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Abstract
Aims/hypothesis There is increasing evidence that C-
peptide exerts intracellular effects in a variety of cells
and could be beneficial in patients with type 1 diabetes.
Exactly how C-peptide achieves these effects, however,
is unknown. Recent reports showed that C-peptide
internalised in the cytoplasm of HEK-293 and Swiss
3T3 cells, where it was not degraded for at least 1 h
after uptake. In this study, we investigated the hypoth-
esis that C-peptide is internalised via an endocytic
pathway and traffics to classic endocytic organelles,
such as endosomes and lysosomes.
Methods We studied the internalisation of C-peptide in vascular
endothelial and smooth muscle cells, two relevant targets of C-
peptide activity, by using Alexa Fluor-labelled C-peptide probes
in living cells and immunohistochemistry employing confocal
laser-scanningmicroscopy. To examine trafficking to subcellular
compartments, we used fluorescent constructs tagged to
RAB5A, member RAS oncogene family (RAB5A) to identify
early endosomes, or to lysosomal-associated membrane protein
1 (LAMP1) to identify lysosomes.

Results C-peptide internalised in the cytoplasm of cells
within punctate structures identified as early endosomes.
Internalisation was clearly detectable after 10 min of
incubation and was blocked at 4°C as well as with excess
of unlabelled C-peptide. A minor fraction of vesicles,
which increased with culture time, co-localised with
lysosomes. Uptake of C-peptide was reduced by mono-
dansylcadaverine, a pharmacological compound that blocks
clathrin-mediated endocytosis, and by nocodazole, which
disrupts microtubule assembly.
Conclusions/interpretation C-peptide internalises in the
cytoplasm of cells by endocytosis, as demonstrated by its
localisation in early endosomes. Endosomes might repre-
sent a signalling station, through which C-peptide might
achieve its cellular effects.
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Abbreviations
EEA1 Early endosome antigen 1
HAEC Human aortic endothelial cells
LAMP1 Lysosomal-associated membrane protein 1
MDC Monodansylcadaverine
NF-κB Nuclear factor kappaB
RAB5A RAB5A, member RAS oncogene family
UASMC Umbilical artery smooth muscle cells

Introduction

Human C-peptide is a peptide of 31 amino acids that is
released by pancreatic beta cells in equimolar amounts with
insulin in response to elevated blood glucose levels

Electronic supplementary material The online version of this article
(doi:10.1007/s00125-009-1476-7) contains supplementary material,
which is available to authorized users.

P. Luppi (*) :V. Cifarelli :M. Trucco
Division of Immunogenetics, Department of Pediatrics,
Children’s Hospital of Pittsburgh of UPMC,
Rangos Research Center,
530 45th Street,
Pittsburgh, PA 15201, USA
e-mail: luppip@pitt.edu

X. Geng : P. Drain
Department of Cell Biology and Physiology,
University of Pittsburgh, School of Medicine,
Pittsburgh, PA, USA

Diabetologia (2009) 52:2218–2228
DOI 10.1007/s00125-009-1476-7

http://dx.doi.org/10.1007/s00125-009-1476-7


(hyperglycaemia). Once secreted into the bloodstream, C-
peptide circulates at low nanomolar concentrations in
healthy individuals, but it is absent in most patients with
type 1 diabetes [1]. In recent years, C-peptide has been
shown to exert insulin-independent biological effects on
a variety of cells, where it affects the activation of
several intracellular pathways, such as, but not limited
to, those involved in cellular proliferation and inflam-
mation [2–4]. Importantly, C-peptide has been demon-
strated to be beneficial when administered as replacement
therapy to type 1 diabetes patients who suffer from some
diabetic complications [5–8]. How exactly C-peptide
achieves its intracellular effects in target cells, however,
is unknown.

Several years ago, C-peptide was shown to specifically
bind to plasma membranes from rat pancreatic beta cells
[9], human renal tubular cells [10], human fibroblasts and
endothelial cells [11]. More recently, C-peptide was shown
to bind and cross plasma membranes, localizing in the
cytoplasm of HEK-293 cells and Swiss 3T3 fibroblasts
[12], where it was detected up to 1 h after its uptake.
Nuclear localisation of C-peptide in HEK-293 cells and
Swiss 3T3 fibroblasts has also been demonstrated by the
same group [12]. These findings demonstrate that, once
internalised in the cytoplasm, C-peptide is not rapidly
degraded but remains intact, possibly interacting with
subcellular components through which it might achieve its
cellular effects.

The process of internalisation from the cell surface and
the subcellular localisation of C-peptide in target cells have
not yet been investigated. In particular, it is not known
whether C-peptide passively diffuses across the cellular
membrane or whether it is actively translocated by a
specific pathway of internalisation, such as endocytosis.
In this study, we investigated the hypothesis that C-peptide
internalises in target cells by following a specific endocytic
pathway.

The internalisation of C-peptide was explored in
human aortic endothelial cells (HAEC) and umbilical
artery smooth muscle cells (UASMC), two important
targets of C-peptide activity, especially in the context of
vascular dysfunction leading to vascular complications
in type 1 diabetes [13–16]. We found that in these cells
C-peptide internalises from the cellular surface within
punctate structures, most of them co-localizing with early
endosomes. A minor fraction of C-peptide vesicles, which
increases with culture time, is localised within the
lysosomes for degradation. These results demonstrate that
C-peptide internalises in target cells by using a specific
endocytic pathway. The endosome localisation of C-
peptide would support the proposal that C-peptide might
achieve its cellular effects in part by signalling from these
organelles.

Methods

Cell culture HAEC and UASMC were obtained from
Cambrex Bioscience Walkersville (Walkersville, MD,
USA) and grown in 75 cm2 flasks (Corning, Corning, NY,
USA) at 37°C under 5% CO2 in the presence of endothelial
basal medium-2 supplemented with endothelial growth
medium (HAEC) or smooth muscle cell basal medium-2
(SMGM-2; UASMC) (all from Cambrex Bioscience). To
the SMGM-2 was added 5% FCS, 0.1% antibiotics GA-
1000 (gentamicin, amphotericin B), 0.2% human basic
fibroblast growth factor (hFGF-b), 0.1% insulin, and 0.1%
human epidermal growth factor (hEGF) (Cambrex Biosci-
ence). HAEC were used at passage 2–6 and UASMC were
used at passage 4–10. Unless differently specified, in all
experiments HAEC and UASMC (∼100,000 cell/dish) were
seeded on poly-D-lysine-coated MatTek plates (MatTek,
Ashland, MA, USA) 35 mm in diameter, and allowed to
settle overnight at 37°C, 5% CO2 in their specific medium.
Next day, cells were washed with fresh medium before
starting with the specific experimental conditions.

Preparation of Alexa Fluor-labelled C-peptide and culture
conditions We designed two Alexa Fluor-labelled C-
peptide probes, one labelled with Alexa Fluor 488 and the
other with Alexa Fluor 546, and had them synthesised by
Molecular Probes (Invitrogen, Carlsbad, CA, USA). Unless
differently specified, 1 mmol/l of Alexa Fluor 488- or
Alexa Fluor 546-labelled C-peptide (Molecular Probes) was
added to each MatTek plate in serum-free medium. Cells
were incubated at 37°C, 5% CO2 for the designated time.
After incubation, fluorescent probe was discarded and the
cells were washed with fresh medium before analysis under
a confocal microscope. The concentration of fluorescent
probe corresponded to the minimum concentration of
fluorescent probe that we were able to easily detect in our
experimental system, and had also been previously used by
others [12]. Details about probe synthesis and use in the
experiments can be found in the Electronic supplementary
material (ESM).

Live-cell confocal imaging of C-peptide internalisation
Cells were incubated with the fluorescent C-peptide probe
for a minimum of 5 min and a maximum of 1 h. As a
control for specificity of staining, 1 mmol/l of free Alexa
Fluor 488 (catalogue no. A10235; Molecular Probes) or
Alexa Fluor 546 fluorescent dye (catalogue no. A20002;
Molecular Probes) was added to separate plates. Cells were
studied in an ‘open’ cell cultivation system at 37°C by live-
cell confocal microscopy 5, 10, 20, 30 min and 1 h after
uptake of the C-peptide probe. At least eight independent
experiments were performed, each with a minimum of six
MatTek plates with adherent cells.
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Effect of temperature on Alexa Fluor-labelled C-peptide
internalisation Cells were cooled at 4°C in a refrigerator
for 1 h and then incubated with the fluorescent C-peptide
probe at 4°C for 30 min. Uptake of the fluorescent probe by
live cells was studied under a confocal microscope. Cells
were then incubated at 37°C under 5% CO2 for 1 h and
analysed again with a confocal microscope. At least four
independent experiments were performed, each with a
minimum of six MatTek plates.

Inhibition of Alexa Fluor-labelled C-peptide uptake by
excess of unlabelled C-peptide Cells were incubated with
either 30 mmol/l of unlabelled native C-peptide (Sigma
Chemical, St Louis, MO, USA) or 30 mmol/l of scrambled
C-peptide (Sigma-Genosys, The Woodlands, TX, USA) for
1 h at 37°C, 5% CO2. The latter peptide (purity >95%) is a
randomised version of the native C-peptide containing the
same amino acid residues but randomly ordered, as follows:
ADQEVELGAPQSAGLGGSQLEPQGLGLVLGE. After
1 h of incubation, fluorescent C-peptide probe was added
for 30 min at 37°C, 5% CO2. Live cells were then analysed
under a confocal microscope. Uptake of C-peptide in these
cells was compared with uptake of fluorescent C-peptide in
the absence of any preincubation with unlabelled, native or
scrambled C-peptide. Three independent experiments were
performed, each with a minimum of three MatTek plates.

Uptake of Alexa Fluor-labelled C-peptide in the presence of
pharmacological compounds Cells were pretreated for
30 min at 37°C, under 5% CO2 with either monodansylca-
daverine (MDC; 43 mmol/l), which inhibits the clathrin-
coated pit pathway, filipin (5 mg/ml), which blocks the
caveola pathway, nocodazole (10 mmol/l), which disrupts
microtubule assembly, or cytochalasin D (30 mmol/l),
which disrupts actin filaments. The dose and duration of
treatment for each compound, none of which showed any
toxic effect, was determined experimentally on the basis of
previous reports [17–20]. After 30 min, fluorescent C-
peptide was added for 30 min and the cells were put back in
the incubator. Cells were then examined under a confocal
microscope. Three independent experiments were per-
formed, each with a minimum of three MatTek plates.
The response of cells to each condition was highly
consistent with inhibition of C-peptide uptake with MDC
and nocodazole. We therefore analysed the mean fluores-
cence per cell in only three cells per plate (total of nine
cells) for each condition, using Fluoview 300 software
(Olympus, Melville, NY, USA). Repeated measures
ANOVA was used to determine statistical significance.

Live-cell confocal imaging of C-peptide co-localisation
with subcellular organelles Cells were transduced with
500 ml Organelle Lights Endosomes-GFP reagent (cata-

logue no. 010104; Invitrogen), which targets RAB5A, an
early endosomal marker, following the manufacturer’s
instructions. The plates were incubated for 2 h on a plate
shaker at room temperature. After removing the medium,
500 ml of 1:1,000 dilution of enhancer was added to the
cells and the plates were incubated at 37°C under 5% CO2

for 2 h. Cells were kept in the incubator for 2 days in fresh
medium to allow production of the fluorescence protein,
then incubated with fluorescent C-peptide for 30 min before
examination by confocal microscopy. The same method
was used to study the localisation of C-peptide in
lysosomes and mitochondria; details are presented in the
ESM. At least five independent experiments were per-
formed for each organelle, each with a minimum of six
MatTek plates with adherent cells.

Localisation of C-peptide in early endosomes by immuno-
histochemistry HAEC (∼100,000 cell/dish) seeded on
MatTek plates were fixed with paraformaldehyde and
incubated with rabbit anti-human antibody to C-peptide
(Millipore, Billerica, MA, USA) together with a mouse
anti-human monoclonal antibody to the early endosomal
antigen 1 (EEA1) (Santa Cruz Biotechnology, Santa
Cruz, CA, USA) for 2 h. Appropriate secondary anti-
bodies were then applied. Cells were washed and
imaged using confocal microscopy. For a detailed
description of the method, see the ESM. At least four
independent experiments were performed, each with a
minimum of six MatTek plates with adherent cells.

Isolation of endosomes and analysis of C-peptide
content To identify early endosomes, we followed the
internalisation of Alexa Fluor 488-conjugated human
transferrin, a ligand known to enter the cells by
clathrin-mediated endocytosis and a specific marker of
early endosomes [21], in the presence of Alexa Fluor 546-
labelled C-peptide in UASMC in the incubator for 10 min.
Endosomes were isolated from other subcellular compart-
ments by centrifugation (modified from [22]) and an
aliquot of both the pellet and the endosome-containing
supernatant fraction was used to quantitate Alexa Fluor
488–transferrin and Alexa Fluor 546–C-peptide fluores-
cence spectra by using a scanning spectrofluorometer. For
a detailed description of the method and data analysis, see
the ESM. Repeated measures ANOVA was used to
determine statistical significance. Three independent
experiments were performed.

Confocal fluorescence microscopy imaging Confocal fluo-
rescence microscopy was performed using a Fluoview
300 Confocal Laser Scanning head (Olympus) with an
IX70 inverted microscope (Olympus). Details of the
procedure of cell imaging are presented in the ESM.

2220 Diabetologia (2009) 52:2218–2228



Results

C-peptide internalises in human vascular endothelial and
smooth muscle cells By using live-cell confocal laser-
scanning microscopy, we found that C-peptide bound to
plasma membranes and internalised in the cytoplasm of
HAEC (Fig. 1a) and UASMC (Fig. 1b). The uptake of
Alexa Fluor 488-labelled C-peptide was minimal after
5 min and began to be clearly visible after 10 min of
incubation. C-peptide uptake proceeded for the next 20 min
and after 30 min of incubation fluorescent C-peptide was
distributed along the plasma membrane and in the cytosol
as punctate structures (Fig. 1a, b). Uptake was complete in
all cells of a plate within 1 h of incubation. HAEC and
UASMC showed a similar timing of C-peptide uptake.
Incubation of cells with Alexa Fluor 488 fluorescent dye
alone resulted in the absence of staining (Fig. 1c).

Effect of temperature on internalisation of Alexa Fluor-
labelled C-peptide Consistent with the cellular trafficking
of proteins in general, the internalisation of C-peptide was
blocked at 4°C (Fig. 2a). Accordingly, C-peptide internal-
isation slowly recovered when cells that were incubated at
4°C were placed back at 37°C (Fig. 2b, c).

Uptake of Alexa Fluor-labelled C-peptide is blocked by
preincubation with unlabelled C-peptide As shown in
Fig. 3, preincubation of HAEC with a 30-fold excess of
unlabelled C-peptide blocked uptake of the fluorescent C-
peptide probe compared with cells incubated with Alexa
Fluor 488-labelled C-peptide only (Fig. 3a–c). On the
contrary, preincubation of HAEC with a scrambled version
of unlabelled C-peptide did not interfere with Alexa Fluor
488-labelled C-peptide internalisation (Fig. 3d).

C-peptide uses a clathrin-mediated endocytotic pathway to
enter HAEC We investigated whether internalisation of C-

peptide was mediated through clathrin-coated pits or
caveolae by using MDC and filipin. MDC is a pharmaco-
logical inhibitor of receptor-mediated endocytosis [18, 21],
while filipin, which binds cholesterol in the plasma
membrane, impairs the invagination and subsequent inter-
nalisation of caveolae [23, 24]. Under our experimental
conditions, pretreatment of HAEC with MDC (43 mmol/l)
for 30 min completely blocked the uptake of Alexa Fluor
488-labelled C-peptide (p<0.01 vs control) (Fig. 4). By
contrast, pretreatment of HAEC with filipin for 30 min
(5 mg/ml) had almost no inhibitory effect on fluorescent C-
peptide probe internalisation (Fig. 4).

Role of the cytoskeleton network The involvement of the
cytoskeleton network in C-peptide endocytosis was studied
in HAEC with cytochalasin D (30 mmol/l) and nocodazole
(10 mmol/l), which act by inducing depolymerisation of
actin filaments and microtubules, respectively [25, 26]. As
shown in Fig. 4, uptake of Alexa Fluor 488-labelled C-
peptide after cytochalasin D treatment was not significantly
different from that in control cells. Conversely, nocodazole
drastically reduced fluorescent C-peptide uptake (p<0.01
vs control), suggesting that entry of C-peptide into HAEC
depended on microtubule integrity.

C-peptide upon internalisation co-localises with early
endosomes To explore the possibility that C-peptide local-
ises in early endosomes, HAEC and UASMC were
transduced with Organelle Lights Endosome-GFP reagent,
which targets the production of fluorescent RAB5A, an
early endosome-specific marker. Live cells were then
labelled with 1 mmol/l Alexa Fluor 546-labelled C-
peptide and imaged under a confocal microscope. As
shown in Fig. 5a, early endosomes appeared as green
punctate structures in the cytoplasm, close to the cellular
membrane of an endothelial cell. Figure 5b shows the
internalisation of Alexa Fluor 546-labelled C-peptide as

Fig. 1 C-peptide internalises in HAEC and UASMC as punctate
structures. HAEC (a) and UASMC (b) were incubated for 30 min with
1 mmol/l Alexa Fluor 488-labelled C-peptide at 37°C, washed with
medium and imaged by confocal microscopy. Green punctate staining
corresponds to the C-peptide probe localised at the periphery of the

cell and in the cytoplasm. c As a control for staining specificity,
HAEC were incubated for 30 min with 1 mmol/l Alexa Fluor 488 dye
at 37°C. Note the absence of green fluorescent staining. The figure
shows a representative z-section across one cell
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Fig. 2 C-peptide internalisation is inhibited at 4°C. a HAEC were
incubated for 30 min with 1 mmol/l Alexa Fluor 488-labelled C-
peptide at 4°C, washed with medium, and immediately imaged by
confocal microscopy. The figure shows absence of green fluorescence
staining inside the cells, consistent with no internalisation of the
probe. b Internalisation of green C-peptide probe slowly recovered
when cells were put in the incubator at 37°C after being at 4°C.

Arrows show examples of green punctate staining corresponding to
the internalised C-peptide probe. c Differential interference contrast
confocal image of the same z-section as in b merged with the
fluorescence image to demonstrate localisation of green punctate
staining in the cytoplasm. The figure shows a representative z-section
across one endothelial cell

Fig. 3 Alexa Fluor 488-labelled C-peptide internalisation is inhibited
by an excess of unlabelled C-peptide. a HAEC were incubated for
30 min with 1 mmol/l Alexa Fluor 488-labelled C-peptide at 37°C,
washed with medium, and immediately imaged by confocal micros-
copy. The figure shows green punctate staining inside the periphery
and cytoplasm of the cell, consistent with internalisation of the probe.
b Internalisation of the Alexa Fluor 488-labelled green C-peptide
probe (1 mmol/l) was inhibited by preincubation with 30 mmol/
l unlabelled C-peptide for 1 h at 37°C. c Differential interference

contrast confocal image of the z-section shown in b. Arrows indicate
examples of three different cells showing reduced green punctate
staining in the cytoplasm. d Preincubation of cells with 30 mmol/l of a
randomised version of C-peptide (scrambled C-peptide) did not affect
internalisation of Alexa Fluor 488-labelled C-peptide, as demonstrated
by the presence of green punctate staining inside the cytoplasm. The
figure shows a representative z-section across one or few endothelial
cells
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red punctate staining within the cytosol. When the two
images were merged, yellow staining was evident,
corresponding to co-localisation of the green early endo-
somes with the red C-peptide (arrows in Fig. 5c). In most
cases the red staining corresponding to the internalised
C-peptide probe was evidently contained inside the endo-
some structures, observed as bright yellow peripheral
staining around the central red staining of the vesicles
(Fig. 5c, d).

Similarly, in UASMC, internalised Alexa Fluor 546-
labelled C-peptide (red) (Fig. 6c) co-localised with early
endosomes (green) (Fig. 6b), observed as yellow staining
on merging the two images (Fig. 6a, d).

Immunohistochemical localisation of C-peptide to early
endosomes As an additional demonstration of the co-
localisation of C-peptide to endocytic organelles, we performed
immunofluorescence studies on paraformaldehyde-fixed
HAEC after exposure to 10 nmol/l C-peptide. As shown in
Fig. 7a, C-peptide internalised in HAEC as green punctate
structures, most of which localised with the red early
endosomes (Fig. 7b) identified with a monoclonal antibody

to the early endosome antigen 1 (EEA1), resulting in yellow
staining (Fig. 7c).

Uptake of Alexa Fluor-labelled C-peptide follows transferrin
internalisation in UASMC To isolate early endosomes, we
briefly incubated UASMC with Alexa Fluor 546-labelled C-
peptide together with Alexa Fluor 488-conjugated human
transferrin, and then proceeded to cellular fractionation. High-
speed centrifugation allows plasma membranes and other
cellular compartments to sediment in the pellet, while clathrin-
coated pits and early endosomes, which are relatively small
molecules (100–200 nm) [22], remain in the supernatant. By
using a scanning fluorometer, we quantified the fluorescence
present in the endosome-containing supernatant fraction of
the homogenised cells. As shown in Fig. 8, the mean fraction
of the Alexa Fluor 488-transferrin fluorescence (peak
emission at 516), in the endosome-containing supernatant
fraction was 0.86±0.06 (n=3). The mean fraction of Alexa
Fluor 546-C-peptide (peak emission at 568 nm) in the
endosome-containing supernatant fraction was 0.77±0.08
(n=3). The fraction of each probe in the supernatant fraction
vs pellet was significantly different (p<0.001), whereas the

Fig. 4 Effect of different pharmacological compounds on C-peptide
entry into HAEC. Cells were either treated with 1 mmol/l Alexa Fluor
488-labelled C-peptide for 30 min (control) or pretreated with the
following compounds before addition of 1 mmol/l Alexa Fluor 488-
labelled C-peptide: MDC (43 mmol/l), filipin (5 mg/ml), cytochalasin
D (30 mmol/l) and nocodazole (10 mmol/l). As shown, pretreatment
of HAEC with MDC, an inhibitor of clathrin-mediated endocytosis,
inhibited entry of the C-peptide probe. Pretreatment with nocodazole,

which prevents microtubule assembly, also impairs C-peptide internal-
isation. Filipin and cytochalasin D did not inhibit C-peptide internal-
isation. a–e Representative z-section across some endothelial cells. f
The mean fluorescence (AU, arbitrary units) of Alexa Fluor 488-
conjugated C-peptide internalisation measured in each experimental
condition. The asterisk indicates that a significant decrease in uptake
of fluorescent C-peptide was detected when HAEC were pretreated
with MDC and nocodazole (p<0.01 vs control cells)
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Fig. 5 Internalised Alexa Fluor
546-labelled C-peptide
co-localises with early endosomes
in HAEC. HAEC were
transduced with Organelle Lights
Endosomes-GFP, which induces
production of the fluorescent
early endosomal marker RAB5A.
Cells were then incubated for
30min with 1mmol/l Alexa Fluor
546-labelled C-peptide at 37°C,
washed with medium and imaged
by confocal microscopy in an
‘open’ live-cell setting. a Green
RAB5A staining in early
endosomes. b Internalisation of
Alexa Fluor 546-labelled
C-peptide visible as red vesicles
in the cytosol. c Co-localisation
of C-peptide (red) with early
endosomes (green) appears as
yellow staining. d Enlarged
image of co-localisation shown
as yellow staining. Arrows
point to examples of
co-localisation. The panels show
a representative z-section across
one endothelial cell

Fig. 6 Internalised Alexa Fluor
546-labelled C-peptide co-
localised with early endosomes
in UASMC. UASMC were
transduced with Organelle
Lights Endosomes-GFP, which
induces production of the fluo-
rescent early endosomal marker
RAB5A, and then incubated for
30 min with 1 mmol/l Alexa
Fluor 546-labelled C-peptide at
37°C. After washing the cells
with fresh medium, cells were
imaged by confocal microscopy.
a Yellow staining corresponds to
merging of green fluorescence
(early endosomes) with red
fluorescence (C-peptide). b–d
Images of part of the cell within
the red quadrant. Alexa Fluor
546-labelled C-peptide co-
localised, or was close to, early
endosomes (arrows). The panels
show one representative
z-section across one smooth
muscle cell
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fractions of transferrin and C-peptide in the endosomal
fraction were statistically indistinguishable (p>0.05). The
cell fractionation results further support the internalisation of
C-peptide into early endosomes.

C-peptide traffics to lysosomes for degradation The final
destination of internalised peptides along the endocytic
pathway includes the lysosomes, where proteolytic degra-
dation occurs. To visualise lysosomes, cells were trans-
duced with Organelle Lights Lysosome-RFP reagent, which
targets the lysosome-specific protein lysosomal-associated
membrane protein 1 (LAMP1), before labelling the cells
with fluorescent C-peptide. By live-cell confocal microscopy,
we found that a fraction of green Alexa Fluor 488-labelled C-
peptide vesicles (Fig. 9a) co-localised with the red lysosomes
(Fig. 9b), observed as yellow staining (Fig. 9c). The fraction

of C-peptide that co-localised with lysosomes increased with
time in culture.

C-peptide does not appear to localise in mitochondria We
did not find evidence of localisation of fluorescent C-
peptide in mitochondria of live HAEC and UASMC (data
not shown).

Discussion

C-peptide is the peptide segment connecting the insulin A
and B chains, and a product of proinsulin cleavage in the
secretory granules, generated in pancreatic beta cells as part
of normal insulin production. For a long time the only
biological activity of C-peptide was considered to be to
favour proinsulin folding within beta cells. Recent studies
have, however, challenged this classical view by demon-
strating that C-peptide is capable of biological effects in
many different cell types and, importantly, reduces the
complications associated with type 1 diabetes [2, 5–8].
Previous work from our laboratory has demonstrated a
protective effect of C-peptide on the vasculature in hyper-
glycaemic conditions by decreasing inflammatory damage
and the activation of nuclear factor (NF)-κB [13, 15]. More
recently, a physiological role in glucose clearance and the
release of ATP from erythrocytes of diabetic patients has
been suggested [27]. C-peptide has also been shown to
improve erythrocyte deformability in diabetic people [28].

The cell biology of C-peptide is for the most part unknown,
in particular regarding the pathway the peptide uses to cross
the cellular membrane and possible subcellular destinations.
This study investigated the trafficking pathway of C-peptide
in target cells upon its binding to cellular membranes. To this
purpose, we designed Alexa Fluor-labelled C-peptide probes
and followed their uptake in HAEC and UASMC, two

Fig. 7 Immunohistochemistry of C-peptide internalisation and local-
isation to early endosomes. HAEC were incubated for 3 h with 10 nmol/
l C-peptide at 37°C. After fixation with paraformaldehyde, cells were
incubated with rabbit anti-human antibody to C-peptide together with a
mouse monoclonal antibody to the early endosome antigen 1 (EEA1) for

2 h and then with the appropriate secondary antibodies (see Methods).
Cells were then washed and imaged by confocal microscopy. a
Internalised C-peptide seen as green fluorescence vesicles. b Early
endosomes, stained red. c Merging the two images shows co-
localisation of most of the C-peptide with endosomes

Fig. 8 C-peptide co-localises with isolated early endosomes in
UASMC. To identify early endosomes, we studied the internalisation
of Alexa Fluor 488-conjugated human transferrin, a specific marker of
early endosomes, in the presence of Alexa Fluor 546-labelled C-
peptide in UASMC at 37°C, 5% CO2 for 10 min. Endosomes were
isolated from other subcellular compartments by high-speed centrifu-
gation and an aliquot of both the pellet (P) and of the endosome-
containing supernatant fraction (S) was used to quantitate the Alexa
Fluor 488–transferrin and Alexa Fluor 546–C-peptide fluorescence
spectra by using a scanning spectrofluorimeter. The fluorescence of
each molecule was expressed as a fraction of the total for each probe.
AU, arbitrary units. *p>0.05, ***p<0.001
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relevant targets of C-peptide activity, by employing confocal
laser scanning microscopy. Compared with spectrally similar
conjugates, the Alexa Fluor fluorescent dyes have brighter
fluorescence and are more photostable, which allows more
time for image capture. Our findings in HAEC and UASMC
demonstrate that C-peptide internalises to punctate structures
localised at the level of the cellular membrane and in the
cytoplasm of live cells. The process of internalisation was
minimal 5 min after the addition of the peptide and became
clearly detectable after 10 min. C-peptide uptake proceeded
for 20 min, resulting in bright staining in the cytoplasm after
30 min of incubation at 37°C. The process was followed for
1 h, after which internalisation was complete in the entire cell
population. The process was mediated by C-peptide, as the
addition of Alexa Fluor dyes alone did not result in any
intracellular staining. Specificity of C-peptide binding was
also demonstrated by preincubation of the cells with an excess
of unlabelled C-peptide, which blocked the internalisation of
the C-peptide probe. Lindahl et al. [12] observed similar
kinetics of C-peptide internalisation in HEK-293 cells and
Swiss 3T3 fibroblasts using a rhodamine-labelled C-peptide
probe. As an additional technique to study C-peptide
internalisation, we performed immunohistochemistry on
endothelial cells exposed to 10 nmol/l of C-peptide, a
concentration close to the physiological levels of C-peptide
detected in healthy individuals after a meal. With this
technique also, we were able to clearly detect C-peptide
internalised inside the cytoplasm and at the level of the
plasma membrane of endothelial cells as punctate structures.

The internalisation of C-peptide from the plasma mem-
brane to the cytoplasm raises important biological questions.
The first question concerns the fate of C-peptide upon
internalisation. Unique to this work was our finding that C-
peptide traffics from the cell surface to early endosomes. This
was demonstrated by a striking co-localisation of the red
punctate structures corresponding to the Alexa Fluor-labelled
C-peptide probe with the green fluorescent circular organelles

corresponding to the RAB5A staining of early endosomes in
HAEC and UASMC. Immunohistochemistry studies
on endothelial cells exposed to nanomolar concentrations of
C-peptide also demonstrated co-localisation of internalised C-
peptide with another early endosomal marker, EEA1. As
another approach to study C-peptide internalisation, we
isolated early endosomes from other subcellular compart-
ments by high-speed centrifugation. As a marker of early
endosomes, we used an Alexa Fluor 488 conjugate of human
transferrin, which rapidly enters the cells through clathrin-
mediated endocytosis and localises in early endosomes. We
found that most of the Alexa Fluor 546-labelled C-peptide co-
localised in transferrin-positive endosomes, as also shown by
quantification of C-peptide specific fluorescence in the
supernatant fraction. The fact that not all internalised C-
peptide co-localised with the transferrin-positive endosomes
is probably due to the different kinetics of internalisation of
the two substrates in UASMC, transferrin internalisation
being faster. Overall, these findings indicate a process of C-
peptide internalisation from the cell surface within membrane-
bound organelles of the endocytic pathway, and exclude direct
translocation across the plasma membrane.

In support of an endocytic pathway, the uptake of C-
peptide in HAEC and UASMCwas observed when cells were
kept at 37°C but not at 4°C, which is consistent with the
internalisation of surface protein receptors in general, a
finding also reported previously [12]. C-peptide internal-
isation evidently proceeds by clathrin-mediated endocytosis,
as it was inhibited by MDC, a pharmacological compound
used to inhibit receptor-mediated endocytosis from clathrin-
coated pits. Microtubule integrity appears to be important in
facilitating the early stages of internalisation of C-peptide in
HAEC, as pretreatment of cells with nocodazole, an inhibitor
of microtubule assembly, impaired C-peptide endocytosis.
Internalisation of C-peptide in the low nanomolar range via
endocytosis provides indirect evidence for the presence of a
specific membrane receptor. Although a putative C-peptide

Fig. 9 Internalised Alexa Fluor 488-labelled C-peptide traffics to
lysosomes in UAMSC. UASMC were transduced with Organelle
Lights Lysosomes-RFP, which induces production of fluorescent
LAMP1 protein, a specific lysosomal marker. UASMC were then
incubated for 30 min with 1 mmol/l Alexa Fluor 488-labelled C-

peptide at 37°C, washed with medium and imaged by confocal
microscopy. Yellow staining in c corresponds to the merging of green
fluorescence (a, C-peptide) with red fluorescence (b, lysosomes),
indicative of localisation. The figure shows images of a representative
z-section across one vascular smooth muscle cell
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receptor has not been identified, it has been suggested to be a
G-protein-coupled receptor, as deduced from the effects of
pertussis toxin [11, 12].

Another classical feature of endocytosis is represented
by lysosomal degradation. We report here for the first time
the presence of trafficking of C-peptide to lysosomes in
HAEC and UASMC. This was demonstrated by co-
localisation of the green C-peptide staining corresponding
to the Alexa Fluor 488-labelled C-peptide probe with the
specific lysosome marker Lamp-1 under a confocal micro-
scope, giving rise to yellow fluorescence. Lysosome
trafficking of C-peptide increased with culture time,
compatible with trafficking of endocytosed material along
the endocytic pathway from early endosomes to lysosomes.

Trafficking of C-peptide from the cell surface to early
endosomes provides a possible platform for the intracellular
signalling events initiated by C-peptide in target cells.
Endosomes interact with a complex network of tubules
and vesicles distributed throughout the cytoplasm,
interconnected by a tightly controlled transport system
[29]. In addition to their classical role as sorting stations for
internalised activated receptor–peptide complexes on their
way to lysosomal degradation, endosomes are emerging as
crucial players in intracellular signalling [30]. Examples of
signalling endosomes are those associated with epidermal
growth factor receptors (EGFRs), whose downstream
signalling factors, such as SHC-adaptor protein (SHC),
growth factor receptor bound protein 2 (GRB2) and
mammalian Son-of-sevenless (mSOS), were found not only
on the plasma membrane but also on early endosomes [31],
suggesting that EGFR signalling continues in this compart-
ment [32]. Another example of signalling endosomes is the
endosome associated with nerve growth factor, which was
found to be bound to its activated receptor potassium
transporter peripheral membrane component (TRKA) and
phospholipase C-g1 in endocytic organelles [33].

Based on our findings, signalling from putative C-
peptide-receptor complexes might be initiated at the plasma
membrane, continue from early endosomes, and terminate
at lysosomes. The effect of C-peptide that we observed on
the nuclear factor kappaB (NF-κB) pathway in both HAEC
and UASMC [13, 15] might thus originate from C-peptide–
receptor complex signalling from the endosomes, as has
been demonstrated for certain Toll-like receptor pathways
and other inflammatory pathways, which affect the activa-
tion of the NF-κB pathway from the endosomes [34, 35].
The mildly acidic pH of the sorting endosomes would then
begin the dissociation of the C-peptide destined to
lysosomes from its recycled receptor. The effect of C-
peptide on the NF-κB pathway might also originate, in part,
from C-peptide signalling from the nucleus, as Lindahl et
al. [12] found nuclear localisation of rhodamine-labelled C-
peptide in Swiss fibroblasts and 3T3 cells. In this case,

trafficking of C-peptide–receptor complexes from the
plasma membrane to early endosomes might simply
represent an intermediate station on the pathway to
lysosomal degradation. Further experiments are required
to determine the contributions of endosomal and nuclear C-
peptide signalling.

Localisation of C-peptide to early endosomes does not
exclude the possibility of trafficking to other subcellular
compartments. We tested the possibility of a mitochondrial
localisation of C-peptide by using a specific fluorescent
mitochondrial dye. We found little or no localisation of the
Alexa Fluor 488-labelled C-peptide in mitochondria in
HAEC and UASMC.

In conclusion, we demonstrate here for the first time that
C-peptide, upon internalisation from the plasma membrane,
co-localises with early endosomes in both HAEC and
UASMC. This finding is suggestive of a process of
internalisation via the classic endocytic pathway rather than
by direct translocation across the plasma membrane. A
minor fraction of internalised C-peptide is localised to
lysosomes, while no apparent localisation of C-peptide was
found in the mitochondria. Endosomes might represent a
signalling station through which C-peptide might achieve
its cellular effects, or reflect a transport intermediate on the
way to lysosomal degradation.
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