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Glucose intolerance and frank diabetes mellitus (DM) can increase the risk of cancer death for pancreatic cancer
(PanCa). However, the mechanism by which these factors influence cancer deaths is not clear. In this study, we
established a model system to mimic the pancreatic tumor microenvironment in patients with DM to examine the
biological behavior of PanCa cells and nerves in cell culture and in animals. Our in vitro studies demonstrated that
hyperglycemia promoted the proliferation and invasion of PanCa cell lines and upregulated the expression of nerve
growth factor in these cells. Also, the migration of Schwann cells (SCs) was inhibited by hyperglycemia and neurites
exerted pathological regeneration. Furthermore, the interaction between the PanCa cells and nerves was enhanced in
the tumor microenvironment. We further showed that hyperglycemia promoted the perineural invasion (PNI) of PanCa
in vivo. These data suggest that DM worsens the prognosis of PanCa because of aggravated PNI. Thus, our study
illustrates a novel mechanism by which hyperglycemia decreases survival in patients with PanCa.

Introduction

Perineural invasion (PNI) in pancreatic cancer (PanCa) is a
common pathological phenomenon in which cancer cells invade
and intimately contact the endoneuria of pancreatic nerves and is
thought to contribute to both pain and local disease recurrence.1

PNI is an important prognostic factor for PanCa that increases as
the cancer becomes undifferentiated and predominantly existed
in the perineurium and perineural space.2

Three hypotheses have been proposed for the pathogenesis
of PNI.3 Tumor-stroma microenvironment is an important
mediator for cancer cell behavior in various cancers.4 In
PanCa, its adjacent stroma plays active roles in creating a
dynamic environment that supports pancreatic tumor growth
and invasion.5

Approximately 80% of patients with PanCa have glucose
intolerance or frank diabetes mellitus (DM).6 Patients with both
DM and pancreatic cancer have a greater risk of cancer death
compared to those without DM.7,8 In a pancreatic tumor micro-
environment, hyperglycemia not only serves simply as a passive
source of nutrition, but also has a proactive effect on the biologi-
cal behavior of cancer cells.9,10

DM-related hyperglycemia was shown to cause up to fourfold
increase in neuronal glucose levels.11 If this hyperglycemia per-
sists, intracellular glucose metabolism will lead to neuronal dam-
age. Neuropathy frequently results in clinically significant
symptoms such as pain, loss of sensation, foot ulcers, gangrene,
and amputations.12,13

In this study, we established a model system to mimic the
pancreatic tumor microenvironment in patients with DM to
examine the biological behavior of PanCa cells and pancreatic
tumor nerves in vitro and in vivo. Our results suggest that DM
worsens the prognosis of PanCa because of the enhanced PNI.

Materials and Methods

Cell culture, tissue culture, and co-culture
MIA PaCa-2 and BxPC-3 (obtained from the American Type

Culture Collection) were maintained in DMEM supplemented
with 10% heat-inactivated fetal bovine serum, 50 U/mL penicil-
lin G, 50 mg/mL streptomycin sulfate at 37�C in a humidified
5% CO2/95% air atmosphere.

Newborn rats were purchased from the laboratory animal cen-
ter of Xi’an Jiaotong University. Athymic nude mice were
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purchased from the Shanghai Laboratory Animal Center. Animal
care and experiments were carried out in accordance with the
guidelines of Institutional Animal Care and Use Committee at
Xi’an Jiaotong University. DRGs were resected and placed in
DMEM with 5.5 mM glucose, stripped of meninges and nerve
stumps, and plated into a drop of liquid Matrigel (BD Bioscien-
ces). After solidification, DMEM containing 5.5, 25, or 55 mM
glucose was carefully added and renewed every 2 days.14,15

Co-culture experiments were performed as previously described
with modification.14 The DRGs were stored on ice in DMEM and
seeded in 24-well Petri dishes containing 25 ml of Matrigel as
described previously.16 BxPC-3 cells were suspended in 25 ml of
solidified Matrigel and placed next to DRG suspensions- front side.
After solidification of Matrigel, DMEM containing 5.5, 25, or
55 mM glucose was carefully added to the Petri dishes and renewed
every 2 days. Photographic documentation was performed using an
inverted light microscope and an analytical software program.

Reverse transcription-polymerase chain reaction analysis of
NGF, TrkA and p75

Total RNA from the PanCa cells was prepared and reverse-
transcribed into cDNAs using a RevertAid kit (Fermentas Life
Sciences). Amplification of specific genes was performed using
the following primers and conditions. 1) For NGF genes, 50-ata-
caggcggaaccacactc-30 (sense) and 50-tgctcctgtgagtcctgttg-30 (anti-
sense) primers were used. 2) For TrkA genes, the primers 50-
atgctggtggctgtcaaggc-30 (sense) and 50-cgtcgctctcggtggtgaac-30

(antisense) primers were used. 3) For p75 genes, the primers 50-
ccctggccgttggattacac-30 (sense) and 50-gagatgccactgtcgctgtg-30

(antisense) were used. DNA fragments amplified using polymer-
ase chain reaction were resolved using electrophoresis on 1.5%
agarose gels containing ethidium bromide.

Western blotting analysis
Total protein was extracted from cultured PanCa cells in a

radioimmunoprecipitation assay lysis buffer on ice for 20 min.
Clarified protein lysates (30–80 g) were resolved electrophoreti-
cally on a denaturing sodium dodecyl sulfate-polyacrylamide gel
(8–12%) and electrotransferred onto nitrocellulose membranes.
The membranes were initially incubated with a blocking buffer
for 2 h and then probed with primary antibodies against the spe-
cific protein and an anti-b-actin antibody as a control. After co-
incubation with the primary antibodies, the membranes were
hybridized with a secondary alkaline phosphatase-conjugated
goat anti-rabbit antibody or goat anti-mouse antibodies (Santa
Cruz Biotechnology) for 2 h at room temperature. Images of
immunopositive bands were developed using an enhanced
chemiluminescence detection system (Amersham Biosciences)
and transferred onto x-ray film.

Determination of NGF in the culture medium
The supernatant collected after PanCa cells were treated with

glucose at different concentrations. The expression levels of NGF in
the PanCa cells supernatant were determined using an Enzyme-
linked immunosorbent assay according to the manufacturer’s

instructions. The absorbance was measured at 492 nm using a
microplate reader (ELx800; BioTek) in less than 15 min.

Cell proliferation assay
Cancer cells were seeded in 96-well tissue culture plates at a

density of 5000-10,000 cells/well. After 24, 48, or 72 h, the
medium was removed from the plates, and MTT was added into
each well and incubated at 37�C for 4 h. The optical densities
(ODs) of PanCa cells at 490 nm were measured using a micro-
plate reader (BIO-TEC). The proliferation rate was calculated
using the equation OD (sample)/OD (medium).

In vitro invasion assay
The 8-mm-pore Millicell inserts were coated with 25 mL of

Matrigel. Media with different concentrations of glucose were
added to the bottom chamber of Millicell to induce the invasive-
ness of the cancer cell lines. Cancer cells were pre-cultured for
24 h with glucose at different concentrations and seeded (5 £
104) in the top chamber of Millicell. The Matrigel invasion cham-
ber was incubated for 20 h and non-invading cells were removed
from the top of the Matrigel. Invading cells on the bottom surface
of the filter were fixed in methanol and stained with crystal violet.

In vivo model of neural invasion of PanCa cells
Six-week-old male athymic nu/nu mice were rendered dia-

betic via intravenous administration of streptozotocin (175 mg/
kg). The mice were anesthetized for all procedures via inhalation
of methoxyflurane. Slow microinjection of 3 ml of a BxPC-3 cell
suspension into the perineurium of the sciatic nerve at a concen-
tration of 1 £ 105/mL was performed using a 5-mL microsyringe
over 2 min. Sciatic nerve function was measured weekly over 6
weeks as described previously.17

Immunohistochemistry
After deparaffinization and rehydration of the sections, the

sections were preblocked for 30 min with sheep serum and incu-
bated with the primary anti-NF200 antibody at 4�C overnight.
A biotinylated secondary antibody was applied to the sections
and visualized along with streptavidin-labeled horseradish peroxi-
dase. The reaction products were visualized using incubation
with 20 mg of 3, 3-diaminobendizine.

Electron microscopy
The mice’s bilateral sciatic nerves containing pancreatic tumors

were fixed within 2.5% glutaraldehyde plus 4% paraformaldehyde
in a phosphate buffer for 2 h at 4�C. The samples were washed and
placed in 1% osmium tetroxide for 2 h. After two washes with
water, the samples were dehydrated with graded alcohol and
impregnated with propylene oxide and EPON resin (Sigma). Sec-
tions 1 mm thick were cut from the paraffin fixed samples using a
microtome and stained with toluidine blue to mark the area of
interest for light microscopy. Thin sections of the sciatic nerves and
tumors were cut, stained with uranyl acetate and lead citrate, and
examined under an electron microscope (H-600; Hitachi, Ltd.).
The typical morphological change of apoptosis was mass-like aggre-
gation and increased electron density of nuclear chromatin.
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Statistical analysis
Statistical analyses were performed using the SPSS software

program (version 17.0; SPSS Inc.). All data are expressed as the
mean § standard deviation (SD). Multiple groups of different
glucose concentrations were compared using one-way analysis of
variance followed by the Bonferroni post-hoc test. p < 0.05 was
considered statistically significant.

Results

Expression of nerve growth factor and its receptors in PanCa
cells in response to high glucose concentrations

Our results showed that the expression level of NGF mRNA
in PanCa cells was gradually enhanced with statistically

significance as the glucose concentration in the medium increased
(Fig. 1A). The expression of p75 mRNA in PanCa cells was
decreased when the glucose concentration increased from
5.5 mM to 55 mM at the same time point (Fig. 1B). The
expression of TrkA mRNA exhibited irregular changes at differ-
ent culture times, and the changes did not correlate with the glu-
cose concentration.

We also determined a similar pattern of changes in the
expression levels of NGF, TrkA, and p75 at protein levels in
PanCa cell lines (Fig. 1A). The expression of NGF was rela-
tively low in both cell lines at a glucose concentration of
5.5 mM, whereas the expression of NGF was largely
increased in the cells exposed to 25 and 55 mM of glucose.
MIA PaCa-2 cells had relatively high levels of TrkA expres-
sion, whereas BxPC-3 cells had lower levels of TrkA

Figure 1. Expression of NGF and its receptors in PanCa cells at the mRNA and protein levels. (A) The mRNA and protein ODs were normalized to actin.
Expression of NGF and its receptors mRNA (B) and protein (C) in PanCa cells in response to increased glucose concentrations ranged from 5.5 mM to
55 mM. (D) The levels of NGF in the culture media of BxPC-3 and MIA PaCa-2 in response to increased glucose concentrations determined by ELISA.
*P < 0.05 (25 mM versus 5.5 mM); **P < 0.01 (55 mM vs. 5.5 mM); #P < 0.05 (5.5 mM versus 25 mM and 55 mM).
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Figure 2. Promotion of proliferation and invasion of PanCa cells by high glucose levels. The proliferation of BxPC-3 (A) and MIA PaCa-2 (B) cells in culture
was promoted by increased glucose concentrations and culture times. NGF neutralizing antibody reduced the cell proliferation. (C and D) The elevated
invasion abilities of PanCa cells by high glucose concentration could also be neutralized by NGF antibody. *P < 0.05 (25 mM vs. 5.5 mM); **P < 0.01
(55 mM versus 5.5 mM); #P < 0.05 (25 mM vs. 5.5 mM, 5.5 mM C antibody [Ab], 25 mM C Ab, and 55 mM C Ab); #*P < 0.05 (55 mM versus 5.5 mM,
5.5 mM C Ab, 25 mM C Ab, and 55 mM C Ab).
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expression. The p75 expression level was high at 5.5 mM,
moderate at 25 mM, and low at 55 mM (Fig. 1C). The
secretion of NGF from the both PanCa cells was increased
with significance in response to the glucose treatments in a
dose and time dependent manner (Fig. 1D).

Impact of glucose levels on the proliferation and migration
of PanCa cells

A significant increase of cell number was observed in cancer
cells in a dose-dependent manner (Fig. 2A). After the NGF neu-
tralizing antibody was added into the culture medium, the cell
number and proliferation rates decreased (Fig. 2A, B). Moreover,
a markedly enhanced cell mobility was also observed in cancer
cells in response to glucose treatments (Fig. 2C, D). The

stimulating effect of glucose on cell migration was inhibited by
NGF neutralizing antibody.

High glucose levels retard neurite outgrowth and Schwann
cells migration from Dorsal root ganglions in newborn rats

We next cultured dorsal root ganglions (DRGs) from new-
born rats in media with various glucose concentrations for 3, 8,
or 11 days. The SCs migration outlines on the images grew larger
as the culture time increased from 3 to 11 days. At the same cul-
ture times, the SCs migration outline shrank quickly when
the glucose concentration increased from 5.5 to 55 mM
(Fig. 3A, B). SCs migration outline can cover the growth of neu-
rites (Fig. 3C). After treating SCs with cytosine arabinoside
(Ara-C), we observed a slow increase in neurite regeneration at

Figure 3. Inhibition of the migration of SCs and neurite outgrowths in DRGs by high glucose levels. Under a phase contrast microscope, the each SC
migration outline was indicated by a bright field. The dashed line shows the SC outline. (A) The SC outline size decreased as the glucose concentration
increased at the same culture times, but this effect was not totally inhibited high glucose. Also, the SC migration outline expanded in various glucose
media as the culture time increased from 3 to 11 days (B). When the SCs were treated with Ara-C, the neurite outgrowth decreased slowly as the glucose
concentration increased (C and D) at the same culture times, but this effect was not totally inhibited high glucose. The neurite outgrowth increased in
various glucose media as the culture time increased from 3 to 11 days. *P < 0.05 (25 mM vs. 5.5 mM); **P < 0.01 (B: 55 mM and 25 mM versus 5.5 mM;
D: 55 mM vs. 5.5 mM).
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the various glucose concentrations as the culture time increased
from 3 to 11 days. At the same culture times, neurite regenera-
tion decreased slowly and in a statistically significant manner
when the glucose concentration increased from 5.5 to 55 mM
(Fig. 3C, D).

High glucose levels affect the interaction between PanCa
cells and DRGs

During the co-culture period, BxPC-3 cells facing the DRGs
formed peak-like clusters (Fig. 4C), which gradually migrated
to the DRGs. The number of clusters increased gradually and

Figure 4. Enhancement of the interaction between PanCa cells and DRGs by high glucose levels. In the high-glucose group of 25 and 55mM, neurite out-
growth (A, arrow; original magnification, £100) extended from the DRGs to tumor clusters and provided an invasive pathway for the clusters (B, arrow;
original magnification, £200). Cancer cells then formed more clusters (C, arrow; original magnification, £100). In a co-culture model, the cancer cells
formed spike-like morphological formations in the 3 groups of 5.5, 25 and 55 mM tested. Increased formation of spike-like structures and cluster migra-
tion to DRGs were detected in the high-glucose groups. High glucose concentrations inhibited SC migration but not neurite outgrowth (D). *P < 0.05
(5.5 mM versus 25 mM); **P< 0.01 (5.5 mM vs. 55 mM); #P < 0.05 (5.5 mM versus 25 mM and 55 mM).
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significantly when the glucose concentration increased from
5.5 mM to 55 mM. We also found an interesting phenomenon
in the co-culture environment in that the SCs migration outline
shrank significantly when the glucose concentration increased
from 5.5 mM to 55 mM (Fig. 4D). Neurite outgrowths from
the DRGs extended directly toward the BxPC-3 clusters. We
observed retrograde migration of BxPC-3 clusters along the con-
tacting neurites after neurite-cancer cell contact (Figs. 4A, B).

DM-induced severe sciatic nerve dysfunction in vivo
After establishing a murine model of PNI by implanting

BxPC-3 cells into their right sciatic nerves, we assessed the pro-
pensity for tumors to induce sciatic nerve paralysis. After estab-
lishing PNI tumors (7 days after injecting the cancer cells into a
distal site on the sciatic nerves), we examined the sciatic nerve
function weekly, including the mice’s gross behavior, limb func-
tion, and sciatic nerve indices. Mice began to experience right
hind-limb dysfunction 1 week after cancer cell injection; 4 of the
6 diabetic mice had complete paralysis 5 weeks after injection. In
the euglycemic group, right hind-limb dysfunction began to
occur 2 weeks after cancer cell injection; one of the 6 mice had
complete paralysis 5 weeks after injection. The sciatic nerve score
between the 2 groups of mice was significant different (Fig. 5A).
The left hind limbs were not paralyzed in either group. The right
hind-limb paw span decreased more in the diabetic group than
in the euglycemic group 6 weeks after tumor-cell injection. The
left sciatic nerve in each mouse served as the control (Fig. 5B).

DM promotes pancreatic tumor growth and induces
structural changes in severe sciatic nerve tumors in vivo

The diabetic and euglycemic mice described in the methods
were sacrificed after 6 weeks post injection of tumor-cell and their
sciatic nerves and tumors were harvested for histopathological anal-
ysis. The tumor sections showed different expression levels of NGF
between the euglycemia group and hyperglycemia group. The
NGF staining in the cytoplasm of the cancer cells is significantly
stronger in the hyperglycemia group than in the euglycemia group,
indicating the NGF protein level of cancer cells is increased in the
hyperglycemia group (Fig. S1). The integrated optical density
(IOD) of NGF stainings were higher in the hyperglycemia group
than that in the euglycemia group (pD0.002) (Fig. S2). The levels
of NGF in the mouse plasma were higher in the hyperglycemia
group than that in the euglycemia group (pD 0.005) (Fig. S3).

We found that the cancer cells penetrated the nerve tissue
invasively and did not simply compress the nerve tissue
(Fig. 6A). A significantly difference of tumor diameter at the
injection site between the diabetic group and the euglycemic
group were observed (Fig. 6B). The sciatic nerve fibers were
labeled with an anti-NF200 antibody and the ultrastructure of
the sciatic nerve and tumor tissue were examined under an elec-
tron microscope. We found that the each mass of cancer cells
contained irregular nuclei, mass-like accumulations of chroma-
tin, and large nucleoli. The mitochondrial structure was normal.
In the right hind limbs of the diabetic mice, we found that the
interspace between the nerve fiber and lamellar sheath was signifi-
cantly enlarged. In addition, a portion of the lamellar sheath had

segmentally dissolved, and extensive SCs apoptosis occurred.
Furthermore, in the diabetic group, the layered structure of the
myelin sheath was loose and had dissolved in the right and left
hind limbs; however, the neurite was intact in the right limb,
even though it was dissolved in the left limb (Fig. 6C).

Figure 5.Measures of sciatic nerve function in diabetic and normal mice.
(A) The right hind limbs of diabetic nude mice exhibited dysfunction 2
weeks after tumor-cell injection and became completely paralyzed 6
weeks after tumor-cell injection. In comparison, the right hind limbs of
normal nude mice exhibited dysfunction 3 weeks after tumor-cell injec-
tion and were not completely paralyzed 6 weeks after tumor-cell injec-
tion. The left hind limbs in both groups of mice did not exhibit
significant dysfunction. The spread length between the first and fifth
toes of the right hind-limb paw decreased from 1 to 6 weeks after tumor
implantation in the diabetic and normal mice, but the decrease was
more significant in the diabetic group. The spread length of the left
hind-limb paw did not decrease significantly in either group (B). Data are
represented as mean values obtained in 5 mice for each group.
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Figure 6. Histopathological photomicrographs of pancreatic tumors in diabetic and normal nude mice. (A) Hematoxylin and eosin staining and immu-
nostaining for a primary anti-NF200 antibody of sections for nerves and PanCa cell tumor sections. The tumor tissue penetrated the nerve tissue in an
invasive manner (original magnification, £100). The tumor diameters were larger (B) in the diabetic mice than in the normal mice. (C) In the electron
micrographs of sciatic nerve invaded by pancreatic tumors, PanCa cells exhibited irregular nuclei (arrow) as well as mass-like accumulations and large
nucleoli (arrow). Their mitochondrial structure was normal (arrow). The interspace between the nerve fiber and lamellar sheath increased significantly
(arrow). The lamellar sheath segmentally dissolved (arrow), and extensive SC apoptosis in sciatic nerve of DM was detected. The layered structure of the
myelin sheath was loose and had dissolved in the right and left limbs of mice in the diabetic group. In addition, the neurites remained intact in the right
hind limb (arrow) but dissolved in the left hind limb (arrow).
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Discussion

The reasons for poor prognosis of PanCa with diabetics are
complex. In two studies from Korea and China, an elevated fast-
ing serum glucose level is independent risk factor for several
major cancers.19,20 It has also been found that the blood glucose
level is an important factor in breast cancer cell proliferation.21,22

Our results show that the cell proliferation and mobility were
increased when the glucose concentration in culture media was
shifted from euglycemic to hyperglycemic levels.

Hyperglycemia can increase NGF secretion from b cells both
in vitro and in vivo.23 NGF exerts both stimulatory and inhibi-
tory effects on PanCa cells, depending on the NGF expression
level and ratio of TrkA to p75.24,25 Overexpression of NGF may
contribute to PNI of PanCa cells by inducing hyperplasia of
nerves, which reduces apoptosis of PanCa cells due to the com-
bined signaling effects of NGF and TrkA in PanCa.26

The most common morphological abnormality in patients
with diabetic polyneuropathy is axon loss, segmental demyelin-
ation and remyelination.27 Hyperglycemia can impair SCs prolif-
eration and migration as well as axon regeneration from DRGs.14

The intrapancreatic microenvironment in patients with
chronic pancreatitis and PanCa induces neurite outgrowth,
complex branching patterns, perikaryonal hypertrophy, and
increased glial density of DRGs in vitro, which play a key role
in the generation of pancreatic neuropathy and neuroplastic-
ity.28 The present study described an interesting phenomenon
in which regeneration of neurites is increased and the SCs
migration outline is shrunk to a similar degree in newly formed
hyperglycemic tumor microenvironments. The increased neurite
regeneration is extended directly toward and interacts with
PanCa cancer, which is also extended toward DRGs. PNI by
cancer cells leads to progressive dysfunction of the infiltrated
nerve and may manifest as pain and numbness in sensory nerves

and/or paralysis of motor nerves.29,17 Additionally, pre-existing
DM is associated with reduced survival rates in patients under-
going pancreatic tumor resection. Pancreatic tumors in patients
with new-onset DM may exhibit increased tumor size and result
in decreased post-resection survival rates.30,31

In conclusion, we demonstrate that hyperglycemia promoted
the cell proliferation, invasion, and neurotropism in PanCa;
impaired the nerve construction; mediated the formation of a
low-resistance pathway of PNI by PanCa cells; and enhanced the
interaction between PanCa cells and nerves in tumors. These
results suggest that hyperglycemia induce the PNI of PanCa cells,
indicating a novel mechanism by which hyperglycemia decreases
survival rates in patients with PanCa.
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