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Abstract The present study examined the effect of

GLP-1(1-37) on chemokine-induced CD4-positive lym-

phocyte migration as an early and critical step in

atherogenesis. Pretreatment with GLP-1(1-37) reduced the

SDF-induced migration of isolated human CD4-positive

lymphocytes in a concentration-dependent manner. Similar

effects were seen when RANTES was used as a chemo-

kine. GLP-1(1-37)’s effect on CD4-positive lymphocyte

migration was mediated through an early inhibition of

chemokine-induced PI-3 kinase activity. Downstream,

GLP-1(1-37) inhibited SDF-induced phosphorylation of

MLC and cofilin and limited f-actin formation as well as

ICAM3 translocation. Furthermore, exendin-4 inhibited

SDF-induced migration of CD4-positive lymphocytes

similarly to GLP-1(1-37), and transfection of these cells

with GLP-1 receptor siRNA abolished GLP-1(1-37)’s

action on chemokine-induced ICAM3 translocation, sug-

gesting an effect mediated via the GLP-1 receptor. Thus,

GLP-1(1-37) inhibits chemokine-induced CD4-positive

lymphocyte migration by inhibition of the PI3-kinase

pathway and via the GLP-1 receptor. This effect provides a

potential novel mechanism for how GLP-1(1-37) may

modulate vascular disease.
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Introduction

According to our current understanding, atherogenesis is an

inflammatory process in the vessel wall, involving

inflammatory cells such as monocytes and CD4-positive

lymphocytes. The latter are considered to be of critical

importance for local vascular inflammation. CD4-positive

lymphocytes are attracted by chemotactic proteins such as

RANTES and SDF-1 and enter the vessel wall as naı̈ve

TH0 cells. In the subendothelium, these cells then

encounter antigens such as oxidized LDL and differentiate

into TH1 cells, subsequently releasing pro-inflammatory

mediators such as TNF-a and interferon-c (IFNc). These

cytokines then activate other cells such as endothelial cells,

macrophages, and vascular smooth muscle cells, thus

promoting the inflammatory process of atherogenesis in the

vessel wall [1, 2]. Lesions from patients with diabetes

mellitus, a high-risk population for vascular disease,

exhibit a high burden of inflammatory cells [3]. Moreover,

experimental studies have shown that a reduction in

CD4-positive lymphocyte recruitment hampers lesion

development and plaque formation [4, 5]. Still, most of

these studies targeted the effect of T-cell-specific chemo-

kines, but hitherto little is known about modulatory effects

on CD4-positive lymphocyte migration.

The untruncated GLP-1(1-37) is a 37 amino acid hor-

mone that is secreted from the human pancreas and to a

lesser extent from intestinal cells [6]. Whereas multiple

metabolic and nonmetabolic effects of the truncated GLP-1

have been described [7–11], the physiological role of un-

truncated GLP-1(1-37) remains incompletely understood.
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GLP-1(1-37) is a less potent GLP-1 receptor agonist

[12, 13] than truncated GLP-1 and has been shown to mod-

ulate rat parietal cell function [12]. Recently, GLP-1(1-37)

has been shown to convert intestinal epithelial cells into

insulin-producing cells [14], thus suggesting a new thera-

peutic tool for the treatment of diabetes mellitus. We

hypothesized that GLP-1(1-37) could also play a role in

modulating vascular inflammation in patients with diabetes

mellitus who have an increased propensity to develop a dif-

fuse and severe atherosclerosis. However, to date nothing is

known about the role of GLP-1(1-37) on vascular cells such

as CD4-positive lymphocytes and potential effects on T-cell

migration as a critical step in lesion development. Therefore,

the present study examined the effect of GLP-1(1-37) on

chemokine-induced CD4-positive lymphocyte migration as

one of the early and critical steps in atherogenesis.

Materials and methods

Cell culture

Human CD4-positive lymphocytes were isolated from

freshly drawn blood of healthy volunteers by Ficoll-

Histopaque (Sigma) gradient centrifugation to obtain

mononuclear cells (PBMCs) and subsequent negative

selection of CD4-positive T-cells by magnetic bead separa-

tion (Miltenyi Biotech) as described by the manufacturer’s

protocol. The purity of CD4-positive T cells was[97% as

determined by flow cytometry.

In vitro cell migration assay

After isolation, CD4-positive lymphocytes were cultured in

serum-free media for 16 h. T-cell chemotaxis was assayed

under serum-free conditions in a 48-well microchemotaxis

chamber (Neuroprobe). Wells in the upper and lower

chamber were separated by a polyvinylpyrrolidone-

free polycarbonate membrane (pore size 5 lm; Costar).

CD4-positive cells at a density of 5 9 106/ml were pre-

treated for 30 min with GLP-1(1-37) (Sigma and Bachem) or

exendin-4 (GenScript) at the concentrations indicated before

3 h of incubation with SDF-1 or RANTES (Sigma). Migra-

ted cells attached to the bottom face of the filter, which had

been preincubated with collagen, and were stained and

counted under the light microscope. Cells were counted in

five random high-power fields per well. Migration experi-

ments were performed with GLP-1(1-37) from two different

suppliers to exclude the possibility that the effects seen might

be due to contamination by a biologically active substance.

Furthermore, migration experiments were performed with

a scrambled GLP-1(1-37)mod, which consists of the

same amino acids as GLP-1(1-37) but in a random order

(Phe-Ala-Gly-Ile-Arg-Trp-Gly-His-Asp-Arg-Val-Ala-Ala-

Gln-Lys-Thr-Thr-Leu-Asp-His-Phe-Ser-Ser-Ser-Tyr-Phe-

Gly-Val-Glu-Ala-Lys-Glu-Glu-Gly-Leu-Glu-Glu, Thermo

Fisher Scientific).

Western blot analysis

Standard Western blot analysis was performed using anti-

human GLP-1 receptor antibodies (Upstate), antibodies

against p-cofilin and p-MLC (Cell Signaling).

Phosphatidylinositol kinase assay

After isolation, human T-cells were incubated for 16 h in

RPMI medium without serum. Cells pretreated for 30 min

with and without GLP-1(1-37) were stimulated with

100 ng/mL SDF-1. Standard PI 3-kinase activity assays

were performed [15] using goat anti-human p85 (Santa

Cruz) antibodies.

F-actin staining

After 30 min pretreatment with GLP-1(1-37), CD4-posi-

tive lymphocytes (2 9 106 cells/mL) were treated with

SDF-1 at 100 ng/mL for times indicated. After stimulation,

cells were fixed in 3.7% (wt/vol) paraformaldehyde in PBS,

pH 7.4, and then washed at room temperature in TBS

(50 mmol/L Tris-HCl, pH 7.6, 150 mmol/L NaCl, 0.1%

NaN3). For intracellular staining of F-actin, cells were

permeabilized with 0.1% Triton X-100 for 10 min before

application of the first antibody. Cell suspensions were

incubated for 30 min in PBS with FITC-conjugated phal-

loidin (Sigma). Flow cytometry analysis was performed in

a FACScan cytofluorometer (Becton-Dickinson) and

induction of F-actin was measured.

ICAM3 staining

Immunofluorescence staining was performed as described

before [15]. Briefly, 1–2 9 106 CD4-positive lymphocytes

were incubated in special four-well plates (Costar, Cam-

bridge, MA, USA) in a final volume of 500 ll complete

medium on coverslips coated with collagen. Before treat-

ment with SDF-1 (100 ng/mL, 30 min), cells were

incubated with GLP-1(1-37) for 30 min. Cells were then

fixed with 3.7% (wt/vol) paraformaldehyde in PBS, pH 7.4,

at room temperature and rinsed in TBS. Cells were incu-

bated with a specific antibody against ICAM3 (mouse anti-

human ICAM3, Caltag), and after washing with PBS,

carboxymethylindocyanine 3-Cy3-coupled (Dianova) goat

anti-mouse IgGs were added as secondary antibodies

(dilution 1:1,000) for 45 min. After washing again slides

were stained with DAPI (nuclei staining). Images were
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recorded with a fluorescence microscope (Leica) and cells

in five randomly selected fields (*100 cells) were ana-

lyzed. ICAM3 translocation was considered to be present

when a clear clustering of ICAM3 at the uropod was

visible.

Transfection of siRNA

Specific and negative siRNAs were purchased from

Invitrogen. Negative siRNA refers to negative control

Validated Stealth (Invitrogen) and has no homology to

any known human gene sequence. siRNA transfection

was performed employing human CD4-positive lympho-

cytes. Cells were isolated from blood and incubated for

1 h in RPMI 1640 medium with 5% human serum. T-cells

were transfected with GLP-1 receptor siRNA (200 nM)

using the human T cell-nucleofector kit (Amaxa Biosys-

tems) according to the manufacturer’s protocol. After

transfection, cells were plated in 12-well plates with

RPMI 1640 medium containing 5% human serum and

incubated for 48 h. Untreated cells, amaxa nucleofector

solution, and negative siRNA controls were established in

parallel.

Statistical analysis

Results of the experimental studies are reported as

mean ± standard deviation (SD). Differences were ana-

lyzed by one-way ANOVA followed by the appropriate

post-hoc test. A p value\0.05 was regarded as significant.

Results

GLP-1(1-37) reduces chemokine-induced CD4-positive

lymphocyte migration

To examine the effect of GLP-1(1-37) on CD4-positive

lymphocyte migration, cells were stimulated with SDF-1 in

the absence or presence of GLP-1(1-37), and lymphocyte

migration was assessed in a modified Boyden chamber.

SDF-1 treatment significantly induced cell migration by

3.4 ± 1.7-fold (p \ 0.01; n = 9), and pretreatment of cells

with GLP-1(1-37) for 30 min reduced this effect in a

concentration-dependent manner to a maximum 1.1 ± 0.7-

fold induction at 1 nmol/L GLP-1(1-37) (p \ 0.01 com-

pared with SDF-1-treated cells; n = 9) (Fig. 1a). Similar

effects were obtained when RANTES was used as a

stimulus to induce CD4-positive lymphocyte migration

(Fig. 1b), suggesting that the action of GLP-1(1-37) on

lymphocyte migration is independent of the stimulus

employed. To exclude that the phenomenon observed is

caused by unspecific effects of a 37 amino acid peptide,

migration experiments were performed using scrambled

GLP-1(1-37) [GLP-1(1-37)mod], which consists of the

same amino acids as GLP-1(1-37) but in a random order. In

these experiments, GLP-1(1-37)mod did not inhibit SDF-1-

induced CD4-positive lymphocyte migration (Fig. 1c).

Fig. 1a–c GLP-1(1-37) reduces chemokine-induced migration of

CD4-positive lymphocytes. Human CD4-positive lymphocytes

were pretreated with GLP-1(1-37) for 30 min at concentrations

indicated before migration experiments using a SDF-1 (100 ng/mL)

or b RANTES (100 ng/mL) were performed in a modified Boyden

chamber. Data are expressed as fold induction of unstimulated cells.

Bars represent mean ± SD (n = 9 for SDF-1; n = 11 for RANTES);

*p \ 0.01 compared with chemokine-stimulated cells. GLP-1(1-37)

alone did not induce CD4-positive lymphocyte migration compared to

unstimulated cells. c Scrambled GLP-1(1-37) [GLP-1(1-37)mod]

does not inhibit SDF-1-induced CD4-positive lymphocyte migration.

Human CD4-positive lymphocytes were pretreated with 1 nM GLP-

1(1-37) and 1 nM GLP-1(1-37)mod for 30 min before migration

experiments using SDF-1 (100 ng/mL) were performed in a modified

Boyden chamber. Data are expressed as fold induction of unstimu-

lated cells. Bars represent mean ± SD (n = 5); *p \ 0.01 compared

with chemokine-stimulated cells. GLP-1(1-37)mod alone did not

induce CD4-positive lymphocyte migration compared to unstimulated

cells
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Neither GLP-1(1-37) nor GLP-1(1-37)mod induced CD4-

positive lymphocyte migration by themselves.

Moreover, GLP-1(1-37) did not affect cell viability and

had no effect on the expression of the chemokine receptor

CXCR4 as assessed by flow cytometry (data not shown).

GLP-1(1-37) reduces SDF-1-induced activation of PI-3

kinase in CD4-positive lymphocytes

Activation of PI-3 kinase is a critical step in chemokine-

induced T-cell migration downstream of the respective

chemokine receptor [16]. Therefore, we examined the

effect of GLP-1(1-37) on PI-3 kinase activity. As demon-

strated in Fig. 2, GLP-1(1-37) significantly limited SDF-1-

induced PI-3 kinase activity in a concentration-dependent

manner, suggesting that GLP-1(1-37) modulates a very

upstream step in the chemokine-activated signaling

cascade.

GLP-1(1-37) inhibits SDF-1-induced phosphorylation

of cofilin and MLC

Downstream of PI3-kinase, stimulation of CD4-positive

lymphocytes with chemokines leads to serine phosphory-

lation of cofilin thus rendering this mediator of actin

filament depolymerization inactive during migration. In

addition, MLC is phosphorylated upon chemokine stimu-

lation to promote cell contraction. Using Western blot

analysis, we demonstrate that GLP-1(1-37) inhibits both

SDF-1-induced phosphorylation of cofilin and MLC

(Fig. 3a) in a concentration-dependent manner, thus inter-

fering with additional signaling processes during cell

migration.

GLP-1(1-37) reduces f-actin formation in CD4-positive

lymphocytes

Next we investigated the effect of GLP-1(1-37) on F-actin

formation in CD4-positive lymphocytes, a crucial

mechanism in cell polarization during migration [17, 18].

As shown in Fig. 3b, GLP-1(1-37) significantly reduced

SDF-1-induced F-actin formation as assessed by flow

cytometry analysis.

GLP-1(1-37) inhibits ICAM3 translocation

in CD4-positive lymphocytes

Since ICAM3 translocation to the uropod of migrating

lymphocytes is a critical step in cell movement [19], we

next examined the effect of GLP-1(1-37) on ICAM3

translocation by means of immunofluorescence staining.

As shown in Fig. 4, GLP-1(1-37) significantly reduced

SDF-1-induced ICAM3 translocation to the uropod.

The effect of GLP-1(1-37) on chemokine-induced

migration of human CD4-positive lymphocytes

is mediated by the GLP-1 receptor

Next we examined whether the effect of GLP-1(1-37)

on cell migration is mediated via the known GLP-1

Fig. 2 GLP-1(1-37) inhibits SDF-1-induced PI 3-kinase activity.

Human CD4-positive lymphocytes were pretreated with GLP-1(1-37)

for 30 min at concentrations indicated before stimulation with SDF-1

(100 ng/mL). After 5 min PI 3-kinase activity assays were performed.

Specific dots are labelled with an arrow (PIP). Four independent

experiments showed similar results

Fig. 3 a GLP-1(1-37) reduces SDF-1-induced phosphorylation of

cofilin and MLC in CD4-positive lymphocytes. Isolated lymphocytes

were pretreated with GLP-1(1-37) for 30 min at concentrations

indicated before stimulation with SDF-1. Western blot analysis for

p-cofilin and p-MLC was performed after 5 min. GAPDH protein

expression served as a loading control. Representative results of four

independent experiments are shown. b GLP-1 reduces SDF-1-induced

F-actin formation. CD4-positive lymphocytes were pretreated with

GLP-1 for 30 min (1 nmol/L) before stimulation with SDF-1. Actin

polymerization was determined by flow cytometry at times indicated.

Dots represent means. *p \ 0.05 for comparison between groups at

times indicated; n = 3
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receptor. Western blot analysis of total lysates revealed

that isolated human CD4-positive lymphocytes express

GLP-1 receptor protein (Fig. 5a) and transfection of cells

with GLP-1 receptor siRNA markedly reduced this

expression (Fig. 6a). As GLP-1(1-37) is known to be a

weak agonist on the GLP-1 receptor, we investigated

whether exendin-4, a potent GLP-1 receptor agonist, has

similar effects. Pretreatment with exendin-4 inhibited

SDF-1-induced migration of human CD4-positive lym-

phocytes (Fig. 5b).

To investigate whether GLP-1(1-37)’s action on cell

migration is dependent on the GLP-1 receptor, we next

evaluated the effect of GLP-1(1-37) on SDF-1-induced

ICAM3 translocation as a read-out for cell migration in

mock and GLP-1 receptor siRNA transfected cells. As

shown in Fig. 6b and c, GLP-1(1-37) no longer inhibited

SDF-1-stimulated ICAM3 translocation in GLP-1 receptor

negative cells compared to mock transfected cells, sug-

gesting that GLP-1(1-37) exhibits its effects on CD4-

positive lymphocyte migration and ICAM3 translocation

via the GLP-1 receptor.

Discussion

The present study demonstrates that the hormone GLP-1(1-

37) inhibits chemokine-induced migration of human

CD4-positive lymphocytes. This effect is mediated via the

GLP-1 receptor and through a reduction in PI-3 kinase

activity with subsequent inhibition of f-actin formation and

ICAM3 translocation.

GLP-1(1-37) is mainly secreted from cells in the pan-

creas and is a less potent GLP-1 receptor agonist than

truncated GLP-1(7-36) amide [12, 13]. Recently, GLP-1(1-

37) has been shown to convert intestinal epithelial cells

into insulin-producing cells [14], thus suggesting a new

therapeutic tool for the treatment of diabetes mellitus. Our

study extends the current knowledge on GLP-1(1-37)

by demonstrating an inhibition of chemokine-induced

CD4-positive lymphocyte migration, an effect which could

potentially contribute to the modulation of vascular

inflammation in diabetic patients. The effect of GLP-1(1-

37) on lymphocyte migration is mediated by an early

inhibition of PI-3 kinase activity. PI-3 kinase activation is a

critical step in chemokine-induced T-cell migration,

Fig. 4a, b GLP-1(1-37) inhibits SDF-1-induced ICAM3 transloca-

tion. a CD4-positive lymphocytes were pretreated with GLP-1(1-37)

at concentrations indicated before stimulation with SDF-1 for 30 min.

ICAM3 translocation was assayed using immunofluorescence stain-

ing. Insets: high-power view of cells with and without ICAM3

translocation as indicated by arrows. b Statistical analysis of cells

positive for ICAM3 translocation as percentage of DAPI-positive

cells. Bars represent mean ± SD; n = 6; *p \ 0.01 compared with

SDF-1-stimulated cells

Fig. 5 a Human CD4-positive lymphocytes express GLP-1 receptors

in vitro. Western blot analysis of isolated human CD4-positive

lymphocytes reveals the expression of the GLP-1 receptor protein at

the expected size. Lysates from human endothelial cells served as

a positive control. Three independent experiments yielded simi-

lar results. b Exendin-4 inhibits SDF-1-induced migration of

human CD4-positive lymphocytes similar to GLP-1(1-37). Human

CD4-positive lymphocytes were pretreated with exendin-4 for 30 min

at concentrations indicated before migration experiments were

performed in a modified Boyden chamber using SDF-1 (100 ng/

mL). Data are expressed as percentage of SDF-stimulated cells. Bars
represent mean ± SD; n = 12; *p \ 0.05 compared with SDF-1-

stimulated cells. Exendin-4 did not induce cell migration compared to

unstimulated cells
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leading to downstream activation of small Rho GTPases.

Downstream of these GTPases, the phosphorylation of

cofilin is of importance to allow for actin polymerization at

the leading edge of migrating cells, while the phosphory-

lation of MLC contributes to cell contraction at the uropod.

Downstream of PI 3-kinase, GLP-1(1-37) leads to a

reduction in chemokine-induced phosphorylation of cofilin

with a subsequent reduction in f-actin formation. More-

over, GLP-1(1-37) limits the phosphorylation of MLC

and inhibits SDF-1-mediated ICAM3 translocation to

the uropod of migrating cells, thus counterbalancing two

additional steps in cell movement. The effect of GLP-1(1-

37) on cell migration does not depend on the chemotactic

stimulus since GLP-1(1-37) diminished both SDF-1- and

RANTES-induced lymphocyte migration. Moreover, the

effects observed are not due to alterations in cell viability

or chemokine receptor expression. Finally, the effect

observed is not due to unspecific effects of the peptide nor

is it caused by endotoxins as shown by the experiments

with the scrambled GLP-1(1-37).

Our data demonstrate the expression of the GLP-1

receptor in human CD4-positive lymphocytes, and exen-

din-4, a known GLP-1 receptor agonist, inhibited

chemokine-induced migration of human CD4-positive

lymphocytes similar to GLP-1(1-37). In addition, GLP-1(1-

37) did not inhibit chemokin-induced ICAM3 translocation

in GLP-1 receptor negative human CD4-positive lympho-

cytes, suggesting that the effect of GLP-1(1-37) on these

cells is dependent on the known GLP-1 receptor.

However at this point degradation/cleavage of GLP-

1(1-37) in the Petri dish during the time of incubation

cannot be entirely excluded in our study. Therefore, a

cleavage product of GLP-1(1-37), possibly a truncated

form of GLP-1 or GLP-1(9-36), could theoretically be

responsible for the inhibition of chemokine-induced

migration of human CD4-positive lymphocytes. Future

studies are warranted to further elucidate the role of

possible cleavage products of GLP-1(1-37) on lymphocyte

function.

The GLP-1(1-37) concentrations employed in our study

correspond to the concentrations used in previous in vitro

experiments [14] and are within the physiological range of

GLP-1 plasma concentrations in patients [20]. This raises

the possibility that GLP-1(1-37) could act as a physiolog-

ical modulator of lymphocyte function in vivo and

potentially provides a novel tool to influence vascular

disease in patients with diabetes. The inhibition of lym-

phocyte migration shown here may hamper lesion

development at a critical step. CD4-positive cells, once

recruited into the subendothelial space by chemokines such

as SDF-1 or RANTES, differentiate into TH1-cells, thus

releasing pro-inflammatory cytokines, which then promote

inflammatory activation of other cells in the vessel wall [1].

Therefore, modulating the migration of T lymphocytes into

the vasculature may target the inflammatory process in

atherogenesis at a nodal point and as such modulate a

critical step in lesion development. Future studies are

warranted to determine whether such effects of GLP-1(1-

37) finally lead to a reduction in lesion size in animal

models of arteriosclerosis.
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grant from the Else-Kröner-Fresenius-Stiftung to Dr. Daniel Walcher.

The Department of Internal Medicine II has received an unrestricted

research grant from MSD.

Fig. 6a–c Transfection of CD4-positive lymphocytes with GLP-1

receptor siRNA abolishes the effect of GLP-1(1-37) on SDF-1-

induced ICAM3 translocation. a Western blot analysis of GLP-1

receptor expression in mock and GLP-1 receptor siRNA-transfected

cells (increasing concentrations). b, c. Mock and GLP-1 receptor

siRNA-transfected cells were pretreated with 1 nmol/L GLP-1(1-37)

before stimulation with SDF-1. ICAM3 translocation as a read-out for

migrating cells was assayed using immunofluorescence staining.

b Representative pictures are shown. c Statistical analysis of cells

positive for ICAM3 translocation as percentage of DAPI-positive

cells. Bars represent mean ± SD as percentage of SDF-1-stimulated

cells; n = 6; *p \ 0.05 compared to SDF-1-stimulated cells

3554 N. Marx et al.



Conflict of interest statement None.

References

1. Hansson GK (2005) Inflammation, atherosclerosis, and coronary

artery disease. N Engl J Med 352:1685–1695

2. Marx N, Kehrle B, Kohlhammer K, Grub M, Koenig W, Hom-

bach V, Libby P, Plutzky J (2002) PPAR activators as

antiinflammatory mediators in human T lymphocytes: implica-

tions for atherosclerosis and transplantation-associated

arteriosclerosis. Circ Res 90:703–710

3. Yu M, Moreno C, Hoagland KM, Dahly A, Ditter K, Mistry M,

Roman RJ (2003) Antihypertensive effect of glucagon-like pep-

tide 1 in Dahl salt-sensitive rats. J Hypertens 21:1125–1135

4. Veillard NR, Steffens S, Pelli G, Lu B, Kwak BR, Gerard C,

Charo IF, Mach F (2005) Differential influence of chemokine

receptors CCR2 and CXCR3 in development of atherosclerosis in

vivo. Circulation 112:870–878

5. Bullock BP, Heller RS, Habener JF (1996) Tissue distribution of

messenger ribonucleic acid encoding the rat glucagon-like pep-

tide-1 receptor. Endocrinology 137:2968–2978

6. Orskov C, Rabenhoj L, Wettergren A, Kofod H, Holst JJ (1994)

Tissue and plasma concentrations of amidated and glycine-

extended glucagon-like peptide I in humans. Diabetes 43:535–

539

7. Eissele R, Goke R, Willemer S, Harthus HP, Vermeer H, Arnold

R, Goke B (1992) Glucagon-like peptide-1 cells in the gastroin-

testinal tract and pancreas of rat, pig and man. Eur J Clin Invest

22:283–291

8. Goke R, Larsen PJ, Mikkelsen JD, Sheikh SP (1995) Distribution

of GLP-1 binding sites in the rat brain: evidence that exendin-4 is

a ligand of brain GLP-1 binding sites. Eur J Neurosci 7:2294–

2300

9. Nauck MA, Wollschlager D, Werner J, Holst JJ, Orskov C,

Creutzfeldt W, Willms B (1996) Effects of subcutaneous gluca-

gon-like peptide 1 (GLP-1 [7-36 amide]) in patients with

NIDDM. Diabetologia 39:1546–1553

10. Flock G, Baggio LL, Longuet C, Drucker DJ (2007) The incretin

receptors for glucagon-like peptide 1 and glucose-dependent in-

sulinotropic polypeptide are essential for the sustained metabolic

actions of vildagliptin in mice. Diabetes 56(12):3006–3013

11. Nystrom T, Gutniak MK, Zhang Q, Zhang F, Holst JJ, Ahren B,

Sjoholm A (2004) Effects of glucagon-like peptide-1 on endo-

thelial function in type 2 diabetes patients with stable coronary

artery disease. Am J Physiol Endocrinol Metab 287:E1209–

E1215

12. Schmidtler J, Schepp W, Janczewska I, Weigert N, Furlinger C,

Schusdziarra V, Classen M (1991) GLP-1-(7–36) amide, -(1-37),

and -(1–36) amide: potent cAMP-dependent stimuli of rat parietal

cell function. Am J Physiol 260:G940–G950

13. Holst JJ, Orskov C, Nielsen OV, Schwartz TW (1987) Truncated

glucagon-like peptide I, an insulin-releasing hormone from the

distal gut. FEBS Lett 211:169–174

14. Suzuki A, Nakauchi H, Taniguchi H (2003) Glucagon-like pep-

tide 1 (1-37) converts intestinal epithelial cells into insulin-

producing cells. Proc Natl Acad Sci USA 100:5034–5039

15. Walcher D, Aleksic M, Jerg V, Hombach V, Zieske A, Homma S,

Strong J, Marx N (2004) C-peptide induces chemotaxis of human

CD4-positive cells: involvement of pertussis toxin-sensitive

G-proteins and phosphoinositide 3-kinase. Diabetes 53:1664–1670

16. al-Aoukaty A, Rolstad B, Maghazachi AA (1999) Recruitment of

pleckstrin and phosphoinositide 3-kinase gamma into the cell

membranes, and their association with G beta gamma after

activation of NK cells with chemokines. J Immunol 162:3249–

3255

17. Arber S, Barbayannis FA, Hanser H, Schneider C, Stanyon CA,

Bernard O, Caroni P (1998) Regulation of actin dynamics

through phosphorylation of cofilin by LIM-kinase. Nature

393:805–809

18. Serrador JM, Nieto M, Sanchez-Madrid F (1999) Cytoskeletal

rearrangement during migration and activation of T lymphocytes.

Trends Cell Biol 9:228–233

19. Sanchez-Madrid F, del Pozo MA (1999) Leukocyte polarization

in cell migration and immune interactions. EMBO J 18:501–511

20. Adam TC, Jocken J, Westerterp-Plantenga MS (2005) Decreased

glucagon-like peptide 1 release after weight loss in overweight/

obese subjects. Obes Res 13:710–716

GLP-1 inhibits lymphocyte migration 3555


	Glucagon-like peptide-1(1-37) inhibits chemokine-induced migration of human CD4-positive lymphocytes
	Abstract
	Introduction
	Materials and methods
	Cell culture
	In vitro cell migration assay
	Western blot analysis
	Phosphatidylinositol kinase assay
	F-actin staining
	ICAM3 staining
	Transfection of siRNA
	Statistical analysis

	Results
	GLP-1(1-37) reduces chemokine-induced CD4-positive lymphocyte migration
	GLP-1(1-37) reduces SDF-1-induced activation of PI-3 kinase in CD4-positive lymphocytes
	GLP-1(1-37) inhibits SDF-1-induced phosphorylation of cofilin and MLC
	GLP-1(1-37) reduces f-actin formation in CD4-positive lymphocytes
	GLP-1(1-37) inhibits ICAM3 translocation in CD4-positive lymphocytes
	The effect of GLP-1(1-37) on chemokine-induced migration of human CD4-positive lymphocytes is mediated by the GLP-1 receptor

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


