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Abstract. Previous data from our group demonstrated
that C-peptide induces chemotaxis of CD4-positive
lymphocytes in-vitro, mediated by activation of G-
protein and PI 3-kinase vy, but additional signalling
pathways involved in this process remained unex-
plored. In the present study we further analyze
intracellular signalling pathways which lead to C-
peptide-induced CD4-positive lymphocyte migration.
We provide evidence that C-peptide-induced chemo-
taxis of CD4-positive lymphocytes is critically de-
pendent on activation of Src-kinase and RhoA, Rac-1
and Cdc42 GTPases. Furthermore, C-peptide stimu-

lates phosphorylation of PAK, LIMK and cofilin
downstream of Rac-1 and Cdc42, leading to cofilin
inactivation and actin filament stabilization. In addi-
tion, C-peptide induces ROCK kinase activity and
MLC phosphorylation downstream of RhoA, thereby
stimulating myosin mediated cell contraction. In
contrast, C-peptide does not activate ERK1/2, p38
or Akt in CD4-positive lymphocytes. Our data sup-
port an active role of C-peptide in CD4-positive
lymphocyte chemotaxis and elucidate molecular
mechanisms in C-peptide-induced cell migration.
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Introduction.

Patients with insulin resistance and type 2 diabetes
mellitus exhibit an increased propensity to develop
vascular disease with its sequelae of acute coronary
syndrome and stroke. These patients typically show
elevated levels of C-peptide, a cleavage product of
proinsulin, released into the bloodstream in equimo-
lar concentrations to insulin [1] . Originally, C-peptide
has been considered to be biologically inactive, but
over the last couple of years several studies suggest
that C-peptide may have important physiological
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functions [2, 3]. A previous study from our group
demonstrated colocalisation of C-peptide with intimal
monocytes/macrophages and CD4-positive lympho-
cytes in early arteriosclerotic lesions of diabetic
patients as well as chemotactic activity of C-peptide
in these cells in-vitro [4,5]. Moreover, we showed that
C-peptide colocalizes with vascular smooth muscle
cellsin the arterial media in lesions of diabetic subjects
and also demonstrated that C-peptide induces smooth
muscle cell proliferation via activation of Src-kinase,
PI-3 kinase and MAP-kinase [6].

These results suggest a potential causal role of C-
peptide in early atherogenesis in patients with dia-
betes and insulin resistance [4, 5]. Although we
showed that C-peptide-induced CD4-positive cell
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migration is mediated by a yet unidentified G-protein-
coupled receptor as well as by activation of phosphoi-
nositide 3-kinase gamma (PI 3-kinase vy) [4], addi-
tional signalling pathways involved in this process
remained unexplored.

The process of directed migration of leukocytes
(chemotaxis) is governed by various chemokines
which attract cells to sites of inflammation or
developing arteriosclerotic lesions. Binding of che-
mokines to their respective receptors activates Src-
kinases and PI 3-kinases with a subsequent produc-
tion of phosphatidylinositol(3,4,5)-triphosphate [7],
which can activate guanine nucleotide-exchange
factors (GEFs) for Rho GTPases [8]. Downstream
of these GEFs RhoA, Racl, and Cdc42, members of
the Rho family of small GTPases, play a critical role
in coordinating cellular responses required for cell
migration [9-11] . These proteins cycle between an
active, GTP-bound and an inactive, GDP-bound
conformation, where the activation process is con-
trolled by GEFs [1, 8, 12]. In migrating cells, RhoA
regulates the formation of stress fibers, focal adhe-
sion complexes and contractile actin myosin fila-
ments, while Racl and Cdc42 regulate actin polymer-
ization to form lamelipodia and filopodia, respec-
tively [13, 14]. Once present in its active form, RhoA
activates Rho kinase (ROCK), a serine/threonine
kinase which stimulates activation of myosin, either
directly by phosphorylation of myosin light chain
(MLC), or indirectly, by activation of myosin light
chain kinase (MLCK) and inactivation of MLC
phosphatase [15]. In contrast, activated Racl and
Cdc42 induce phosphorylation of p21 activated
kinase (PAK), thus stimulating its kinase activity
[16, 17]. Activated PAK then phosphorylates and
activates LIM domain-containing protein kinase
(LIM kinase), which results in subsequent phosphor-
ylation of cofilin at Ser3 [18, 19]. This phosphoryla-
tion inhibits the actin depolymerizing activity of
cofilin, leading to actin filament accumulation at the
leading edge of migrating cells.

The MAP kinases ERK1/2 (extracellular signal-regu-
lated kinase 1 and 2) and p38 MAP kinases, as well as
Akt kinases are additional downstream targets of the
Rho GTPases Racl and Cdc42 [20-22]. ERK1/2 and
p38 primarily regulate cell proliferation and apoptosis,
respectively, but some studies demonstrate their
involvement in chemokine-induced cell migration
[23-25]. Moreover, Akt, a signalling molecule with
anti-apoptotic functions, has also been shown to be
involved in cell migration [26, 27].

To date, it is unknown whether such chemokine-
activated pathways are involved in C-peptide-induced
CD4-positive lymphocyte migration. Therefore, the
present study examined the effect of C-peptide

Research Article 1975

stimulation on the activity of signalling proteins that
control cytoskeleton rearrangements in the process of
CD4-positive lymphocyte migration.

Material and methods

Cells. Human CD4-positive lymphocytes were iso-
lated from freshly drawn blood of healthy volunteers
using gradient centrifugation with subsequent mag-
netic beads (Miltenyi Biotec, Gladbach, Germany)
isolation, as previously described [28]. Similar isola-
tion techniques were used to isolate CD8"-, CD4/
CD45RA"- and CD4/CD45RO" cells. After isolation,
lymphocytes were cultured in serum-free RPMI
media (PAA, Pasching, Austria) for 16 h and then
assayed as described below.

In-vitro cell migration assay. CD4-positive lympho-
cyte chemotaxis was assayed under serum-free con-
ditions in a 48-well microchemotaxis chamber (Neu-
roprobe, Gaithersburg, Germany) as previously de-
scribed [4]. In some experiments, CD4-positive lym-
phocytes were incubated with 50 ng/mL Clostridium
difficile toxin B (Sigma, St. Lois, MO, USA), 25 pg/mL
Clostridium botulinum exoenzyme B (Calbiochem, La
Jola, CA) or the Src-kinase inhibitor PP2 (Sigma) for
30 minutes before assays were performed.

Immunoblotting. CD4-positive lymphocytes were left
untreated or incubated at 37 °C with 10 nmol/L. C-
peptide (Sigma) or with 200 ng/mL SDF-1a (Upstate,
Lake Placid, NY, USA) for times indicated. Cells were
lysed in lysis buffer (50 mmol/L Hepes pH 7.4, 150
mmol/L NaCl, 1% (w/v) NP40, 1% (w/v) glycerol, 1
mmol/L MgCl,, 1 mmol/L MnCl,, 10 mmol/L NaF, 1
mM Na;VO,, 10 pg/ul aprotinin, 10 pg/ul leupeptin, 0.1
mmol/L. PMSF). Aliquots of cell lysates were boiled in
Laemmli buffer before running on SDS-PAGE. Im-
munoblotting was performed by running samples on
SDS-PAGE with subsequent electrotransfer onto
nitrocellulose membranes (Amersham Pharmacia
Biotech, Amersham, England), blocking with 5%
skim milk in TBS buffer with 0.1 % Tween 20 for 1 h,
and incubating with primary antibody (anti-RhoA was
from Santa Cruz Biotechnology [Santa Cruz, CA,
USA], anti-Racl and anti-Cdc42 were from Upstate
[Lake Placid, N, USA], anti-phospho-LIMK, anti-
phospho-PAK, anti-phospho-MLC2, anti-phospho-
cofilin, anti-phospho-ERK1/2, anti-phospho-Akt,
anti-phospho-Src, anti-Src, anti-phospho-p38 and
anti-p38 were from Cell Signalling [Beverly, MA,
USA], anti-a-tubulin was from Sigma, anti-ERK1/2
was from Promega [Madison, WI, USA] and anti-
AKT1 was from Pharmingen [San Diego, CA, USA])
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and 1:2000 dilution of the secondary antibody (anti-
goat, anti-rabbit or anti-mouse horseradish perox-
idase [DAKO, Glostrup, Denmark]). Development
was done by using enhanced chemiluminescence
reagents (Pearce, Rockford, IL, USA) according to
the manufacturer’s specifications.

GTPase activity assays. For detection of GTP-bound
Racl, Cdc42 and RhoA, isolated CD4-positive lym-
phocytes were treated at 37 ° with 10 nmol/L C-peptide
for indicated periods of time. Cells were lysed for Rac1/
Ccd42-GTP pull-down experiments in 500 ul Racl/
Cdc42-RIPA buffer (50 mmol/L Tris/HCI, pH 7.2, 150
mmol/L NaCl, 10 mmol/L MgCl,, 1% (v/v) Triton X-
100, 0.5% (w/v) sodium deoxyholate, 10 pg/ul aproti-
nin, 10 pg/ul leupeptin, 0.1 mmol/L. PMSF) or for
RhoA-GTP pull-down assays in RhoA-RIPA buffer
(50 mmol/L Tris/HCl, pH 7.2, 500 mmol/L. NaCl,
10mmol/L MgCl,, 1% (v/v) Triton X-100, 0.5% (W/v)
sodium deoxyholate, 10 pg/ul aprotinin, 10 pg/ul
leupeptin, 0.1 mmol/L PMSF). Cell lysates were cleared
by centrifugation in a benchtop centrifuge at 15800 x g
for 15 minutes at +4 °C. Lysates were then incubated
with 20-40 pg glutathione S-transferase (GST)-fusion
proteins immobilized to Glutathione Sepharose 4B
beads for 45 minutes at +4 °C. The active, GTP-bound
form of Racl and Cdc42 was determined by using a
GST-PAK fusion proteins and GTP-bound RhoA was
detected by using recombinant GST-Rhotekin. GST-
PAK and GST-Rhotekin were prepared as previously
described [29]. Beads were washed four times with
washing buffer (50 mmol/L Tris/HCI, pH 7.2, 150 mmol/
L NaCl, 10 mmol/L MgCL,, 1 % (v/v) Triton X-100, 10
pg/ul aprotinin, 10 pg/ul leupeptin, 0.1 mmol/L PMSF).
Precipitated proteins were separated on 12% SDS-
polyacrylamide gels, transferred to membrane and
detected by using appropriate antibodies.

In-vitro kinase assay of ROCK. CD4-positive lym-
phocytes were left untreated or incubated at 37 °C
with 10 nmol/L C-peptide for indicated periods of
time. After washing with PBS cells were lysed in
ROCK lysis buffer (50 mmol/L M Tris/HCI pH 7.4, 100
mmol/L NaCl, 10% (v/v) glycerol, 0.5% (v/v) Triton
X-100, 10 mmol/L MgCl,, 1 mmol/L Na;VO,, 10
mmol/L NaF, 10 pug/ul aprotinin, 10 pg/ul leupeptin, 0.1
mmol/L PMSF). Lysates were incubated with anti-
ROCK?2 antibodies (Santa Cruz, Santa Cruz, CA,
USA) for 2 h at +4 °C, followed by incubation with
protein-G agarose beads (Santa Cruz, Santa Cruz,
CA, USA) for an additional 1 h. Beads were washed
twice with ROCK lysis buffer and twice with ROCK
kinase buffer (50 mmol/L Tris pH 7.4, 100 mmol/L.
NaCl, 10 % (v/v) glycerol, 0.05 % (v/v) Triton X-100, 2
mmol/L MgCl,, 2 mmol/L. MnCl,, 1 mmol/L. Na;VO,,
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10 mmol/L NaF, 10 pg/ul aprotinin, 10 pg/ul leupeptin,
100 nmol/L PMSF). In-vitro kinase assays of precipi-
tated ROCK were performed in 30 pL of ROCK
kinase buffer with 1 pg of recombinant MYPT-1
substrate (Upstate, Lake Placid, NY, USA) and 5 puCi
of radioactively labelled y-ATP for 30 minutes at 30
°C. Phosphorylated substrate was separated on 8 %
SDS-polyacrylamide gel, transferred to membrane
and detected by autoradiography.

Short interference RNA transfection. Short interfer-
ence RNA (siRNA) targeting Src and control siRNA
were obtained from Upstate (Lake Placid, NY, USA).
Freshly isolated CD4-positive lymphocytes were
transfected using Amaxa nucleofector kit (Amaxa,
Cologne, Germany) according to the manufacturer’s
protocol. After 36 h cells were treated with C-peptide,
and immunoblotting for p-MLC as a read-out for
migrating cells was performed.

Statistical analysis. Results of the experimental stud-
ies are reported as mean £ SD. Differences were
analyzed by one-way ANOVA followed by the
appropriate post hoc test. P < 0.05 was regarded as
significant.

Results

C-peptide induces migration of different cell-types of
T-cells. First we examined the chemotactic effect of C-
peptide on different subtypes of T-cells. C-peptide
significantly induced migration of freshly isolated
human CD4"- and CD8%-cells as well as naive (CD4/
CD45RA™") and memory T-cells (CD4/CD45RO")
(Fig. 1A). Since CD4-positive lymphocytes represent
the most important lymphocyte population in athero-
genesis, further experiments were focussed on these
cells.

C-peptide activates Src-kinase in CD4-positive lym-
phocytes. To examine the molecular mechanisms
involved in C-peptide-induced CD4-positive lympho-
cyte migration, we employed an inhibitor of Src-
kinase (PP2), to block a crucial upstream signalling
molecule involved in cell migration. 30 minutes pre-
treatment of cells with PP2 significantly reduced C-
peptide-induced CD4-positive T-cell migration
(Fig. 1B), suggesting the involvement of Src-kinase
in these signalling pathways. PP2 did not affect
baseline migration or cell viability (data not shown).
Given the inhibitory effect of PP2 on C-peptide-in-
duced CD4-positive lymphocyte migration, we next
investigated whether C-peptide activates Src-kinase
in these cells. As shown in Figure 1C, C-peptide
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induced Src phosphorylation in CD4-positive cells
significantly within 3 minutes, suggesting that Src-
kinase activation is involved in C-peptide-mediated
T-cell migration.

C-peptide stimulates CD4-positive cell migration
through activation of RhoA, Racl, and Cdc42. Rho
GTPases are important signalling molecules involved
in leukocyte migration. To examine the role of Rho
GTPases in C-peptide-induced migration of CD4-
positive lymphocytes we first performed in-vitro
chemotaxis assays employing Clostridium difficile
toxin B, an inhibitor of Rho GTPases. As shown in
Figure 2A, Clostridium difficile toxin B significantly
reduced C-peptide-induced cell migration. In addi-
tion, treatment of human CD4-positive lymphocytes
with Clostridium botulinum C3 transferase, a specific
RhoA inhibitor, abolished the effect of C-peptide on
cell migration, suggesting that RhoA activation is
crucial for this process. Neither Clostridium difficile
toxin B nor Clostridium botulinum C3 transferase
affected baseline migration or cell viability (data not
shown).

To further investigate the role of these small Rho
GTPases upon C-peptide stimulation, we assessed
RhoA, Racl, and Cdc42 activity performing affinity
precipitation experiments with GST-Rhotekin or
GST-PAK, to which only the active, GTP-bound
form of RhoA, or Racl and Cdc42, respectively, can
bind. Stimulation of cells with C-peptide activated all
GTPases, RhoA, Racl and Cdc42, in a time-depend-
ent manner with a maximal effect after 3 to 5 minutes
of stimulation, declining thereafter (Fig. 2B-D).

C-peptide induces ROCK activation as well as MLC
phosphorylation in CD4-positive lymphocytes. Next,
we investigated signalling pathways downstream of
RhoA. RhoA activation is known to stimulate actin-
myosin contractility through activation of ROCK
and MLC[15,30]. Treatment of cells with the specific
ROCK inhibitor Y-27632 significantly reduced C-
peptide-induced CD4-positive cell migration, indi-
cating that ROCK activity is required for this process
(Fig. 3A). Y-27632 did not affect baseline migration
or cell viability (data not shown). In addition,
stimulation of cells with C-peptide induced ROCK
activity as assessed by an in-vitro kinase assay
(Fig. 3B). Moreover, C-peptide treatment of CD4-
positive lymphocytes resulted in phosphorylation of
the downstream target MLC (Fig. 3C), suggesting
that both, ROCK as well as MLC are involved in C-
peptide-induced cell activation. These mechanisms
may then lead to myosin contraction induced by
activated MLC.
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Figure 1. C-peptide induces cell migration in different subtypes of
T-cells and activates Src-kinase in CD4-positive lymphocytes. (A)
Freshly isolated human CD4"- and CD8%-cells as well as naive
(CD4/CD45RA") and memory-cells (CD4/CD45RO") were
stimulated with C-peptide for three hours and cell migration was
assessed by using a modified Boyden chamber. Data are expressed
as fold induction compared with unstimulated cells. Bars represent
mean+SD (n = 7; *p < 0.05). (B) C-peptide-induced CD4-
positive-cell migration involves Src-kinase. CD4-positive lympho-
cytes were pretreated for 30 minutes with the Src-kinase inhibitor
PP2 (1 uM) and then stimulated with C-peptide (10 nmol/L) for
three hours and migration assays were performed. Bars represent
mean + SD. * p < 0.05 compared with C-peptide-stimulated cells; n
= 5. CXCL12a served as a positive control. (C) CD4-positive
lymphocytes were stimulated with C-peptide at 10nmol/L for times
indicated before phosphorylation of Src was determined by
Western blot analysis (upper panel). Equal loading of intact
protein was confirmed by staining for non-phosphorylated Src
(lower panel). (D) Densitometric analysis of five independent
experiments. Data are expressed as p-Src normalized to Src. Bars
represent mean =+ SD. *p < 0.05 compared with unstimulated cells;
n=>5.
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Figure 2. Activation of Rho GTPases is required for C-peptide-
induced CD4-positive lymphocyte migration. (A) Human CD4-
positive lymphocytes were pretreated with 50 ng/mL Clostridium
difficile toxin B (toxin B) or 25 pg/mL Clostridium botulinum C3
transferase (C3) for three hours before stimulation with 10 nmol/L
C-peptide (C-pep) for migration experiments. Stimulation of cells
with scrambled C-peptide (C-pep scr, 10 nmol/L) served as a
negative control. Data are expressed as percent of C-peptide-
stimulated cells. Bars represent mean + SD (n = 13 for toxin B;n =
S for C3 transferase); * P < 0.01 vs. C-peptide-stimulated cells. B—
D) C-peptide activates RhoA, Racl, and Cdc42. CD4-positive
lymphocytes were stimulated with 10 nmol/L C-peptide for times
indicated. Cells were then lysed and lysates were subjected to
affinity precipitation assays to determine RhoA, Racl, and Cdc42
activity in the presence of GST-Rhotekin (B) or GST-PAK (C and
D). Equal loading of protein was confirmed by immunoblotting of
aliquots of the cell lysates used in the assays against total RhoA,
Racl, or Cdc42. Three independent experiments yielded similar
results.

C-peptide induces activation of PAK and LIMK
leading to cofilin phosphorylation in CD4-positive
lymphocytes. Since C-peptide stimulation of CD4-
positive cells also activates Racl and Cdc42, we then
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Figure 3. C-peptide stimulates ROCK kinase activity and MLC
phosphorylation in CD4-positive cells. (A) C-peptide induced
CD4-positive migration is dependent on ROCK activation. Freshly
isolated human CD4-positive lymphocytes were pretreated with
the ROCK inhibitor Y-27632 (1 uM) for three hours before
migration experiments using 10 nmol/L C-peptide were performed.
Data are expressed as percent of C-peptide-stimulated cells. Bars
represent mean + SEM (n = 6); * P < 0.01 vs. C-peptide-stimulated
cells. (B) C-peptide activates ROCK kinase activity. CD4-positive
lymphocytes were stimulated with 10 nmol/L. C-peptide for times
indicated. Cells were then lysed and the lysates were subjected to
affinity precipitation assays to determine ROCK activity using
MYPT-1 as a substrate. Equal loading of intact protein was
confirmed by staining for a-tubulin in cell lysates. (C) C-peptide
leads to phosphorylation of MLC. Isolated CD4-positive lympho-
cytes were stimulated with 10 nmol/L C-peptide for times
indicated. Total lysates were analyzed by immunoblotting employ-
ing antibodies against phospho-MLC. Equal loading of intact
protein was confirmed by staining for a-tubulin. Similar results
were obtained in three independent experiments.

investigated the effect of C-peptide on downstream
targets of these GTPases. During chemokine-induced
cell migration, activation of Racl and Cdc42 has been
shown to induce threonine phosphorylation of PAK, a
process critical for the maintenance of full PAK
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Figure 4. C-peptide induces phosphorylation of PAK, LIMK, and
cofilin in CD4-positive lymphocytes. Human CD4-positive lym-
phocytes were stimulated with 10 nmol/L C-peptide for times
indicated, lysed, and aliquots of total lysates were analyzed by
immunoblotting using antibodies against phospho-PAK (A),
phospho-LIMK (B), and phospho-cofilin (C). Equal loading of
intact protein was confirmed by staining for PAK or a-tubulin,
respectively. Three independent experiments yielded similar
results.

activity [16]. Activated PAK then phosphorylates and
activates LIMK, with subsequent phosphorylation
and inactivation of cofilin [31]. Stimulation of cells
with C-peptide induced PAK phosphorylation within
three minutes and this process was prolonged up to 10
minutes after stimulation (Fig.4A). Treatment of
human CD4-positive lymphocytes with C-peptide
also led to a time-dependent threonine phosphoryla-
tion of LIMK (Fig. 4A) as well as to serine phosphor-
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ylation of cofilin (Fig. 4C), thus rendering this medi-
ator of actin filament depolymerization inactive.

C-peptide does not activate ERK1/2, p38 and Akt in
CD4-positive lymphocytes. Given the involvement of
the MAP Kinases ERK1/2 and p38 in cell migration
downstream of Racl and Cdc42, we next focused on
this signalling pathway. By western blot analyses we
demonstrated that treatment of human CD4-positive
lymphocytes with C-peptide does not lead to ERK1/2
or p38 phosphorylation (Fig. SA and 5B). Moreover,
C-peptide stimulation of CD4-positive lymphocytes
did not result in phosphorylation of Akt, another
Rac1/Cdc42 downstream molecule implicated in cell
migration (Fig. 5C). These data suggest that ERK1/2,
p38, as well as Akt are not involved in C-peptide-
induced CD4-positive cell migration.

Transfection with Src siRNA inhibits C-peptide—in-
duced phosphorylation of MLC. Because Src-kinase is
the most upstream signalling molecule involved in C-
peptide-induced migration, we performed Src siRNA
transfection and assessed MLC phosphorylation as a
read-out for cell migration after C-peptide treatment.
C-peptide stimulation of mock transfected cells sig-
nificantly increased phosphorylation of MLC whereas
transfection of cells with Src siRNA abolished this
induction (Fig. 6), underscoring the importance of Src
in C-peptide induced CD4-positive lymphocyte mi-
gration.

Discussion

For decades C-peptide was considered to be physio-
logically inert but recent data have demonstrated that
C-peptide is a bioactive molecule with various cellular
effects [3, 32]. Specific binding of C-peptide to cell
membranes at physiological concentrations has been
shown [33] but the respective C-peptide receptor
remains to be identified. In-vitro studies have shown
that binding of C-peptide to its receptor activates
various signalling pathways in many different cell lines
[32]. It has been reported that C-peptide stimulation
activates Na*/K*-ATPase [34-36], ERK1/2 and JNK
kinases [6, 34,37, 38], p38 [39, 40], PI3-kinase and Akt
[6,38,41], Src kinase [6] and protein kinase C [38, 41].
C-peptide treatment may also lead to increase in nitric
oxide production [40, 42], and intracellular Ca**
concentration [38, 43].

Most of the clinical studies on the physiological
function of C-peptide describe its beneficial effects
in type 1 diabetic patients. Conventional therapy of
these patients involves insulin treatment, but they still
develop several complications such as neuropathy,
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nephropathy and retinopathy. Additional treatment
of such patients with C-peptide improves these micro-
vascular complications [3, 44, 45]. C-peptide is also
able to promote disaggregation of insulin oligomers
and in that way facilitate the effect of insulin on
glucose uptake [46].

Much less is known about effect of C-peptide in type 2
diabetic patients. Previous studies from our group
suggest that, in type 2 diabetic patients, C-peptide may
have a deleterious effect by promoting development
of atherosclerosis [4—6, 47]. These patients usually
develop endothelial dysfunction with increased endo-
thelial permeability and C-peptide may enter the
vessel wall and build deposits there, as demonstrated
in [4]. These C-peptide deposits may contribute to
atherogenesis by stimulating monocyte and CD4-
positive lymphocyte migration into the vessel wall [4,
5], thus promoting inflammation, a key event in
developing atherosclerosis [48]. Interestingly, C-pep-
tide treatment of other cell-types such as neutrophils
and B-cells did not show any migratory effect (data
not shown). C-peptide may also stimulate smooth
muscle cell proliferation in atherosclerotic lesion [6],
leading to further atherosclerotic complications. The
extent of C-peptide-induced CD4* cell migration is
similar to the effect of the established T-cell chemo-
kine CXCL12. Moreover, combined stimulation of
cells with both C-peptide as well as CXCL12 does not
lead to a further increase in chemotactic activity,
suggesting that these mediators may share similar
intracellular signalling pathways. C-peptide’s chemo-
tactic effect is mediated by a yet unidentified G-
protein-coupled receptor as well as by activation of
PI3-kinase vy [4], but additional signalling pathways
involved in this process remained unexplored. The
present study sheds more light on such pathways by
demonstrating that C-peptide stimulation of CD4-
positive lymphocytes activates Src-kinase and leads to
downstream activation of PI-3 kinase y. Previous work
has shown that Src-kinase is involved in, e.g. IP-10
(interferon-gamma-inducible protein-10) mediated
chemotactic response of lymphocytes [7]. A specific
inhibitor of Src-kinase, PP2, as well as transfection of
Src siRNA, abolished C-peptide induced T-cell mi-
gration in our experiments, suggesting that C-peptide
also signals through this pathway.

Various chemokines, such as CXCL12a (SDF-10) and
CCL5 (RANTES) stimulate lymphocyte migration
through activation of small Rho GTPases. As such,
CXCL12a, the best studied CD4-positive lymphocyte
chemokine, induces Racl, Cdc42 and RhoA activation
shortly after cell stimulation [49]. Our data, showing a
reduction of C-peptide-induced chemotaxis by inhib-
itors of Rho GTPases as well as the time-dependent
activation of RhoA, Racl, and Cdc42 by C-peptide
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Figure 5. C-peptide does not activate ERK1/2, Akt and p38 in
human CD4-positive lymphocytes. (A—C) Freshly isolated human
CD4-positive lymphocytes were incubated with 10 nmol/L C-
peptide or 200 ng/mL CXCL12a for times indicated and phosphor-
ylation of ERK1/2, p38, and Akt was determined by Western blot
analysis using specific anti-phospho-ERK1/2, phospho-p38, and
phospho-Akt antibodies. For loading control, membranes were
reprobed with antibodies against the non-phosphorylated forms of
proteins. Blots represent one of three similar experiments.

suggest that similar mechanisms are involved in C-
peptide mediated CD4-positive lymphocyte migration.
PAKs are important effectors downstream of Racl
and Cdc42, leading to actin filament stabilization.
Once activated, Racl and Cdc42 bind to PAKSs,
relieving their inhibitory constraints, and thus ena-
bling their phosphorylation at threonine residues,
leading to PAKs full kinase activity [16]. After
downstream activation of LIMK, the final effector
molecule in this cascade is cofilin [31, 50, 51]. Cofilin
stimulates actin dynamics in two ways: 1) by inducing
F-actin fragmentation (severing) to create new free
barbed ends for actin polymerization catalyzed by
Arp2/3 and, 2) by inducing actin depolymerization
from pointed ends of actin filament, thus creating new
elements for de novo actin polymerization [52,53]. As
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Figure 6. Transfection with Src siRNA inhibits C-peptide—induced
phosphorylation of MLC. (A) Mock- or Src siRNA-transfected
CD4-positive lymphocytes were stimulated with C-peptide (10
nmol/L) for three minutes before Western blot analyses for p-MLC
were performed. (B) Densitometric analysis of eight independent
experiments. Data are expressed as p-MLC normalized to
GAPDH. Bars represent mean+SD. *P < 0.05 compared with
unstimulated cells, respectively; n = 8.

suggested for CXCL12a [49], chemokine stimulated
activity of LIMK and subsequent cofilin inactivation
probably increase the rate of cofilin recycling, a
critical process for chemokine induced lymphocyte
migration. We show that similar pathways seem to be
involved in C-peptide-mediated CD4-positive cell
migration: C-peptide stimulates phosphorylation of
LIMK on threonine residues as well as phosphoryla-
tion of cofilin on serine 3 in CD4-positive lympho-
cytes.

Activation of ROCK and its effector MLC is required
for chemokine-induced cell motility downstream of
RhoA [15]. ROCK phosphorylates MLC either
directly or via activation of MLCK. Active myosin
forms contractile force for detachment of migrating
leukocytes [54]. Our results indicate that C-peptide-
induced migration is mediated via similar pathways, as
treatment with C-peptide increases in-vitro kinase
activity of ROCK and stimulates MLC phosphoryla-
tion. A recent study by Lindahl et al. demonstrated
that in HEK-293 cells C-peptide becomes internalized
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Figure 7. C-peptide-induced signalling pathways in CD4-positive
lymphocytes. C-peptide binds to a yet unidentified G-protein-
coupled receptor and stimulates Src Kinase with subsequent
activation of PI 3-kinase y. Activation of PI3-kinase leads to an
activation of members of Rho GTPase family. Racl and Cdc42 act
via PAKs to stimulate LIMK, which phosphorylates and inhibits
cofilin, a process that allows increased accumulation of polymer-
ized actin at the leading edge of cells. In addition, RhoA stimulates
MLC phosphorylation via ROCK activation, a process needed for
cell body contraction and for migration.

and that it can bind to various cytoplasmic proteins,
including MLCK [55]. It is possible that this associ-
ation with MLCK is responsible for the effect of C-
peptide on MLC phosphorylation in CD4-positive
lymphocytes, but this possibility remains to be tested.
Data on the importance of activation of ERK, Akt and
p38 kinases for chemokine-induced CD4-positive cell
migration are controversial. Some studies have shown
that ERK1/2 activation is crucial for CXCL12a-
induced CD4-positive lymphocyte migration [24],
while others suggest that this MAP kinase pathway
may not be involved [56]. Moreover, CXCR3 ligand-
activated T-cell chemotaxis is also considered to be
independent of ERK and Akt activation [57]. Pre-
vious studies employing C-peptide suggest that the
effect of C-peptide on Akt, p38 and ERK1/2 activa-
tion is cell-type dependent [6, 39, 41, 58]. Our results
on phosphorylation of these kinases show that ERK1/
2, Akt and p38 are not involved in C-peptide-induced
CD4-positive lymphocyte migration. Since our pre-
vious studies demonstrated activation of PI 3-kinase y
by C-peptide, the lack of Akt activation, a typical
effector of PI 3-kinases, suggests that additional
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mechanisms, e. g. phosphorylation by PDK1 [21], may
be required to achieve Akt activity in CD4-positive
lymphocytes.

Together with other studies describing signalling
pathways activated by C-peptide in various cell types
(reviewed in [32]) our study describes a unique set of
signalling proteins that is activated by C-peptide in
CD4-positive lymphocytes. In other cell types C-
peptide activates different pathways leading to differ-
ent functional outcome. These diverse effects of C-
peptide might be the consequence of the existence of
more than one C-peptide receptor or different mech-
anism of action in various cells. Recently demonstrat-
ed internalization of C-peptide and its localization in
the cell nucleus of HEK-293 cells [55] is a good
demonstration of its versatile roles in various cells.
Much of this controversy will be cleared upon
identification of the receptor for C-peptide.

Our results further elucidate the effect of C-peptide
on CD4-positive T-cell chemotaxis by describing
activated signalling pathways leading to cytoskeleton
rearrangements. We demonstrate that C-peptide-
induced migration of CD4-positive lymphocytes is
mediated by activation of Src-kinase, an upstream
signalling-molecule of PI-3 kinase, and the small Rho
GTPases RhoA, Racl, and Cdc42. Subsequently,
RhoA and ROCK activation leads to MLC phosphor-
ylation, while activation of Racl and Cdc42 results in
cofilin inactivation via phosphorylation of PAK and
LIMK. Together, these mechanisms mediate cell
migration by inducing myosin contraction at the
uropod of the cell and actin filament stabilization at
the leading edge (Fig. 7). These data underscore the
role of C-peptide as a biologically active molecule
with potential implications for the activation of CD4-
positive lymphocytes during early lesion development
in diabetic subjects.

In contrast to the potential harmful effects of elevated
levels of endogenous C-peptide in patients with
insulin resistance and early type 2 diabetes, clinical
studies in type 1 diabetic subjects suggest beneficial
effects of C-peptide administration on microvascular
complications such as diabetic neuropathy [44, 45, 59].
Still, the potential pro-atherogenic action of C-pep-
tide described in our experiments is not necessarily in
contrast to such clinical benefits of C-peptide treat-
ment in patients with type 1 diabetes. The situation of
C-peptide in type 1 and type 2 diabetic patients can be
compared with the clinical presentation of hypo- and
hyperthyroidism. L-thyroxine treatment in patients
with hypothyroidism is beneficial without any doubt,
but elevated levels of L-thyroxine in those with
hyperthyroidism can cause serious clinical manifes-
tations. Similar mechanisms may apply for C-peptide:
supplementation of C-peptide in type 1 diabetic

C-peptide and CD4-positive cell migration

patients may be beneficial while an increase in C-
peptide levels in patients with insulin resistance and
type 2 diabetes may be harmful.
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