImageJ Software v1.48 (National Institutes of
Health, Bethesda, MD, USA).

Protein Localization via Immunofluorescent Staining

Sections were deparaffinized, rehydrated, and incubated
in 3% H2O2 for 10 min.26,28 Slides were then placed
in citrate buffer for antigen retrieval and microwaved for
7 min, incubated in 0.5% Triton-X for 15 min, blocked with
1% BSA (Vector Laboratories), and then primary antibody
(SGLT1, see previous section) was applied in a dilution of
1:100 in blocking buffer and incubated for 1 h at room
temperature. The specificity of the SGLT1 antibody for
immunofluorescence has previously been shown by the
absence of a fluorescent signal in the intestine of Sglt1− /−

mice.3 Slides were then incubated with 0.1% Triton-X for
10 min and washed with PBS. The secondary antibody
(Alexa Fluor 594-conjugated donkey anti-rabbit IgG;
Life Technologies, Grand Island, NY, USA) was applied in a
dilution of 1:200 in blocking buffer and incubated for 1 h at
room temperature in the dark. The slides were washed with
PBS before being mounted with ProLong Gold
antifade reagent with 4',6-diamidino-2-phenylindole
(Life Technologies). Slides were analyzed and pictures were
taken on an Olympus IX81 Microscope.

CST Modeling

The NMR structure of human wild-type CST was
downloaded from a protein data bank (PDB ID: 1LV4).29

Molecular dynamics (MD) simulation was carried out on this
structure for 200 nanoseconds (ns) in water to generate an
ensemble of conformations. The time-averaged structure of
CST was considered for subsequent analysis. Out of the 20
NMR conformations of CST available in PDB (ID: 1LV4), the
first conformation was selected as the default choice for MD
simulations.

Leptin Modeling

The crystal structure of leptin with 2.4 Å resolution was
obtained from a PDB (ID: 1AX8).30 The crystal structure with

GLU at position 100 was changed to a wild-type residue, TRP,
and a short energy minimization was carried out. The highly
flexible AB-loop of leptin, which belongs to its binding site-III
and is composed of residues THR 27–GLY 38, was missing
from the crystal structure. Hence, we modeled and optimized
the missing AB-loop using Modeller 9v10.31 MD simulation
was performed on the obtained structure in water for 200 ns.
Time-averaged structure of whole leptin was used for
subsequent leptin-LEPR docking studies.

Leptin Receptor Modeling

The crystal structure of the leptin-binding domain (LBD) of
the human LEPR with 1.95 Å resolution was downloaded
from a PDB (ID: 3V6O).32 Recently, mutational studies have
shown that binding site-III of leptin interacts with the Ig-like
domain of LEPR.33 However, there is no structural informa-
tion of the Ig-like domain of LEPR. Hence, this domain was
modeled and included with the LEPR crystal structure. Lack
of a suitable template in the PDB prompted us to utilize the
protein fold recognition approach (threading) to model the
Ig-like domain of LEPR using the FUGUE server.34 The
structure of LEPR with the LBD and Ig-like domain was
simulated for 25 ns in water for structural refinement. The
time-averaged structure was used for further docking analysis
with leptin and CST.

Molecular Dynamics Simulation Protocol

All the simulations were carried out using Gromacs-4.5.5
simulation package using Amber99SB force field.35,36 The
simulation systems were energy minimized for 1000 steps
using conjugate gradient algorithm. The structures were
solvated in a cubic periodic box of explicit water. Water
molecules were described using TIP3P water model. A salt
concentration of 150 mmol/l was maintained by adding a
sufficient number of Na+ and Cl− ions. The solvated systems
were energy minimized extensively and further gradually
heated to 300 K in a canonical ensemble. The solvent density
was calibrated at 1 atm and 300 K under isobaric and
isothermal conditions. The simulation systems were equili-
brated in an isothermal–isobaric ensemble for 10 ns with a
time step of 2 fs. Particle Mesh Ewald sum technique was used
to treat the long-range electrostatic interactions with a real
space cutoff of 1 nm. SHAKE algorithm was used to constrain
all bonds involving hydrogens. Figures 6c and 7 were
rendered using visual molecular dynamics.37

Protein–Protein Docking Protocol

In the present work, HADDOCK program was used for all the
protein–protein docking studies.38 The binding site-III
residues of leptin (SER 29, VAL 30, SER 31, GLN 34, LYS
35, PHE 41, SER 120, THR 121, and SER 122) and the
residues in Ig-like domain of LEPR that are crucial for LEPR
activation (LEU 370, ALA 407, TYR 409, HIS 417, and HIS
418) were specified in the HADDOCK input for site-specific

Leptin/catestatin in SGLT1 regulation

JA Dominguez Rieg et al

100 Laboratory Investigation | Volume 96 January 2016 | www.laboratoryinvestigation.org



docking.39 The docking of CST was kept confined around the
Ig-like domain of LEPR.

CST Treatment

Mice with free access to food and water were injected
with CST, a 21-amino acid fragment of chromogranin A
(5 mg/kg bw dissolved in sterile water) for 7 days as described
before.24 Administration of CST at this dosage was shown to
increase plasma CST levels by approximately twofold in
wild-type mice.24 Body weight and blood glucose were
determined.40 Plasma leptin levels were measured by using
a mouse leptin ELISA (BioVendor, Asheville, NC, USA). After
7 days, mice were killed and the small intestine removed.
Intestine was prepared for either western blotting or
immunofluorescence as described above. In addition, OGTT
was performed in db/con mice as described above. CST
(5 mg/kg i.p.) or vehicle (sterile water, 2 μl/g bw) were
administered 30 min before oral glucose loading. In the
CST-treated group, CST (5 mg/kg) was also added to the oral
glucose solution.

Statistical Analysis

The data are expressed as mean± s.e.m. and analyzed using
GraphPad Prism v5.0 (La Jolla, CA, USA) and SigmaPlot
v11.0 (San Jose, CA, USA) software. Unpaired and paired
Student’s t-tests as well as ANOVA followed by Bonferroni
post test was performed, as appropriate, to analyze for
statistical differences between groups with Po0.05 considered
statistically significant.

RESULTS

Effect on Body Weight, Blood Glucose, and Intestinal

Morphology

Both hyperleptinemic and leptin-deficient mice were found to
be obese (46.1± 1 vs 26.7± 2 g and 46.3± 1 vs 25.0± 1 g,
respectively; Po0.01) and hyperglycemic (532± 24 vs

120± 4 mg/dl and 315± 34 vs 168± 9 mg/dl, respectively;
Po0.01) compared with controls (Figures 1a and b). Both db/

db and ob/ob mice exhibited increased small intestinal length
(36.8± 2 vs 30.0± 1 cm and 37.4± 1 vs 32.1± 1 cm,
respectively; Po0.01) as well as colon length (10.9± 0.5 vs

8.2± 0.3 cm and 7.4± 0.3 vs 6.0± 0.4 cm; Po0.05) compared

Figure 1 Hyperleptinemic and leptin-deficient mice are obese, hyperglycemic, and exhibit an increase in total intestinal length. Hyperleptinemic (db/db)

and leptin-deficient (ob/ob) mice, as commonly published, are both obese (a) and hyperglycemic (b). Blood glucose was significantly lower in ob/ob vs

db/db mice. Plasma leptin levels were significantly higher in db/db mice and at the lower detection limit in ob/ob mice (c). Total small intestinal length

(d) as well as colon length (e) were increased in both db/db and ob/ob mice compared with controls (db/con and ob/con) that positively correlated (f)

with body weight (r2= 0.7). N= 5–10/genotype. *Po0.05 vs db/con, #Po0.05 vs ob/con, §Po0.05 vs db/db.
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with controls (Figures 1d and e). Our data further show that
there is a correlation between body weight and intestinal
length (Figure 1f) that is independent of leptin levels
(Figure 1c). Interestingly, only hyperleptinemic db/db mice
exhibited an increase in mucosal mass. Morphometric
analysis of H&E-stained sections (Figures 2a and b) showed
that db/db mice had significantly longer villi (673± 14 vs

483± 20 μm; Po0.01) and deeper crypts (112± 2 vs

98± 3 μm; Po0.01) compared with controls. In contrast,
ob/ob mice had comparable villus lengths (416± 15 vs

397± 6 μm; P= not significant (NS)) and crypt depths
(63.3± 3 vs 70.0± 2 μm; P=NS) compared with controls.

Intestinal Proliferation and Apoptosis Is Altered in db/db

Mice

In order to further understand the increased mucosal mass
observed in hyperleptinemic mice, we quantified intestinal
proliferation and apoptosis in the jejunum (Figure 3).
Compared with controls, db/db mice had a significantly
increased proliferative response as determined by quantifying

the number of PCNA-positive cells in the crypt
compartment. Cleaved caspase-3 staining, a specific marker
for apoptosis, showed reduced apoptosis in crypts and villi
tips of db/db mice. These changes were absent in the jejunum
of ob/ob mice. In addition, intestinal epithelial apoptosis was
quantified morphologically in H&E-stained sections
(Supplementary Figure S1). This morphological analysis
confirmed the significantly decreased apoptosis in
crypts of db/db mice as compared with db/con, ob/con, and
ob/ob mice. Taken together, these data suggest that high
circulating leptin levels in db/db mice may affect intestinal
architecture.

Intestinal SGLT1 Membrane Abundance Is Decreased in

db/db Mice

As intestinal hyperplasia was present in both hyperleptinemic
and leptin-deficient mice, we investigated whether the
hyperglycemia seen in these mice is associated with altered
expression of SGLT1 and whether there was a dependency on

Figure 2 Intestinal hyperplasia is leptin dependent. Hyperleptinemic (db/db) mice exhibit longer villi (a) and deeper crypts (b) compared with their

controls (db/con). However, leptin-deficient (ob/ob) mice and their controls (ob/con) had similar villi and crypt lengths (a and b). Representative images

are shown. N= 4–5/genotype. *Po0.05 vs db/con, #Po0.05 vs ob/con, §Po0.05 vs db/db.
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leptin. In this study we confirmed the specificity of the SGLT1
antibody in Sglt1− /− mice that lack the ~ 76 kDa band
representing SGLT1 (Figure 4a). In hyperleptinemic db/db

mice, western blot analysis showed that intestinal SGLT1
membrane expression was ~ 50% lower compared with
control mice (Figures 4a and b). Qualitative immunofluor-
escence confirmed a markedly reduced abundance of SGLT1
on the apical membrane of enterocytes, but an increase in
cytoplasmic staining in db/db mice (Figure 4c). In contrast,
immunofluorescence of SGLT1 in leptin-deficient ob/ob mice
revealed no differences compared with controls (Figure 4c).
These data suggest that leptin can determine intestinal SGLT1
membrane expression; however, this effect seems indepen-
dent of the long form of the leptin receptor, LEPRb. To
determine whether the small intestinal brush border
membranes of db/db and Sglt1− /− mice express apical
markers indicative of normally differentiated enterocytes, we
analyzed the distribution of intestinal alkaline phosphatase, an

enzyme that is targeted exclusively to the apical brush border
membrane. Alkaline phosphatase staining in db/db mice,
which have significantly reduced intestinal SGLT1 abundance,
as well as in Sglt1− /− mice did not reveal any difference
compared with animals with intact (db/con, ob/con, or ob/ob)
intestinal SGLT1 abundance (Figure 5). To study whether
there is a functional relevance caused by the increased leptin
levels that possibly reduce intestinal SGLT1 abundance, we
performed OGTT in control and db/db mice in the presence
and absence of phlorizin, a SGLT1/2 inhibitor. Phlorizin
significantly improved glycemic control and reduced the AUC
in control mice compared with glucose alone (Figures 6a
and b). In contrast, db/db mice showed an OGTT and AUC
that were not significantly different from control mice treated
with phlorizin; in addition, phlorizin treatment mimicked
the phenotype of Sglt1− /− mice (Figures 6a and b) that
completely lack Na+-dependent glucose transport in the
intestine.3

Figure 3 Intestinal hyperplasia is a consequence of enhanced proliferation and reduced apoptosis. Hyperplasia in hyperleptinemic (db/db) mice is a

result of an enhanced proliferative response (a, proliferating cell nuclear antigen staining), decreased epithelial apoptosis in the crypt compartment

(b, cleaved caspase-3 staining), and tip of villi (c, cleaved caspase-3 staining). Proliferation and apoptosis are not different between control (ob/con) and

leptin-deficient (ob/ob) mice. Representative images are shown. N= 4–5/genotype. *Po0.05 vs db/db.
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Leptin AB-loop and CST Are Structurally Similar

The pairwise sequence alignment between CST and the
AB-loop of leptin indicates a 440% sequence similarity
(Figure 7a). A high sequence and structural similarity
is indicative of CST potentiality to bind to the LEPR.
The secondary structure prediction program, PSIPRED,
predicted a high propensity of β-strands and random coils
in the structures of both CST and the missing AB-loop region
of leptin (Figure 7b).41 Results from the MD simulations
also suggested the existence of β-strands in both structures
that eventually form a stable β-sheet during the time
evolution of MD simulations. The time-averaged structures
of CST and leptin with the missing AB-loop are shown in
Figure 7c.

Leptin and CST Exhibit a Common Binding Site in the

LEPR

From the sequence and structural analysis of leptin and CST,
it was evident that CST mimics leptin’s binding site-III,
particularly the AB-loop. As mutagenesis results revealed that
the binding site-III of leptin binds to the Ig-like domain of

LEPR, both leptin and CST docking were targeted to the
Ig-like domain of LEPR. Both ligands exhibit very similar
modes of binding to the receptor, as shown in Figure 8.
Table 1 lists all the interacting residues, including the
common ones in LEPR that interact with both CST and
leptin. Notably, conserved cluster of Ig-like domain residues
that are crucial for LEPR activation, LEU 372, HIS 419, and
HIS 420, were found to be involved in interactions with leptin
and CST. Apart from these interactions, leptin and CST have
common interactions with TRP 369, ASN 371, ALA 373, GLU
374, LYS 375, CYS 412, ASN 414, HIS 416, GLU 417, CYS
418, ARG 421, and TYR 422 residues in the Ig-like domain of
LEPR. The above results suggest that CST could compete with
leptin for binding to LEPR and might exhibit partial
leptin-like agonist activity. We think that in leptin-deficient
conditions, CST possibly mimics binding site-III of leptin to
bind to the Ig-like domain of LEPR and might elicit
leptin-like activity for LEPR signaling. Vice versa, under
conditions where leptin is drastically elevated, as found in
hyperleptinemic db/db mice, CST may block the action of the
full agonist, leptin.

Figure 4 Intestinal SGLT1 expression is decreased in hyperleptinemic mice but not leptin-deficient mice. Hyperleptinemic (db/db) mice exhibit a

significant decrease in membrane protein expression (a and b) and apical membrane abundance (c) of intestinal SGLT1. In contrast, SGLT1 membrane

abundance (c) in leptin-deficient (ob/ob) mice was not different than their controls (ob/con). Tissue from a SGLT1 knockout mouse (Sglt1− /−) was used

as a control to verify antibody specificity (a). N= 4–5/genotype. *Po0.05 vs db/con.
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CST Treatment Restored Villus Length, Intestinal

Proliferation, and SGLT1 Abundance in db/db Mice

As we found that LEPRb is not necessary or sufficient
for the decreased membrane abundance of SGLT1 in
hyperleptinemic db/db mice, and CST might affect LEPR
signaling, we studied the role of CST in hyperleptinemic
db/db mice on intestinal morphology and SGLT1 abundance.
In a separate cohort, db/db and control mice were treated with
CST (Figure 9). After 7 days, blood glucose levels rose higher
in db/db than in control mice (232± 51 vs 50± 12 Δmg/dl;
Po0.05) that corresponded to normalized villus length and
proliferation as well as restored SGLT1 protein expression
and membrane abundance to levels seen in controls
(for representative PCNA staining see Supplementary Figure
S2). The short-term CST treatment was without effect on
body weight or changes in leptin levels (Figure 9). To
determine whether there is an ambient contribution of
leptin and a possible interaction with CST for intestinal
glucose uptake, we performed OGTT in the presence and
absence of CST in control mice. Pretreament with CST
(30 min before oral glucose loading) did not affect blood
glucose levels measured immediately before glucose
loading (Supplementary Figure S3). The OGTT and AUC
were not different between CST-treated and vehicle-treated
control mice.

DISCUSSION

By studying the role of leptin and its receptors in
hyperleptinemic and leptin-deficient obese diabetic mice, we
provide evidence that leptin signaling plays a central role in
intestinal homeostasis. The present studies show for the first
time that leptin-induced downregulation of intestinal SGLT1
is possibly mediated by the short form of the leptin receptor,
LEPRa. This may prevent overt hyperglycemia under diabetic
conditions where hyperleptinemia is present. In addition, our
modeling analyses indicate that CST may compete with leptin
for binding to LEPR; thus, CST might contribute to the
regulation of energy homeostasis and epithelial turnover.

The proximal small intestine is the major site for nutrient
absorption; however, little is known about the role of the
intestine in models of obesity and diabetes. Intestinal and
renal hyperplasia and hypertrophy, respectively, are features
that have been described in type 2 diabetic patients.42–44 In
theory, an increased absorptive surface area with more
transporters available for nutrient absorption could
contribute, at least in part, to the development of obesity in
these mice. However, our findings and those of others provide
evidence that an increase in mucosal mass does not always
correlate with obesity. We found that obese db/db mice,
which have deficient LEPRb, exhibited an increase in mucosal
mass with longer villi and deeper crypts compared with their

Figure 5 Terminal differentiation in enterocytes in unaffected by leptin levels or lack of SGLT1. Enterocytes were assessed by staining sections of small

intestines of SGLT1 knockout mice (Sglt1− /−), hyperleptinemic db/db mice and their controls (db/con), as well as leptin-deficient (ob/ob) mice and their

control mice (ob/con) for intestinal alkaline phosphatase. No differences were observed in the staining patter of this absorptive cell lineage marker

between genotypes, indicating comparable terminal differentiation of enterocytes in all genotypes.
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lean controls. In contrast, we did not find an increase in
mucosal mass in obese leptin-deficient ob/ob mice. Further-
more, mucosal mass is increased when rats are administered
exogenous leptin,45 and intestinal epithelial cell-specific
LEPRb knockout mice also display increased mucosal mass
but have normal body weights compared with wild-type
mice.46 We also found that there was a positive correlation
between intestinal length and body weight; indeed, both
hyperleptinemic and leptin-deficient mice had much longer
small intestine and colon lengths than their lean controls. A
similar correlation was found in humans where the length of
the small intestine, colon, and whole intestine increased with
body weight.47 The fact that both hyperleptinemic db/db and
leptin-deficient ob/ob mice have longer intestines, but only
db/db mice display an increase in mucosal mass, indicates that
the overall growth in total length is a factor of body mass
whereas mucosal hyperplasia is leptin dependent.

Does defective signaling through LEPRb have an effect on
intestinal epithelial cell turnover that potentially could lead to
the increase in mucosal mass observed in db/db mice? We
found that db/db mice exhibited increased intestinal epithelial
proliferation and decreased apoptosis in the crypts of the small
intestine. As the crypts house stem cells and proliferating
daughter cells, the combination of increased proliferation
(PCNA) and decreased apoptosis in crypts and tips of villi
(cleaved caspase-3 and H&E) enhance renewal of the
crypt–villus structure, leading to mucosal hyperplasia. We
did not find an increase in mucosal mass in leptin-deficient

ob/ob mice. Along those lines, ob/ob mice exhibited decreased
cellular proliferation and increased apoptosis in intestinal
epithelial cells after massive small bowel resection.48 The fact
that we did not find an increase in mucosal mass in
leptin-deficient mice implies that leptin signaling through a
leptin receptor other than LEPRb is mediating this effect in
db/db mice. Of note, previous data on the expression of
LEPRb in the intestine are conflicting, with studies reporting
absent LEPRb mRNA expression in the intestine,12 an
approximately eightfold higher LEPRa vs LEPRb mRNA
expression,18 or the presence of LEPRb protein and/or mRNA
without comparison with other LEPRs.46,49 A comparable
situation regarding differences of leptin receptor isoform
expression was described in pulmonary responses to leptin.50

Further studies are needed to better understand the role of
these receptors in the intestinal proliferative response.

Studies have shown that leptin signaling can regulate
expression of nutrient transporters in the intestine,46,51–53 and
it was demonstrated that mucosal leptin enhanced insertion
of GLUT2/5 and reduced insertion of SGLT1 on the apical
membrane of enterocytes.51 Our study is the first one that
localized SGLT1 in the intestine of db/db and ob/ob mice with
an antibody verified to have no signal in Sglt1− /− mice. We
provide evidence that in the absence of leptin (ob/ob mice),
SGLT1 abundance is unaffected indicating that leptin itself is
not a prerequisite for a tonic or homeostatic regulation of
SGLT1 expression, whereas in the absence of LEPRb, which
causes the mice to be severely hyperleptinemic, SGLT1

Figure 6 Phlorizin (SGLT1/2 inhibitor) significantly improves glycemic status in control mice (db/con) but is without effect in hyperleptinemic (db/db)

mice. Oral glucose tolerance test (OGTT) was performed (glucose 2 g/kg, 1% of bw via oral gavage) with or without phlorizin (0.5 g/kg) after overnight

fasting. Phlorizin significantly reduced blood glucose (a) and area under the curve (b) in db/con mice. In contrast, OGTT and area under curve were not

different between glucose-treated db/db mice compared with glucose+phlorizin-treated db/db or db/con mice. For comparison, SGLT1 knockout mice

(Sglt1− /−) that completely lack Na+-dependent glucose uptake in the small intestine are shown. N= 4–8/genotype. *Po0.05 vs db/con glucose.
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abundance is significantly reduced. It is possible that reduced
expression of intestinal SGLT1 in db/db mice might be a
consequence of mislocalization or a general defect of brush
border membrane protein expression. Our experiments
studying localization of intestinal alkaline phosphatase argue
against such a phenomenon because we were able to detect
terminally differentiated enterocytes in all studied genotypes.
Consistent with our findings, increased intestinal epithelial
proliferation in db/db mice is not the consequence of
abnormal gut development because at day E18.5 db/db and
db/con mice show no difference in intestinal and villi length
or gross intestinal morphology.54

Evidence for the involvement of leptin in such regulation
comes from studies where glucose transport, as well as SGLT1
expression, was studied in genetically obese fa/fa rats. This
study showed that luminal leptin can acutely inhibit
Na+-dependent glucose transport and reduced brush border
membrane SGLT1 protein levels.52 Intestinal-specific deletion
of LEPRb resulted in downregulation of SGLT1 and delayed
onset of obesity.46 However, the mechanism of other leptin
receptors was not determined. To our knowledge, only one
study determined jejunal SGLT1 protein in ob/ob mice that,
supporting our findings, showed comparable SGLT1 protein

expression to lean mice.55 As leptin levels were comparable
between wild-type and intestine-specific LEPRb knockout
mice, and yet they still observed diminished SGLT1
expression,46 it is important to determine whether this is a
direct effect of LEPRb on SGLT1 or whether administration
of exogenous leptin could even further reduce intestinal
SGLT1 abundance.

A recent study suggested that CST regulates energy
homeostasis via the leptin receptor.24 By using modeling
approaches, we identified that the AB-loop of leptin and CST
have a high structural similarity. The AB-loop of leptin is of
particular interest as it was recently described that mutations
in the 39–42 amino acid fragment of the AB-loop act as
competitive LEPR antagonists.56 All double-, triple-, and
quadruple-mutated muteins tested for residues 39–42 were
found to act as true antagonists, that is, they interacted with
the LEPR with an affinity similar to wild-type leptin while not
showing any biological activity.56 Of note, the same region

Figure 7 A high sequence and structural similarity between CST and

leptin AB-loop is indicative of CST potentiality to bind to LEPR. (a) The

pairwise sequence alignment between CST and the AB-loop of leptin

binding site-III show 440% similarity. In the alignment, ‘*’ indicates

positions with identical amino acid residues, ‘:’ indicates positions of

residues with very similar nature, and ‘.’ indicates positions of residues

with similar nature in the sequence. (b) Secondary structure prediction

method identifies high propensity of β-strands and random coils in the

structures of CST and leptin’s AB-loop. (c) Time-averaged structures of

CST and leptin, as obtained from MD simulations. Interestingly, CST

resembles the ‘thumb-like’ domain of leptin’s AB-loop (highlighted in red)

that was distorted in the crystal structure and remains undefined

structurally, possibly relating to the high flexibility of the region.

Figure 8 Binding model of CST and leptin to LEPR is very similar.

Protein–protein docking was performed with the MD simulation

generated time-averaged structures of CST, leptin, and LEPR. Independent

docking of leptin binding site-III and CST was performed targeting the

Ig-like domain of LEPR, as suggested by the recent mutagenesis studies.

The best-docked (energetically) complex from each category was

superimposed onto each other to compare their mode of interaction with

LEPR. The Ig-like domain of LEPR is represented by gray surface with its

residues that are known to be critical for LEPR activation and leptin

binding is highlighted in blue. CST is shown in red and leptin α-helices,

β-strands, and random coils are shown in purple, yellow, and white/cyan,

respectively.
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was found to be required for di- or tetra-merization, and
therefore LEPR activation because this effect is absent when
the binding site-III functionality is abolished. Mutations of
other amino acid residues in the AB-loop including
S29Q/V30Q/S31N and Q34S/R35S also result in impaired
leptin signaling.33 Although the exact effect of the CST–leptin
interaction on intracellular signaling events still needs to be
determined in future studies, it seems possible that CST could
bind to the LEPR and modulate its biological activity.

As hyperleptinemic db/db mice have fully functional
LEPRa, but lack functional LEPRb, we hypothesized that
treatment with CST would compete with leptin for binding to
LEPRa and decrease leptin action. This prompted us to assess
the role of LEPRa signaling for SGLT1 regulation. We found
that after 7 days of CST treatment, intestinal SGLT1
expression and abundance in db/db mice was completely
restored. However, this restoration was associated with an
increase in blood glucose in db/db and control mice that we
think is possibly mediated by LEPRa. Interfering with LEPR
signaling via CST under supraphysiological leptin levels
(as found in db/db mice) restores SGLT1 abundance and
consequently increases blood glucose levels. Of note, CST

treatment normalized intestinal proliferation and villus
length. Although there is a long-term effect of CST on
intestinal SGLT1 abundance, proliferation, villus length, and
blood glucose levels, this study did not show an acute effect of
CST on intestinal glucose uptake in OGTT. This discrepancy
may be because of the time frame of the experiments and/or
gastric breakdown of the CST peptide (when added to the
glucose gavage solution as done in our experiments). Further
studies are needed to better understand the interaction of CST
and leptin as well as identify the possible existence of other
factors involved in regulating intestinal turnover and
Na+-dependent glucose transport, the latter possibly ex vivo

by employing Ussing chambers experiments.
Recent data suggest that CST can improve leptin signaling

in chromogranin A knockout mice that are found to be
hyperleptinemic.24 Consistent with our hypothesis, CST
treatment in a diet-induced obesity mouse model, which
results in peripheral resistance to leptin,57 was able to increase
lipolysis and decrease body weight and adipose tissue mass.24

At this point we only can postulate reasons for these
responses: (1) chromogranin A knockout mice have only
mildly elevated plasma leptin levels that might pose a less
stringent stressor compared with the severely elevated plasma
leptin levels observed in db/db mice, (2) in contrast to the
preserved leptin signaling in the brain of diet-induced obesity
mouse models, LEPRb-mediated signaling is absent in the
entire body of db/db mice that might contribute to different
responses, and (3) in ob/ob mice where CST does not directly
influence leptin receptor signaling, other regulatory factors
might contribute to these contrasting responses. Of note, CST
possibly has opposing effects on leptin signaling in different
organs that may be based on LEPR isoform expression. The
use of tissue-specific LEPR isoform knockout models and
diet-induced obesity models might help determine the reason
for these differences.

Although this study provides insights into the role of leptin
for intestinal hyperplasia and SGLT1 abundance, it has a
number of limitations. Our results show for the first time that
leptin signaling, possibly through LEPRa, mediates the
downregulation of SGLT1 protein and localization. However,
we are yet to determine whether hyperplasia and/or SGLT1
abundance is directly regulated via LEPRa because other short
forms of the leptin receptor, including LEPRc, d, and f, are
also functional. The complexity of the system is reinforced by
the existence of heteromerization between different LEPR
isoforms.58,59 In addition, there is a possibility that
hyperplasia and/or SGLT1 abundance in the intestinal
mucosa are indirectly regulated via signaling of a different
pathway/hormone.

In summary, we are just beginning to understand the role
of different LEPR isoforms for intestinal homeostasis and
glucose transport. The current results demonstrate that leptin
regulates intestinal proliferation, apoptosis, and SGLT1
abundance. Hyperleptinemic obese type 2 diabetic mice have
severely reduced intestinal SGLT1 membrane abundance. In

Table 1 Interacting residues of leptin binding site-III and CST
with Ig-like domain of leptin receptor

LEPR Leptin LEPR CST

SER 363 SER 25 ILE 334 SER 2

LYS 364 HIS 26 TRP 369* MET 3

GLU 365 GLN 28 ASN 371* LYS 4

TRP 369* SER 29 LEU 372* LEU 5

ASN 371* VAL 30 ALA 373* SER 6

LEU 372* SER 31 GLU 374* PHE 7

ALA 373* SER 32 LYS 375* ARG 8

GLU 374* LYS 33 GLN 378 ALA 9

LYS 375* GLN 34 CYS 412* ARG 10

TYR 411 MET 68 ASN 414* ALA 11

CYS 412* PRO 69 GLU 415 TYR 12

ASN 414* SER 70 HIS 416* GLN 20

HIS 416* ARG 71 GLU 417* LEU 21

GLU 417* ASN 72 CYS 418*

CYS 418* GLY 118 HIS 419*

HIS 419* TYR 119 HIS 420*

HIS 420* SER 120 ARG 421*

ARG 421* THR 121 TYR 422*

TYR 422* GLU 122

VAL 123

The residues that are in bold and underlined are important for receptor acti-
vation. Common LEPR interacting residues in both protein–protein com-
plexes are labeled by ‘*’.
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contrast, obese type 2 diabetic mice that lack endogenous
leptin have unaltered intestinal SGLT1 membrane abundance.
In the former, increased leptin signaling possibly via the
short form of the leptin receptor, LEPRa, dampens the
hyperglycemia of db/db mice. However, CST, which mimics
the binding site-III of leptin, possibly interferes with leptin
signaling in db/db mice and restores intestinal SGLT1
abundance and intestinal turnover.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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