
Vascularisation of transplanted islets is largely estab-
lished over a 10-day period, with the angiogenesis be-

ing mostly derived from recipient precursor elements
[1]. This rapid development of blood vessels facili-
tates the delivery of oxygen and nutrients to the
grafts, thereby being critical for optimising insulin
production. Several studies indicate that islets trans-
planted into the diabetic milieu do less well than
those placed into a normoglycaemic environment
[2±4]. This study explores the hypothesis that the dia-
betic state interferes with the vascularisation of trans-
planted islets.

The initiation of angiogenesis is presumed to be in
part due to local hypoxia with resultant activation of
genes critical to the process [5±7]. Some of the factors

Diabetologia (2000) 43: 763±772

Effects of diabetes and hypoxia on gene markers of angiogenesis
(HGF, cMET, uPA and uPAR, TGF-a, TGF-b, bFGF and Vimentin)
in cultured and transplanted rat islets
B. Vasir, P.Reitz, G. Xu, A. Sharma, S. Bonner-Weir, G. C.Weir

Section on Islet Transplantation and Cell Biology, Research Division, Joslin Diabetes Center and Department of Medicine,
Harvard Medical School, Boston, Massachusetts, USA

Ó Springer-Verlag 2000

Abstract

Aims/hypothesis. The vascularisation of newly trans-
planted islets originates from the recipients. Because
islets transplanted into a diabetic do less well than
those transplanted into a euglycaemic environment,
we examined the hypothesis that gene expression of
angiogenic factors in grafts is delayed in diabetes.
These factors include hepatocyte growth factor
(HGF) and its receptor c-MET, and urokinase plasmi-
nogen activator (uPA) and its receptor uPAR, basic fi-
broblast growth factor (bFGF), TGF-a and TGFb-1.
Methods. Isolated rat islets were studied in vitro un-
der normoxic and hypoxic culture conditions and
gene expression was determined with semi-quantita-
tive multiplex RT-PCR. We found that HGF but not
c-MET expression was induced by hypoxia in vitro.
Using syngeneic Lewis rats, gene expression was also
studied in grafts on days 1, 3, 5, 7 and 14 after trans-
plantation.
Results. In grafts of normoglycaemic rats, HGF ex-
pression was enhanced on day 3 and maintained

whereas expression of c-MET fell and remained
down until day 14. Expression of uPA was up at day
3 and remained high; expression of uPAR was also
up at day 3 but then fell to control levels at day 14.
Expression of bFGF, TGF-a and TGFb-1 persisted
throughout. Vimentin, a marker of fibroblasts, had
increased expression at day 1 which was further en-
hanced in subsequent days. In the grafts of diabetic
recipients the expression of HGF, uPA and uPAR
were delayed, being clearly expressed at day 5 rather
than day 3. Vimentin expression was similarly de-
layed.
Conclusion/interpretation. This apparent delay in an-
giogenesis provides a potential mechanism for the
less favourable outcomes of islets transplanted into
diabetic recipients. [Diabetologia (2000) 43: 763±772]
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known to be positive regulators of angiogenesis in-
clude: vascular endothelial growth factor (VEGF),
acidic fibroblast growth factor (aFGF), basic fibro-
blast growth factor (bFGF), epidermal growth factor
(EGF), TGF-a, platelet-derived growth factor
(PDGF), IL-8 and hepatocyte growth factor (HGF)
[8±10]. During the early stages of angiogenesis, en-
dothelial cells promote the focal degradation the sub-
endothelial basement membrane, migrate through in-
terstitial stroma towards an angiogenic stimulus, pro-
liferate proximal to the migrating tip and organise
into an anastomosing network of capillary tubes [11,
12]. These processes are controlled by soluble factors
and extracellular matrix [11, 13] with HGF having a
key role [12, 14, 15].

Hepatocyte growth factor is a heparin-binding
disulphide-linked heterodimer of 60 000 Mr (a) and
30 000 Mr (b) subunits [16±19], which is secreted by
cells of mesodermal origin, in particular the stromal
fibroblasts and smooth muscle cells [12, 15], and acts
on target cells through a receptor encoded by the c-
MET proto-oncogene [20, 21]. Endothelial cells ex-
press the c-MET receptor and respond to HGF in var-
ious in vitro assays [12, 14, 22] with stimulation of cell
motility, proliferation, migration, protease produc-
tion, promotion of matrix invasion and organisation
into capillary-like tubes [12, 15, 23±25]. In addition,
HGF also stimulates the proliferation of smooth mus-
cle cells and pericytes that participate in the forma-
tion of capillaries.

Cultured microvascular endothelial cells secrete
urokinase, an enzyme associated with the develop-
ment of an invasive endothelial phenotype during an-
giogenesis [26, 27]. Hepatocyte growth factor increas-
es the mRNA and protein expression of both uroki-
nase plasminogen activator (uPA) and its receptor
uPAR [23, 26±29], which promotes focal degradation
of the extracellular matrix proteins necessary to clear
a path for the invading cells [30±33].

Like VEGF, bFGF has been shown to be a major
positive regulator of angiogenesis [34]. It has been
shown to induce endothelial cell proliferation, migra-
tion and angiogenesis in vitro [35]. Factors that could
be involved include interstitial collagenase, uPA,
uPAR, plasminogen activator inhibitor (PAI-I) and
b1 integrins [34]. Transforming growth factor-a
(TGF-a) has been found to function as a potent in-
ducer of VEGF [36]. Transforming growth factor-b-1
(TGFb-1) has been shown to be an indirect growth
factor that modulates the number of epidermal
growth factor receptors on certain cell types [37] and
it has been shown to down-regulate the expression
of the VEGF receptor Flk-1 [38].

Because of the known involvement of these factors
in angiogenesis we determined the gene expression of
HGF, its receptor c-MET, uPA and uPAR in cultured
islets and islet grafts. Gene expression of vimentin, a
marker for stromal fibroblasts, which can accompany

angiogenesis, was also determined. In addition we
also determined the pattern of gene expression of
bFGF, TGFa and TGFb-1, and vimentin, a marker
for stromal fibroblasts, in islet grafts in normal and di-
abetic recipients. Most notably, we found that the ex-
pression of HGF, c-MET, uPA, uPAR and vimentin
was delayed in islet grafts of diabetic recipients.

Materials and methods

Animals. Islets were isolated from either male Sprague-Daw-
ley (SD) rats (200±250 g; Taconic, Germantown, N. Y., USA)
for in vitro studies or from male inbred Lewis rats (200±250 g;
Harlan Sprague-Dawley, Indianapolis, Ind., USA) to be used
as donors or recipients for transplantation studies. Recipients
of islet grafts were either normal or diabetic rats. Lewis rats
were rendered diabetic with a single dose of streptozotocin
(STZ; 65 mg/kg body weight i. p.; Sigma, St. Louis, Mo.,
USA). Only rats with blood glucose concentrations more than
19.6 mmol/l were used as recipients of islet grafts. Blood was
obtained from snipped tails of non-fasted rats (0900±
1000 hours) twice weekly with a heparinised microcapillary
tube and whole-blood glucose concentrations were measured
with a portable glucose meter (One Touch II, Lifescan, Milpi-
tas, Calif., USA). It should be noted that blood glucose values
obtained with this method are about 40 % lower than plasma
concentrations found with standard glucose oxidase tech-
niques [39]. Animals were kept under conventional conditions
with free access to water and standard pelleted food.

Isolation and culture of islets. Islets were isolated with collage-
nase as described previously [40]. For culture of whole islets
under normoxic and hypoxic conditions, batches of 2000±3000
islets from SD rats were cultured in 60 ´ 15 mm non-sticky
dishes with 3±5 ml of RPMI media containing a glucose con-
centration of 11.1 mmol/l (Cellgro, Mediatech, Herndon, Va.,
USA) supplemented with 10 % FBS (HyClone, Logan, Utah,
USA), 100 U/ml of penicillin and 100 mg/ml of streptomycin
(Cellgro, Mediatech). These islets were initially cultured at
37 °C in 5 % CO2 and 95 % air. For studies of the effects of hy-
poxia, islets were cultured for the last 24 h of the 48-h experi-
ment in 1 % O2 in a triple-gas incubator (Model 480: Lab-line,
Melrose Park, Ill., USA) with constant 5 % CO2 in which the
oxygen was substituted with nitrogen giving hypoxic condi-
tions of 1 % O2, 5 % CO2, 94 % N2 for 24 h as described previ-
ously [40]. The extracts of islets analysed with PCR in this
study were the same as were used for our previously reported
study [40].

Islet transplantation and graft retrieval. Lewis rat islets cultured
for 24 h were pooled, counted, sized, converted into a final islet
number of 2000 islet equivalents (IE) and transplanted under
the kidney capsule of normal or diabetic recipients as de-
scribed in detail previously [2]. Grafts were retrieved on days
1, 3, 5, 7 and 14 after transplantation. Briefly, for grafts re-
trieved on days 1 and 3, the kidney capsule was cut with scis-
sors around the graft and the capsule peeled back. The loosely
adhering islet graft was dislodged from the surface of the kid-
ney cortex into a Petri dish by a jet of RPMI culture media us-
ing a 10-ml syringe; the graft tissue was then handpicked and
placed into an Eppendorf tube, centrifuged and suspended
thereafter in Trizol solution (Life Technologies, Gaithersburg,
Md., USA) for total RNA extraction. Grafts on days 5, 7 and
14 were retrieved similarly by excising the portion of capsule
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with the graft adhering to it. Using very fine forceps, the graft
was removed from the capsule, cut into small fragments,
placed in an Eppendorf tube and suspended in Trizol solution
for extraction of total RNA [40].

RNA isolation and synthesis of complementary DNA (cDNA).
Total cellular RNA was prepared by a single-step method us-
ing the Trizol reagent kit (Life Technologies) as described pre-
viously [40]. The extracted RNA from isolated islets or islet
grafts was resuspended in DEPC (diethyl pyrocarbonate)
treated water and quantified using a UV spectrophotometer
(Ultrospec 3000; Amersham Pharmacia Biotech, Piscataway,
N. J., USA); between 1 and 2 mg of total RNA was diluted to a
final concentration of 0.2 mg/ml. For cDNA synthesis, an ali-
quot of 500 ng total RNA (2.5 ml) was denatured at 85 °C for
3 min, reverse transcribed (RT) in a final volume of 25 ml con-
taining the following: 1 ´ Superscript first-strand buffer (Gib-
co/BRL, Gaithersburg, Md. USA), 40 U RNasin (Promega,
Madison, Wis., USA), 10 mmol/l DTT (dithiothreitol; Gibco/
BRL), 50 ng random hexamers (Gibco/BRL), 1 mmol/l deox-
yribonucleoside triphosphates (dNTPs) (Gibco/BRL) and 200
U of Superscript II RNase H reverse transcriptase (Gibco/
BRL). Each tube was covered with a drop of mineral oil and
placed in a thermal cycler, heated for 10 min at 25 °C, 60 min
at 42 °C and 10 min at 95 °C and brought to 4 °C after which
the cDNA products were diluted with 50 ml of H2O to a final
concentration of 20 ng of starting RNA per 3 ml volume (20
ng RNA equivalents) [41, 42].

Semi-quantitative radioactive multiplex RT-PCR. Multiplex
PCR reactions were done in a volume of 50 ml using 3 ml of
cDNA (corresponding to 20 ng RNA equivalents) in a Gene-
Amp PCR system 9700 Perkin Elmer thermocycler (Applied
Biosystems, Foster City, Calif., USA) as template in a 47 ml
volume of the PCR mixture consisting of: 1 ´ Taq buffer (Pro-
mega), 1.5 mmol/l MgCl2 (Promega), 80 mmol/l cold deoxyri-
bonucleoside triphosphates (dNTPs) (Gibco/BRL), 10 pmol
of each primer (Genosys, The Woodlands, Tex., USA), 5 U of
AmpliTaq Gold DNA polymerase (Perkin Elmer, Foster City,
Calif., USA) and 92.5 ´ 103 Bq (a-32P) deoxycytidine triphos-
phate (dCTP) (III TBq/mmol; NEN, Boston, Mass., USA).
Primers for the multiplex RT-PCR were designed with the
Eugene version 2.2 software Macintosh program (Daniben Sys-
tems, Cincinnati, Ohio, USA) as described in detail previously
[42]. For the c-MET/ HGF/TBP) (TATA-box-binding protein)
multiplex PCR system, the oligonucleotide primers were as
follows: c-MET(rat): 5 ¢(forward)-AAA CTC TTC CTA CCC
TCC CG, 3 ¢(reverse)-AAT CTG GCT TGC TTT GTG C
(which yielded a 455-bp PCR product); HGF(rat):
5 ¢(forward) TCT TGA CCC TGA CAC CCC, 3 ¢(reverse)-
GTG ATT CAG CCC CAT CCG G (269-bp PCR product
size) and mouse TBP as internal control: 5'(forward)-ACC
CTT CAC CAA TGA CTC CTA TG, 3 ¢(reverse)-ATG ATG
ACT GCA GCA AAT CGC (190-bp PCR product size) [42].
The thermal cycler protocol for the c-MET/HGF/TBP multi-
plex PCR began with a denaturing step at 94 °C for 10 min
(hot start PCR) to release DNA polymerase activity, then 27
cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C for 1 min
with a final extension step of 10 min at 72 °C. Oligonucleotide
primers for the uPAR/uPA/TBP multiplex PCR were as fol-
lows: uPAR (rat): 5 ¢(forward)-AAT GGT GGC CCA GTT
CTG, 3 ¢(reverse)-AGG GTC AGG AGC AGG GAG (362-
bp PCR product size); uPA (rat): 5 ¢(forward)-ACT GTG
GCT GTC AGA ACG G, 3 ¢(reverse)-CTC TGG TTG TCG
GGG TTC (298-bp PCR product size) and primers for the in-
ternal control TBP and its product size were the same as de-
scribed above. The thermal cycler protocol was similar to that

described above. Oligonucleotide primers for vimentin (rat)
were as follows: 5 ¢(forward)-ACA TCC ACC CGC ACC
TAC, 3 ¢-(reverse)CAA CTC CCT CAT CTC CTC CTC (375
bp PCR product size); a-tubulin as internal control (rat): 5 ¢-
(forward) CTC GCA TCC ACT TCC CTC, 3 ¢(reverse)-ATG
CCC TCA CCC ACG TAC (451-bp product size). Primers
for the multiplex TGFb-1/TGF-a/RRPPO (rat ribosomal
phosphoprotein PO)were as follows: TGFb-1(rat): 5 ¢-(for-
ward) GTA GCT CTT GCC ATC GGG, 3 ¢-(reverse) GAA
CGT CCC GTC AAC TCG (216-bp PCR product size);
TGF-a (rat): 5 ¢-(forward) GAG TGA CTC ACC CGT
GGC, 3 ¢-(reverse) CTC ACA GTG CTT GCG GAC (301-bp
PCR product size) and RRPPO (rat): 5 ¢-(forward) TCT CCC
CCT TCT CCT TCG, 3 ¢-(reverse) CTC CGA CTC TTC
CTT TGC (375-bp PCR product size). The PCR thermal cy-
cler conditions were similar to above but with 26 cycles and an-
nealing temperature of 59 °C used in this case. Primers for
bFGF (rat) were as follows: 5 ¢-(forward) GAT CCC AAG
CGG CTC TAC, 3 ¢-(reverse) GGA CTC CAG GCG TTC
AAA G (210-bp PCR product size) with mouse TBP used as
an internal control and reactions were carried out at 28 cycles
with an annealing temperature of 60 °C.

The gene products of interest in the multiplex PCR were
co-amplified with the respective internal control gene and un-
incorporated (a-32P) dCTP was removed from the reaction
products using Micro Bio-Spin 30 gel columns (Bio-Rad Labo-
ratories, Hercules, Calif., USA). The reaction products were
then separated on a 6 % polyacrylamide gel in 1 ´ TBE
(TRIS-borate EDTA) buffer, dried in a gel drier and exposed
overnight to a phosphoimager screen (Molecular Dynamics,
Sunnyvale, Calif., USA). Incorporated (a-32P) dCTP in each
amplimer was determined using a Strom 840 PhosphoImager
with ImageQuant software (Molecular Dynamics) using the
rectangle mode/average intensity subtracting background av-
erage intensity as described in detail previously [42]. Results
were expressed relative to the co-amplified internal control
(ratio of gene product to control gene) and thereafter ex-
pressed as a percentage of the ratio obtained with the control
gene in the same RT-PCR.

To observe linear amplification of the multiplex PCR prod-
ucts, reaction conditions were standardised for different
amounts of cDNA (ranging from 2.5 to 80 ng RNA equiva-
lents) and cycle number ranging from 26 to 32 cycles as shown
in an example for c-MET/HGF/TBP multiplex system (Fig. 1)
and as described in detail previously [42]. These experiments
ensured that the ratio of PCR products to the internal control
gene in the multiplex PCR reaction reflected a change in the
abundance of the gene relative to the control gene. Similar ex-
periments were conducted for all genes under investigation
and optimum conditions obtained.

Expression of kidney cortex-specific NKT gene. Islet grafts re-
trieved from under the kidney capsule after transplantation
can be contaminated with the kidney cortical tissue. Because
kidney cortex also expresses HGF, c-MET, uPA, uPAR and vi-
mentin (Fig. 2) we used a gene that is exclusively expressed in
the kidney cortex so as to determine the percentage of kidney
contamination in each islet graft. A gene product related to
the organic ion transporter family NKT [43] was the most suit-
able. This product is expressed in kidney cortex but not in 24-h
cultured rat islets (Fig. 2). Kidney cortex also expresses the
c-MET receptor but HGF was found to be expressed very
faintly similar to in 24-h cultured islets (Fig. 2). High concen-
trations of both the uPA and its receptor uPAR were found in
the kidney cortex whereas uPA expression was dominant in
24-h cultured islets (Fig. 2). Vimentin mRNA was expressed
both in the kidney cortex and 24-h cultured islets (Fig. 2). The
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contamination of islet grafts by the kidney cortical tissue was
expressed as a percentage of the NKT gene expressed in 20 ng
(RNA equivalent) of kidney cortex cDNA in the same multi-
plex RT-PCR. This value was multiplied by the expression of
the various test genes expressed in the kidney cortex and sub-
tracted from that expressed in the islet graft. Influential con-
tamination was only seen in a few grafts, and then almost al-
ways less than 10 %, with the maximum being 22 %. Similar
corrections were carried out for the expression of TGF-a,
TGFb-1 and bFGF in islet grafts. Both TGF-a and TGFb-1
were well expressed in 24-h cultured rat islets whereas rat
brain cDNA was used as a positive control for bFGF.

Statistical analysis. Results are expressed as means ± SEM. For
analysis, the unpaired Student's t test and one-way analysis of
variance (ANOVA) for multiple comparisons were used. Tu-
key's test was used for post-hoc analysis for multiple compari-
sons. Results were considered statistically significant at p less
than 0.05.

Results

In vitro experiments

Expression of HGF and its receptor c-MET mRNA in
cultured isolated rat islets. After 24 h or 48 h of norm-
oxic culture, there was no significant change in the

expression of HGF mRNA compared with freshly
isolated islets (Fig.3). Subjecting islets to hypoxic cul-
ture conditions for the last 24 h of the 48-h experi-
ment, resulted, however, in a 3.4-fold increase in
HGF mRNA expression compared with islets cul-
tured for 48 h in normoxic culture conditions
(p < 0.001) and a threefold increase (p < 0.001) com-
pared with freshly isolated islets (Fig.3). Gene ex-
pression of c-MET mRNA was up-regulated 1.3-fold
(p < 0.01) after 24 h and 1.4-fold (p < 0.001) after
48 h in normoxic culture to that of freshly isolated is-
lets (Fig.3). With hypoxic conditions, c-MET mRNA
decreased slightly (p < 0.05) compared with 48-h
normoxic cultured islets but the expression was not
significantly different than that found in freshly iso-
lated islets (Fig.3).

In vivo experiments

Gene expression of HGF and its receptor c-MET
mRNA in islet grafts of normal and diabetic recipi-
ents. In islet grafts of normal recipients, HGF
mRNA expression increased twofold in day-3 grafts
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Fig. 1 A, B. Validation of Semi-quantitative multiplex RT-
PCR for amplification for HGF (S), c-MET (^) nd TBP (.)
as an internal control. A cDNA (3 ml) corresponding to 20 ng
RNA equivalent was run with PCR mix as detailed in materi-
als and methods in a 50 ml reaction for an increasing number
of cycles. Thereafter the products were separated in a 6 %
polyacrylamide gel and signal intensities of expected band siz-
es were quantified using a phosphoimager and expressed as ar-
bitrary logarithm values of radioactivities plotted against cycle
number. B Linearity of PCR amplification with cDNA ranging
from 2.5 to 80 ng RNA equivalent was checked at 27 cycles,
which was within the logarithmic linear range of amplification
of all products. Within the wide range of starting cDNA used,
the relative intensity of the signals for each product size was
observed to have remained the same

A B

Fig. 2 A±D. Expression of NKT gene in kidney cortex (KC)
and in 24-h cultured rat islets (IS) as a potential test for deter-
mining the contamination of islet grafts with kidney cortical
cells. NKT (A), HGF/c-MET (B), uPA/uPAR (C) and Vimen-
tin (D) mRNA expression was determined in Lewis rat kidney
cortex and in 24-h cultured islets (2000 IE) with its respective
gene as an internal control. Rat liver (L) was used as a positive
control for determining the expression of HGF/c-MET as
shown in B

A B

C D



(p < 0.05) compared with that of 24-h cultured con-
trol islets and further to a 3.8-fold increase
(p < 0.001) in day-5 islet grafts, thereafter reaching a
stable plateau of expression in 7 and 14-day grafts
(Fig.4). In the grafts of diabetic recipients, expression
of HGF mRNA had a different pattern with a delay
of expression, the first discernible increase being
found on day 5 with a peak occurring on day 7 fol-
lowed by a pronounced decrease at day 14 to 59%
of the day-7 values (p < 0.001) (Fig.4).

The mRNA expression of c-MET in islet grafts of
normal recipients decreased to 48 % of 24-h cultured
control islets 1 day after transplantation (Fig.4). Ex-
pression of c-MET mRNA decreased to 32% of con-
trol islets and then increased gradually at days 5 and 7
reaching that of the controls at day 14 (Fig.4). In the
islet grafts of diabetic recipients, c-MET mRNA ex-
pression decreased to 42% of controls (p < 0.001)
and remained around this level until day 14. There
was no significant difference in the expression of c-
MET mRNA in islet grafts of diabetic recipients be-
tween days 1, 3, 5, 7 or 14 (Fig.4).

Expression of uPA and its receptor uPAR in islet
grafts of normal and diabetic recipients. In islet grafts
of normal recipients uPA mRNA expression rapidly
increased 3 days after transplantation by ninefold
(p < 0.05) compared with 24-h cultured control is-
lets (Fig.5). By day 14, uPA mRNA expression
had increased 15-fold (p < 0.001) from control val-
ues (Fig.5). In contrast, uPAR mRNA peaked in
day-3 islet grafts by 4.5-fold (p < 0.001) compared
with controls and steadily decreased thereafter re-
turning to starting values at day 14 (Fig.5). In islet
grafts of diabetic recipients, the pattern of expres-
sion of uPA mRNA was delayed, with an increase
in expression of 5.4-fold (p < 0.01) found in day-5
grafts and a gradual increase thereafter reaching
9.5-fold (p < 0.001) in day-14 islet grafts (Fig.5).
The expression of uPAR mRNA in islet grafts in di-
abetic recipients followed a similar pattern to that
seen in normal recipients but peak expression was
delayed with a 2.2-fold increase observed in day 5
islet grafts compared with controls (p < 0.001) fol-
lowed by a decrease in control levels at day 14
(Fig.5).

Gene expression of vimentin mRNA in islet grafts of
normal and diabetic recipients. In islet grafts of nor-
mal recipients, increases of vimentin expression
were seen as early as the day after transplantation,
followed by a climb to a peak 12-fold increase seen
in day-5 islet grafts (p < 0.001) compared with control
islets. Thereafter, a reduction from this peak of ex-
pression was observed in day 7 and 14-islet grafts
(Fig.6). In contrast, islet grafts in diabetic recipients
had a different pattern of vimentin expression
(Fig.6), with no clear increase being found on days 1
and 3 but a 4.5-fold increase compared with control
islets was seen in day-5 islet grafts (p < 0.01) with per-
sistence of this elevation for the rest of the observa-
tion period.

Gene expression of bFGF, TGF-a and TGFb-1 in islet
grafts of normal and diabetic recipients. In normal re-
cipients, expression of bFGF in islet grafts remained
similar to that of the controls at day 1 but then fell to
about 50% of controls and remained at this level
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Fig. 3 A±C. Expression of HGF and its receptor c-MET
mRNA in rat islets using semiquantitative multiplex RT-PCR.
Expression was determined in fresh islets (0), 24-h (24 N) or
48-h (48 N) cultured islets in normoxic culture conditions or is-
lets cultured in normoxic culture conditions (5 % CO2, 37 °C)
for 24 h followed by 24-h culture in hypoxic (1 % O2, 5 %
CO2, 95 % N2) conditions (N + H). Rat liver cDNA was used
as a positive control as shown in (A). Bar graphs show quantifi-
cation of HGF mRNA (B) and c-MET (C) expression after
normalisation to the internal control gene TBP. The RNA
used for these studies were the same as was used for the previ-
ously reported measurement of VEGF using northern blot
analysis [40]. Results are expressed as relative normalised to
mRNA expression (per cent of freshly isolated islets as con-
trol). Data were analysed by ANOVA
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throughout the observation period (Fig.7). In diabet-
ic recipients, expression of bFGF remained unaltered
in 1 and 3-day islet grafts compared with control islets
but decreased in day-5 islet grafts with this lowered
expression persisting (Fig.7). There were no signifi-
cant changes found in the expression of TGF-a or
TGFb-1 mRNA in islet grafts of normal recipients
(Fig.7). In diabetic recipients expression of TGF-a
peaked, however, in day-3 islet grafts (Fig.7) return-
ing thereafter to control levels whereas expression of
TGFb-1 peaked in day-1 islet grafts and returned to
control levels (Fig.7).

Blood glucose concentrations following transplanta-
tion. When 2000 IE were transplanted in diabetic re-
cipients, blood glucose concentrations fell 1 day after

transplantation and continued to fall until by the end
of the 14-day observation the mean concentration
was 10.0 ± 0.1 mmol/l (n = 8). None of the diabetic re-
cipients achieved normoglycaemia at days 1, 3, 5 or 7
after transplantation but at 14 days five out of eight
recipients became normoglycaemic (blood glucose
concentrations < 5.6 mmol/l). At this 14-day time
point, the gene expression of HGF was lower in the
islet grafts of the normalised recipients than in those
with persistent hyperglycaemia. In contrast, the ex-
pression of c-MET in grafts of normalised recipients
was higher than in those that failed to normalise.
There was no statistically significant difference in
the gene expression of uPA or its receptor uPAR or
of vimentin in islet grafts in either normalised or hy-
perglycaemic recipients.

Discussion

With measurements of gene expression in islet grafts
during the 14 days after islet transplantation, the com-
plex mechanisms of this vascularisation process are
beginning to be understood. As we have shown previ-
ously (Vasir B, Jonas J-C, Steil GM et al., unpublished
data), VEGF expression is increased in the grafts only
during the first few days, with VEGF receptor expres-
sion, which probably originates from invading endo-
thelial cells, being found later at about 3±5 days. In
this study, we find that the expression of HGF is later
than VEGF, being found at 3±5 days after transplan-
tation, which suggests different mechanisms of induc-
tion. It could be that VEGF is being expressed in islet
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Fig. 4 A±F. Analysis of HGF and its receptor c-MET mRNA in
transplanted islet grafts in normal or diabetic recipients. 2000
IE were transplanted under the kidney capsule and grafts re-
trieved on days 1, 3, 5, 7 and 14 after engraftment. Islet graft
cDNA (20 ng RNA equivalent) was analysed for the expres-
sion of HGF and c-MET mRNA using TBP as an internal con-
trol gene. Representative profiles for the HGF and c-MET ex-
pression in islet grafts in normal and diabetic recipients are
shown in A and D. Bar graphs show quantification of expres-
sion of HGF and c-MET in normal (B, C) and in diabetic (E,
F) recipients respectively, after normalisation to the control
gene TBP and expressed as a percentage of control (24-h cul-
tured 2000 IE) ± SEM. Data was analysed by ANOVA. Signif-
icant differences compared with 24-h cultured islets (0) alone
are indicated. (*p < 0.05; **p < 0.01; ***p < 0.001). Rat liver
cDNA (L) was used as a positive control. Tx, transplantation
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cells exposed to the hypoxia of early transplantation,
whereas HGF, which we have shown can also be in-
duced by hypoxia, could be coming mainly from in-
vading fibroblasts which are known to produce HGF
[25]. This would be consistent with the timing of the
increases of vimentin expression, which presumably
correlate with the appearance of fibroblasts. It is diffi-
cult to view the HGF receptors, c-METs, as being an
important control mechanism but their continued ex-
pression is probably essential. The uPA expression is
probably very important, as this plasmin proteolytic
mechanism seems critical for catalysing extracellular

matrix/basement membrane degradation, which is a
major feature of the angiogenic response [44]. Other
data suggests that uPA is mitogenic for some cells, in-
cluding human fibroblasts [45] and can induce the mi-
gration of endothelial cells [46], indicating the pres-
ence of actions that could be independent of its pro-
teolytic activity. Another important role for uPA
could be to cleave monomeric pro-HGF into its active
heterodimeric form [47]. This process could be fur-
ther enhanced because active HGF could generate
more uPA. Studies in sarcoma cells and Madin-Darby
canine kidney (MDCK) epithelial cells have shown
that HGF/c-METsignalling increases the protein con-
centrations of both uPA and its cellular receptor
uPAR [26, 32, 44]. Notably, another study has shown
that HGF can increase the expression of both VEGF
itself and its receptor Flk-1 in keratinocytes [48].
This does not fit well with the current study because
VEGF expression falls as HGF expression rises but
it is possible that the HGF is contributing to the later
increase in Flk-1 expression.

In this study it was found that the appearance of
angiogenic markers was delayed in the islet grafts
of the diabetic compared with the normoglycaemic
recipients. An increase of HGF expression was
found on day 3 in the non-diabetic rats but not until
day 5 in the diabetic group. The differences were
even more pronounced for expression of uPA and
uPAR, with big increases being found at day 3 in
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Fig. 5 A±F. Gene expression of uPA and uPAR mRNA in
transplanted islet grafts in normal or diabetic recipients. 2000
IE were transplanted under the kidney capsule and grafts re-
trieved on days 1, 3, 5, 7 and 14 after transplantation. Islet graft
cDNA (20 ng RNA equivalent) was analysed for the expres-
sion of uPA and its receptor uPAR using TBP as control gene.
Representative profiles of the expression of uPA and uPAR
in islet grafts in normal (A) and diabetic recipients (D) are
shown. Bar graphs show quantification of expression of uPA
and uPAR mRNA in normal (B, C) and in diabetic (E, F) re-
cipients, respectively, after normalisation to the control gene
TBP and expressed as a percentage of control. Data was anal-
ysed by ANOVA. Significant differences compared with 24-h
cultured islets (0) alone are indicated. (*p < 0.05; **p < 0.01;
***p < 0.001). Tx, transplantation
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the normoglycaemic group but only at day 5 in the
hyperglycaemic recipients. In an earlier study, from
the same islet graft specimens, we found that gene
expression of the VEGF receptors Flk-1/KDR and
Flt-1, which presumably are also found in endothe-
lial cells entering the grafts, were also found to
have the same delay in timing, with increases found
on day 3 in the normoglycaemic rats compared with
day 5 in the diabetic group (Vasir B, Jonas J-C, Steil
GM et al., unpublished data). The expression of the
angiogenic peptide VEGF was also measured but
VEGF should be considered more an early inducer
of new blood vessels, than a marker of invading en-
dothelial cells. In the non-diabetic grafts VEGF ex-
pression peaked the day after the transplant but in
the diabetic recipients the peak was found at day 3.
Perhaps the grafts of the hyperglycaemic rats had
more severe and longer lasting hypoxia leading to
this pattern of VEGF expression. Vimentin, which
is a marker of stromal fibroblasts, should not be con-
sidered as specific for angiogenesis as endothelial
cell markers but increased vimentin expression
seems to accompany the process of angiogenesis. It
is therefore notable that strong vimentin expression
is found in grafts as early as day 1 and 3 in the non-
diabetic grafts compared with 5 days in the diabetic
group, a pattern again consistent with more rapid
angiogenesis in grafts maintained in a normoglycae-
mic environment. Wound healing has been found to
be delayed in the diabetic state [49] which could in
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Fig. 6 A, B. Analysis of vimentin mRNA in islet grafts from
normal or diabetic recipients. Conditions of anlysis of vimentin
were similar to that described in Fig. 5. Bar graphs show quan-
tification of expression of vimentin mRNA in normal (A) and
diabetic (B) recipients, respectively after normalisation to a-
tubulin as the control gene and expressed as a percentage of
control (0). ANOVA was used for data analysis and only signif-
icant differences between islet grafts and control islets (0) are
shown. (*p < 0.05; **p < 0.01; ***p < 0.001)

A
B

Fig. 7 A±F. Gene expression of bFGF, TGF-a and TGFb-1 in
islet grafts in normal and diabetic recipients. Bar graphs show
quantification of expression of bFGF, TGF-a and TGFb-
1 mRNA in normal (A, C, E ) and diabetic (B, D, F) recipients,
respectively after normalisation to the contol gene TBP (for
bFGF) or RRPPO (for TGF-a and TGFb-1) and expressed as
a percentage of control. Data was analysed by ANOVA and
only significant differences compared with 24-h cultured islets
(0) alone are shown. (*p < 0.05; **p < 0.01; ***p < 0.001)
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part be due to delayed angiogenesis caused by simi-
lar mechanisms.

Although bFGF, TGF-a and TGFb-1 are all
known to have potentially important roles in angio-
genesis and could be doing so with transplanted islets,
it is notable that the expression of bFGF is highest
during the first few days of these experiments. Its ex-
pression then falls more slowly in the diabetic recipi-
ents, raising questions about whether angiogenesis
has feedback suppression A bFGF expression. The
peaks of TGF-a and TFG-b in the diabetic group are
notable but difficult to draw any conclusions about.

A variety of studies have found that islets trans-
planted into a hyperglycaemic environment do less
well than when glucose concentrations are controlled
or normalised [2±4, 50±52). To some extent this could
have nothing to do with angiogenesis but instead re-
sult from more severe hypoxia of avascular clumps
of islets. Even in a normoglycaemic situation, some
necrosis will develop in a graft, with this occurring in
the centres of islets, especially in islets greater than
200 mm in diameter or any other area of the graft
that is distant from capillaries [2, 5]. Because oxygen
consumption is known to be increased in beta cells ex-
posed to hyperglycaemia [53], it seems highly likely
that more hypoxic cell death occurs in the diabetic
state. Another factor that is likely to influence oxygen
delivery is the reduction of the acute inflammation
caused by surgical injury. This could lead to loss of
swelling, which might be helpful, but a loss of hyper-
aemia (the increase of blood flow in existing vessels
around the graft) which could have adverse effects.

This study suggests that angiongenesis is delayed
in the diabetic recipients. It must be emphasised that
only gene expression was measured. More definitive
analysis of this hypothesis will require assessment of
angiogenesis with morphometric techniques as well
as immunolocalisation and quantification of the pro-
teins in question. The rate at which oxygen can be
supplied during angiogenesis is not known but some
increase in oxygen delivery might occur as early as
3±5 days. It seems possible that there are populations
of beta cells that have marginal oxygen supply and in-
creased rates of apoptosis that are rescued by early
angiogenesis. In spite of the lack of precise informa-
tion about these complex events, it seems likely that
the delay in angiogenesis in grafts of these diabetic
recipients contributes to an adverse outcome.
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