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Th1 and Th2 Cytokines Exert Regulatory Effects Upon
Islet Microvascular Areas in the NOD Mouse
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Abstract In this study, we show that intra- and peri-islet microvascular areas undergo different changes during
the islet inflammation in the nonobese diabetes-prone female mice. Actually, although the islet vascular area (IVA)
considerably decreases while the infiltration progresses, at 15 weeks of age, the peri-islet vascular bed is unexpectedly
and significantly increased. On the contrary, the intra-IVA is significantly decreased, due to vessel dilation. Later, by 20–
25 weeks of age, a decrease of both IVA occur, due to a significant islet b cell loss. Moreover, a dramatic fall of natural
free radical scavenger values, which, in turn, exert an influence upon vessels, is observed. These effects are completely
counteracted by the administration of IL-4, a Th2 protective cytokine; IL-10, another putative Th2 cytokine, exerts direct
effects upon endothelial cell (EC) function, as shown by the increase of endothelial nitric oxide synthase (eNOS) mRNA
transcripts and by the release of endothelial NO which, in turn, exert vasodilatory effects; moreover, this cytokine
significantly upregulates adhesion molecules on endothelia. On the other hand, IL-1b, a Th1 proinflammatory cytokine,
dramatically increases nitrite and nitrate levels, as well as inducible nitric oxide synthase (iNOS) transcripts and also
upregulates islet ICAM-1 expression as well as circulating ICAM-1 levels. Taken together, our findings clearly show that
cytokines and islet endothelia are directly involved in the pathophysiology of the disease. Their reciprocal influence
gives new insight to understand the role of microvasculature during islet b cell attack. J. Cell. Biochem. 86: 651–664,
2002. � 2002 Wiley-Liss, Inc.
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Studies on islet vascular areas (IVA) inmulti-
ple low-dose streptozocin-treated (MLDS) mice
have demonstrated that their decrease is con-
current with a fall of superoxide dismutase
(SOD) levels [Papaccio et al., 1990; Papaccio
and Chieffi Baccari, 1992]. Moreover, adminis-
tration of citiolone, a free radical scavenger,
is capable of counteracting and delaying the
reduction of IVA in this animal model of type 1
diabetes [Papaccio et al., 1994].

During diabetes development, the involve-
ment of peri-islet vascular bed with respect to
the intra-islet vessels and their specific roles
remain, however, a neglected topic.

Functional studies have also shown that both
acute and chronic hyperglycemia raise islet vas-
cular pressure [Carlsson et al., 1997].

Endothelial cells (ECs) are both a target and
a source of several cytokines. In particular, ECs
participate in leukocyte recruitment caused by
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inflammatory cytokines, by producing chemoat-
tractants that activate and attract leukocytes,
by expressing adhesionmolecules in a regulated
way, and by altering blood flow [Mantovani
et al., 1992]. IL-1b and TNF-a orient EC func-
tion in a proinflammatory sense [Mantovani
et al., 1992], while IL-4 and -10 are reported to
be Th2 protective cytokines [Rabinovitch,
1988]. In fact, IL-4 has been demonstrated to
exert an antidiabetogenic action in nonobese
diabetic (NOD) mice [Rapoport et al., 1993]
and IL-10 to inhibit Th1 cytokine synthesis
[Fiorentino et al., 1989]. In addition to its anti-
inflammatory and immunosuppressive proper-
ty [Moore et al., 1993], IL-10 has been found to
be a potent recruitment signal for leukocyte
migration in vivo because it is able to highly
activate pancreatic ECs and stimulate leuko-
cyte extravasation throughout the pancreas
[Wogensen et al., 1993]. Systemic adminis-
tration of IL-4 [Rapoport et al., 1993], IL-10
[Pennline et al., 1994], or both [Rabinovitch
et al., 1995] has been reported to prevent type 1
diabetes or delay autoimmune diabetes recur-
rence inNODmice transplantedwith syngeneic
islets. Studies on transgenic mice have also
suggested that IL-10 may promote the early
development of autoimmunity [Wogensen et al.,
1994], but suppress an already established
diabetogenic process [Pennline et al., 1994].

The NOD mouse is a useful animal model
of type 1 diabetes, which spontaneously devel-
ops a disease very similar to that observed in
humans. As yet, the islet and, in particular, the
peri-islet microvasculature in this strain have
not been fully investigated in relationship with
diabetes development. Furthermore, in view of
recent studies demonstrating a direct involve-
ment of ECs in the inflammatory process
leading to type 1 diabetes [Steiner et al., 1997],
islet and peri-islet microvessels may exert a
pivotal role in the disease development. Inter-
estingly, it has recently been shown that NOD
mouse diabetes-prone females exhibit altera-
tions in islet vessels islets due to an increase in
endothelial nitric oxide (eNOS) at this level
[Carlsson et al., 1998]. On the other hand,
although the microcirculation of the islets of
Langerhans has been previously [Bonner Weir
and Orci, 1982] examined, it still remains a
controversial concept, mainly due to different
models of circulation.

Therefore, theaimof this studywas toobserve
the alterations of IVA, in a dynamic time-course

study and in relationship with diabetes occur-
rence, also on the light of cytokine effects.

Our results demonstrate that (i) peri-islet
vessels are differently affected by islet inflam-
mation with respect to the intra-islet vascular
bed; (ii) Th1 and Th2 cytokines exert strong
regulatory effects upon islet vessels as well as
adhesion molecules.

RESEARCH DESIGN AND METHODS

Animals

NOD mice were purchased from Bommice
(Bomholtgarten, Denmark) and housed in our
facility. Animals had free access to tap water
and standard laboratory diet and were main-
tained in pathogen-free conditions. They were
subjected to a 12-h light/12-h dark schedule.
During the experiments, they were free of viru-
ses or other bacterial pathologies. In this colony,
clinically evident diabetes is observable byweek
22 in 100% of females but in less than 20% of
males, as certified by the farm and observed by
us.Nonobese diabetic resistant (NOR), a geneti-
cally related strain which is diabetes-resistant
(Bommice) of the same age, were used as non-
diabetic controls. C57BL6/Jmicewere used as a
further control (Charles River Milan, Italy).

Protocol

NOD females aged 5, 15, 20, and 25 weeks
(n¼ 6 animals per each age) were used for the
experiment. Animals were decapitated under
anesthesia, and pancreas was removed and pro-
cessed for histological and enzymatic assays.

IL-1b, -4, and -10 Treatment In Vivo

Four-week-old NOD, NOR, and C57BL6/J
mice received intraperitoneal injections of
500 U (50 ng) murine rIL-4, rIL-10, or rIL-1b
(Boehringer-Mannheim, Biochemicals, Milan,
Italy) twice weekly. Control animals received
only the vehicle. Five animals of each group
were sacrificed at week 5. At the end of the
11-week treatment period (week 15) and at
week 20 and 25, the remaining mice (n¼ 5 per
each time point per strain) were killed and each
pancreas processed as described below.

Evaluation of Glycemia

Blood glucose levels were checked before
the start of the experiments in all the animals
and every week using the hexokinase method
(Boehringer-Mannheim, Germany). Animals
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were considered hyperglycemicwhen their non-
fasting blood glucose levels were higher than
8 mmol/L but lower than 12 mmol/L in two suc-
cessive determinations. Mice were considered
diabetics when their blood glucose levels exce-
eded 12 mmol/L.

Evaluation of Vascular Area in Pancreatic Islets

For light microscopic observations in order
to distinguish ECs, one part of the pancreas
was used for immunocytochemistry in order to
detect the expression of von Willebrand factor
(vWF), using fluorescein isothiocyanate (FITC)-
conjugated antibody (Sigma,Milan), antiMIDC-
8, andanti-CD13 (cloneER-BMDM1, rat IgG2a)
(BMABiochemicals,Augst,Switzerland),which
selectively strain dendritic cells (DC), all pro-
cessed using standard procedures. The other
part of each pancreas was stained for alkaline
phosphatase using the method described by
Gomori [1941]. Each section was treated for
40 min with a solution of 16.3 mmol/L sodium
b-glycerophosphate,16.1mmol/Lsodiumdiethyl-
barbiturate, 45.3 mmol/L calcium chloride, and
3.3 mmol/L magnesium sulphide dissolved in
distilled water and adjusted to pH 9.4 at room
temperature. The slides were then rinsed in
distilled water and transferred to a solution
containing 68.7 mmol/L cobalt nitrate in dis-
tilled water for 5 min. The sections were then
rinsed again in distilled water for 1 min and
placed for 2 min in a solution containing
104 mmol/L yellow ammonium sulphide.
In order to measure islet parenchymal area

and total area of islet vascular bed, serial sec-
tions were performed. At least 20 islets from
each pancreas were viewed under a light
microscope (at a magnification of 400�) linked
to a videoanalyzer (Image-Brock Analysis,
St. Catherine, Ontario, Canada).Measurements
were made using a dedicated, specific software
by selecting in the serial sections the vascular
beds, in order to obtain the total vascular area
of each section. The measurements were then
collected and compared to previously obtained
standards (made from controls) for settings.
Each measure was repeated by two different
technicians and compared. Only the average
measure numbers for each animal and the
average measure numbers obtained for each
group were given. Also the number of endocrine
cells present in each islet was detected. For this
purpose, the nuclei of endocrine cells (infiltrat-
ing mononuclear cells, when found, were easily

identified and not taken into account) within
each section were counted. All endocrine cells
were counted, on the basis of specific antibodies
directed against insulin, glucagons, and soma-
tostatin (Dako, Milan, Italy), processed using
standard procedures. Furthermore, the peri-
islet vascular bedwas alsomeasured separately
from the intra-islet vascular bed in order to
study possible differences.

Assay of Islet SOD, CAT, and GPX Levels

Isletswere isolated frompancreas using stan-
dard techniques. Briefly, islets were isolated by
ductal injection of collagenase type V solution
(Sigma,Milan, Italy; 1.6mg/ml inHBSS). Islets
from 25-week-old animals were pooled in order
to obtain a sufficient number of islets. After
incubation for 45 min (378C), the islets were
enriched by centrifugation on a Ficoll density
gradient (Ficoll 400, Sigma) and then harvested
by handpicking under a stereomicroscope. The
extraction medium for the measurements of
SOD, catalase (CAT), and glutathione peroxi-
dase (GPX) activities was 0.1 M sodium-phos-
phate buffer at pH 7.0. SOD assay [Papaccio
et al., 1994] was based on the ability of the
enzyme to inhibit the auto-oxidation of pyro-
gallol as previously described by Marklund and
Marklund [1974]. Results are given as units
per milligram (U/mg) of protein (means of tri-
plicates with an intra-assay variation coeffici-
ent of 2.7%). The detection limit was found to
be 2 U/mg protein [Oellerich et al., 1980]. The
concentration of proteins was determined by
Lowry’s method [Lowry et al., 1951].

For CAT and GPX assays, the procedures
were those described by Cornelius et al. [1993].
Spectrophotometric measurements were car-
ried out at 258C. CAT and GPX activities are
expressed as U/mg protein.

Islet EC Culture

To examine the inducible nitric oxide syn-
thase (iNOS) and the eNOS levels at the islet
level, endothelia of pancreatic isletswere isolat-
ed as above described from each animal group.
Islets were collected, washed, and then hand-
picked, resuspended in themedium(RPMI1640)
containing 10% fetal calf serum (Gibco, Milan,
Italia), 60U/ml penicillin, and 100 mg/ml strep-
tomycin and then cultured in a 2% gelatin-
coated T25 flask (Falcon, Milan, Italy) at 378C.
After 5-day culture, islet ECs and fibroblasts
grew out from adherent islets. Dynabeads were
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coated with Acetylated LDL (A-LDL) (Sigma,
Milan), the flasks washed twice and incubated
with A-LDL-coated dynabeads for 60 min, kept
at 48C during separation, then at room tem-
perature with gentle shaking. After washing,
the cells were detached by trypsin/EDTA and
transferred into a 10-ml plastic tube. The EC
bound with dynabeads were collected using
magnetic particle concentrator (Dynal A.S.,
Norway), while cells without bound dynabeads
(probablyfibroblasts)were collectedandusedas
negative control. The A-LDL helps to confirm
the identity of ECs. The purified islet ECs were
cultured in the samemedium, as above, contain-
ing also 40 U/ml heparin (Roche, Switzerland)
and 100 mg/ml endothelial growth supplement
(ECGS) (Sigma), and then seeded in a gelatin-
coated T25 flask. Cells were cultured at 378C in
a 5% CO2 incubator and the medium changed
every 3 days. Cytokines, including IL-1b, -10,
and -4 were added to the medium, in different
cultures (at the dose of 50 U/ml each), and the
culture was continued for 6 days, with the me-
dium changed on day 2 and 4. In order to avoid
fibroblast growth, iodoacetic acid (4 mg/ml) was
added to cultures.

EC Proliferation

EC proliferation was measured by the 3-
(4,5-dimethylthiazolyl)-2-5-dipheny-2H-tetrazo-
lium-bromide(MTT)assay.ECswere seeded ina
gelatin-coated 96-well plate at a cell density of
103 cells/well. Cells were grown in RPMI 1640
containing 20% FCS plus 100 mg/ml ECGS
(Sigma, Milan, Italy). After 1, 3, 5, and 7 days
of culture, cells were incubated with the MTT
solution (0.5% 50 ml/well) for 4 h. During this
incubation period, a water-insoluble formazan
dye is formed.After solubilization, the formazan
dye is quantitated using a scanning multiwell
spectrophotometer (ELISA reader) at 570 nm.
The absorbance revealed directly correlates to
the cell number. The results were expressed as
optical density (OD) at 570 nm.

Isolation of RNA and Reverse Transcriptase-
Polymerase Chain Reaction (RT-PCR) Analysis

RNA was extracted from islet EC cultures
using the guanidinium thiocyanate method
[Chirgwin et al., 1979], modified as follows:
ECs were homogeneized in 4 mol/L guanidi-
nium thiocyanate solution containing 17 mmol/
L sodium N-lauroylsarcosine, 25 mmol/L so-
diumcitrate, 0.1mol/l 2-ME, and0.1%Antifoam

A, 30% aqueous emulsion (Sigma, Milan, Italy),
then precipitated with ethanol, pelleted, and
re-extracted with 8 mol/L guanidine hydro-
chloride: 0.5 mol/L EDTA (19:1). After pelleting
and drying, samples were extracted twice with
phenol:chloroform (1:1) and precipitated with
ethanol. cDNA synthesis was carried out on
total RNA from each animal with superscript
reverse transcriptase kit (Invitrogen, Milan,
Italy) by using oligo (dt)12–18 and Moloney mu-
rine leukemiavirus reverse transcriptase (20U)
in a 25 ml reaction at 378C for 1.5 h. The reverse
transcriptase (RT) reaction containing cDNA
was diluted 1:30, 1:90, and 1:270 in sterile H2O.
Polymerase chain reaction (PCR) amplification
was carried out on the cDNA using 3 ml of each
dilution of cDNA in a 20 ml reactionwith 80 ng of
each primer, 0.25 mmol/l of each dNTP, 2.5 mCi
of [-32P] dCTP (3,000 Ci/mmol; DuPont-NEN,
Milan, Italy), 1 U of AmpliTaq (Perkin-Elmer/
Cetus, Monza, Italy), and 3 mmol/l MgCl2. The
sequences of the specific oligonucleotide primer
pairs, 50 and 30, were as follows: for iNOS, sense
50-AGC TTC TGG CAC TGA GTA AAG ATA A-
30 and antisense 50-TTC TCT GCT CTC AGC
TCCAAG-30; for eNOS, sense 50-ACCAGCCAG
CTG GTG CGC TAC-30; antisense 50-CTC CAG
GTG CTT CAT GAA AGA-30, together with
primers for cyclophilin, GAC AGC AGA AAA
CTT TCGTGC-50 and TCCAGCCACTCAGTC
TTG G-30. Samples were amplified through
40 cycles at 948C for 20 s, 608C for 20 s, and
728C for 30 s in a Gene Amp PCR System 9600
(Perkin-Elmer/Cetus, Monza, Italy). The semi-
quantitative PCR reaction was electrophores-
ed on 1.5% agarose gels and transferred to
nylon membranes, and 32P incorporation in
cytokine and cyclophilin DNA bands was deter-
mined by phosphoimager analysis. The values
obtained of PCR product were normalized as
a percentage of 32P incorporated in cyclophilin
PCR product amplified from the same cDNA
preparation. In these experiments, the tem-
plate used for the PCR amplification was cDNA
from NOD splenocytes activated with con-
cavalin A for 3 days to express the different
cytokine messages. Also, this cDNA was used
as a positive control in all PCR runs. Under the
conditions used, the PCR product signal was
proportional to the amount of RNA/cDNA sub-
jected to PCR amplification. All PCR products
compared were produced in the same PCR run.
The intensities of the bands were quantified in
an Ultrascan XL Enhanced Laser densitometer
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(LKB, Bromma, Sweden) and expressed in arbi-
trary units of OD.

Plasma NO2þNO3 Assay

Nitrite (NO2) and nitrate (NO3), stable meta-
bolites of nitric oxide (NO), were measured in
plasma samples belonging to the islet vessels.
Blood was collected directly from islets using
thetechniquedescribedbyCarlssonetal. [1997],
using the Griess reagent (commercial Kit,
Sigma, Milan, Italy), and their concentrations
were calculated from a standard curve for spec-
trophotometric absorbance at 540nmgenerated
for increasing amounts of nitrites. The intra-
and interassay coefficient of variation was 3
and 6%, respectively. Recoveries of nitrites and
nitrates in our samples were 90 and 95%, re-
spectively. Values were given as micromole per
liter (mmol/L).

Circulating ICAM-1 Levels

Soluble ICAM-1 activity was assayed using
the ELISA CD54 kit (Endogen, Woburn, MA).
Blood samples from each animal were collected
from the retro-orbital plexus and processed
following the kit’s instructions. Values were
expressed as nanogram per milliliter (ng/mL).

ICAM-1 Expression

Samples from the tail of each pancreas were
collected and kept frozen in liquid nitrogen.
Randomly selected cryocut sections were stain-
ed by the avidin-biotin peroxidase indirect
staining method.
The monoclonal antibody anti-ICAM-1 was a

rabbit anti-rat (Santa Cruz Biotechnology, CA).
The secondary antibody was biotinylated goat
anti-mouse antibody. As a negative control,
the primary Ab was replaced with goat non-
immune serum. Sections of 5-mm thickness
were examined for semiquantitative analysis.
The immunoreactive cells on alternate sections

were determined at a magnification of 400�
using an eyepiece with a square-ruled grid with
a total area of 0.062mm2 andwere countedwith
the M4 image analysis system (Imaging-Brock
University, St. Catherin, Ontario, Canada) in
60 different areas. This allowed the calculation
of immunoreactive cells/mm2�SEM. The ob-
servations were carried out blindly by three
different researchers.

Statistical Analysis

Values are given as means�SD. Student’s
t test with Bonferroni correction was used for
statistical analysis: the level of significance was
set at P< 0.05. When multiple comparisons
between data were performed, analysis of vari-
ance (ANOVA) was used.

RESULTS

Glycemia

Results are shown in Table I. UntreatedNOD
animals are normoglycemic at week 5, after
which blood glucose levels start to increase
(P< 0.01week 15 vs. 5-week-oldNODanimals).
Twenty- and 25-week-old NODmice are overtly
diabetic, since their blood glucose values con-
siderably exceed 12 mmol/L (P< 0.0001 vs. all
animal groups). IL-4 as well as IL-10 treated
animals show normal blood glucose values
throughout theexperiment (seeTable I),demon-
strating the protection exerted by these cyto-
kines against type 1 diabetes. Oppositely, IL-1b
administration does not modify the course of
blood glucose values of NOD animals, which
were comparable to those found in untreated
controls. Insulin treatment was needed when
blood glucose values exceeded 18–20 mmol/L of
glucose in two successive measurements.

Both NOR and C57BL6/J mice were
constantly normoglycemic throughout the
experiment.

TABLE I. Blood Glucose Values

Strain Week 5 Week 15 Week 20 Week 25

NOD (untreated) 5.3�0.5 8.4�2.2* 19.2� 3.8** 22.9� 3.1**
NOD (þ IL-4) 5.4�0.6 5.6�0.8 5.4�1.0 5.8�1.0
NOD (þ IL-10) 5.2�1.0 5.4�1.2 5.3�1.9 5.6�1.2
NOD (þ IL-1b) 5.2�1.2 8.0�2.4* 18.2� 5.5** 20.6� 3.4**
NOR 4.8�0.6 4.5�0.5 5.0�0.8 5.1�1.0
C57 4.9�0.6 5.3�1.0 5.2�0.8 5.3�1.0

*P< 0.01 vs. week 5.
**P< 0.0001 vs. all week groups.
Values expressed as mmol/L, are means�SD.
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IVA

Gomori’s method for alkaline phosphatase
stains ECs belonging to islet, peri-islet, and
pancreatic vessels. Endothelia are easily differ-
entiated from A cells, which also are stained
with this method, by their elongated shape and
darker color [Svensson et al., 1988; Papaccio
et al., 1994].

The percentage of islet area occupied by
vessels is shown in Figure 1a. At week 5, un-
treatedNODaswell asNOR andC57Bl6/Jmice
show that total IVA represents roughly 4% of
the islet parenchymal area. At this time, both
intra-islet and peri-islet vascular bed of NOD
mice show a normal appearance (Fig. 2), com-
parable to that seen in NOR and C57Bl6/J
animals. A significant alteration of the islet
vascular bed is observable by week 15 in un-

treated NOD animals (Fig. 3). Actually, at this
time, total IVA is reduced to 3.6% of the islet
parenchymal area, though a peri-islet vascular
dilation is observed concomitant to a decrease of
the intra-islet vascular bed (Fig. 1b). By week
20, IVA decreases dramatically to 1.6%. In
particular, both intra-islet and peri-islet vascu-
lar bed (Fig. 1c) become significantly lower
(P< 0.001) than that measured at week 15;
interestingly, this happens concomitantly to
the expected significant decrease in endocrine
cell numbers (P< 0.001) (Table II). At 25weeks,
islets are retracted due to islet b cell death and
disappearance.

Interestingly, IL-4 treated animals do not
show the above-described alterations: peri- and
intra-IVA remain unchanged after treatment
and the vascular area is comparable with that
found in youngnondiabetic animals and inNOR

Fig. 1. (a) Figure showing the percentage (%) of total islet area occupied by vessels. Data are given as
means� SD; (b) figure showing the percentage (%) of intra-islet vascular bed. Data are given as
means� SD; (c) figure showing the percentage (%) of peri-islet vascular bed. Data are given as means� SD.
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and C57BL6/J control animals, demonstrating
that in vivo treatment with this cytokine is also
able to counteract islet vascular changes.
IL-10 administration to NOD animals exerts

both protective effects upon the islets, which are
devoid of infiltration, and direct effects upon
endotheliaandvesselswhicharedilated (Fig.4),
in particular the percentage of total IVA is
increased in these animals (4.45%),with respect

to controls and IL-4 treated animals. The peri-
IVA represents the vascular district, which
shows themajor effects of IL-10 administration;
dilation of these vessels is slightly higher, in
absolute values, with respect to that observed
in untreated NOD controls.

Oppositely, IL-1b accelerates vascular altera-
tions: at week 15, IVA values fall to 1.3%; at
week 20, the value is 0.98%; and at week 25, it is

Fig. 2. Light micrograph showing a 5-week-old NOD mouse
pancreatic section stained with Gomori’s method for alkaline
phosphatases. The islet is of normal appearance with unaltered
islet and peri-islet vascular bed (original magnification 380�).

Fig. 3. Light micrograph showing a 15-week-old NOD mouse
pancreatic section stained with Gomori’s method for alkaline
phosphatases. The islet shows an increased peri-IVA with
dilation of vessels and an initial reduction of the intra-IVA.
(original magnification 380�).

TABLE II. Table Showing the Percentage of Intra-Islet (I), Peri-Islet (P), and Total (T)
Vascular Area

Strain Week 5 Week 15 Week 20 Week 25

NOD untreated E, 201� 15 (T¼ 4.02%) 170� 15 (T¼ 3.60%) 102�9 (T¼1.60%) 42� 6 (T¼ 0.90%)
I, 3.03% 2.21%** 0.91%***** 0.49%*******
P, 0.99% 1.39%*** 0.69% 0.41%********

NOD (þ IL-4) E, 195� 12 (T¼ 3.96%) 190�8 (T¼3.90%) 222� 16 (T¼ 4.00) 202� 14 (T¼ 3.95%)
I, 2.99% 2.70% 3.01% 3.00%
P, 0.97% 1.20% 0.99% 0.95%

NOD (þ IL-10) E, 220� 12 (T¼ 4.02%) 238�18 (T¼4.1%) 220� 14 (T¼ 4.04) 210�8 (T¼4.10%)
I, 3.01% 2.8% 3.01% 3.1%
P, 1.01% 1.3% 1.03% 1.0%

NOD (þ IL-1b) E, 200� 8 (T¼ 3.88%) 100� 6 (T¼ 1.3) 53� 5 (T¼ 0.98%) 43� 7 (T¼ 0.75%)
I, 2.92% 0.72% 0.52% 0.33%
P, 0.98% 0.58% 0.46% 0.42%

NOR E, 190� 22 (T¼ 4.02%) 200� 26 (T¼ 4.05%) 226� 22 (T¼ 4.12%) 222� 18 (T¼ 4.01%)
I, 3.16% 3.20% 3.24% 3.18%
P, 0.96% 0.94% 0.92% 0.90%

C57 E, 208� 10 (T¼ 4.05%) 216� 14 (T¼ 4.00%) 209� 15 (T¼ 3.95%) 214� 10 (T¼ 4.05%)
I, 3.05% 2.95% 2.95% 3.05%
P, 1.00% 1.05% 1.00% 1.00%

*P<0.01 vs. weeks 5, NOR and C57.
**P<0.01 vs. weeks 5, NOR and C57.
***P<0.05 vs. weeks 5, NOR and C57.
****P< 0.001 vs. week 15.
*****P< 0.001 vs. weeks 5 and vs. NOR and C57.
******P< 0.0001 vs. all groups.
*******P< 0.0001 vs. all groups.
********P< 0.0001 vs. all groups.
E¼Average number of endocrine cells per islet. (Data are given as means�SE.)
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further decreased. As for untreated NOD mice,
a significant decrease of both peri- and intra-
islet vascular bed is observed at week 20 and 25
also in these animals (P< 0.001) concomitant
to the decrease of the endocrine cell numbers
(P< 0.001) (Table II). Moreover, at week 20
(Fig. 5), islets often appear atrophied with cyto-
architectural derangement. NOR and C57Bl6/J
mice do not show significant alterations of their
islet and peri-islet vascular bed during the
experiment.

For EC identification, additional analysis
using FITC-conjugated antibodies for von Will-

ebrand Factor (Fig. 6) demonstrate the same
pattern observed using the Gomori’s method.
Moreover, both MIDC-8 and CD13 antibodies,
specific for DC, being completely negative, dem-
onstrate that these elements were not detected.

SOD, CAT, and GPX Levels in Pancreatic Islets

Results are summarized in Table III. SOD
levels are significantly lower in NOD animals
when compared to NOR and C57BL6/J animals
(P< 0.0001 vs. all animal groups). Moreover,
within the NOD group, values are significantly
decreased by week 15, and by week 25 become

Fig. 4. Light micrograph showing a 20-week-old NOD mouse
treated with IL-10. The pancreatic section, stained with
Gomori’s method for alkaline phosphatases, shows a normal
islet without signs of insulitis or parenchymal alteration. Islet
and, above all, peri-islet vascular bed are extended and dilated
(original magnification 380�).

Fig. 5. Light micrograph showing a 20-week-old NOD mouse
treated with IL-1b. The pancreatic section, stained with
Gomori’s method for alkaline phosphatases, shows a retracted
and atrophied islet of Langerhans with cytoarchitectural
derangement (original magnification 380�).

Fig. 6. Light micrograph showing vonWillebrand Factor (vWF) islet endothelia positivity in a 5-week-old
NOD animal. The figure represents three independent experiments. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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dramatically low (P< 0.01 vs. week 5). CAT and
GPX levels also start to fall fromweek 15 to 25 in
NOD animals (P< 0.01 vs. week 5), suggesting
that the whole antioxidant capacity is consider-
ably lowered by diabetes development.
IL-4 as well as IL-10 treated animals do not

show changes in antioxidant enzyme levels,
but IL-1b increases SOD, GPX, and CAT levels
early on, at week 5, after which all antioxidant
enzyme values are dramatically lowered.
SOD, CAT, and GPX levels remain unchang-

ed throughout the experiment in NOR and C57
animals.

Characterization of IEC

Immunocytochemistry confirmed the high
purity of the endothelial cultures in which cells

obtained from NOD animals and controls
expressed vWF molecules. The FITC fluores-
cence profiles (not shown) demonstrated that
more than 90% of cultured cells expressed
positivity to vWF. No age variation was found
during the experiments.

EC Proliferation Capacity

Proliferation rate in cultured ECs was quan-
tified by BrdU specific ELISA method. Signifi-
cant cell proliferation was observed around
adherent islets as well as from purified endo-
thelia. MTT assay reveals that islet endothelia
proliferation capacity of NOD animals was
comparable to that obtained from endothelia of
controls.

RT-PCR Analysis for iNOS and eNOS

In this study, a specific PCR product was
detected in all samples analyzed, belonging
to cultures of ECs for eNOS. On the contrary,
only IL-1b significantly enhances iNOS (OD¼
5.7� 0.8 in 15-week-old NOD IL-1b-treated
animals with respect to OD¼ 1.7� 0.5 in 15-
week-old NOD control). In Figure 7, mRNA
transcripts of eNOS are observable; they are
significantly increased in ECs belonging to
NOD of 15 (OD¼ 5.8� 1.2) (P< 0.01 with re-
spect to 5-week-old NOD animals) and 20 week
(OD¼ 7.5� 1.0) (P< 0.001 with respect to 5-
week-old animals), and in IL-10 treated NOD
animals (OD¼ 5.6� 0.6) (P< 0.01 with respect
to all groups). In particular, ECs of 20-week-
old NOD show the highest expression (OD¼
8.1� 1.4). ECs of 15-week-old NOD show an
expression of the same extent of those treated
with IL-10, demonstrating that this cytokine
exerts a specific stimulation on the messenger.
In Figure 8, mRNA transcripts of iNOS are
clearly observable only in the line belonging to
islets of animals treated with IL-1b.

TABLE III. SOD, CAT, and GPX levels in
NOD, NOR, and C57BL6/J Animals

SOD CAT GPX

NOD (untreated)
Week

5 12.1� 0.5 15� 0.8 22�1.0
15 7.2� 0.4* 9�0.5*** 15�1.0*****
20 6.0� 0.5* 9�0.5*** 14�1.0*****
25 2.1� 0.1** 7� 0.4**** 12�0.6******

NOD (þ IL-4)
Week

5 12.2� 0.6 1.6� 0.6 22� 1.0
15 12.0� 0.6 16� 0.4 21� 1.0
20 11.5� 0.5 15� 0.8 22� 1.0
25 12.1� 0.7 15� 0.6 21� 2.0

NOD (þ IL-10)
Week

5 12.2� 1.4 15� 0.8 21� 1.0
15 12.5� 0.9 15� 1.2 21� 1.0
20 12.0� 0.6 16� 0.4 22� 2.0
25 11.5� 1.5 15� 0.8 22� 1.5

NOD (þ IL-1b)
Week

5 25.0� 1.0 19� 1.0 28� 2.0
15 6.0� 1.0* 8� 1.2**** 14� 2.0*****
20 1.5� 0.3** 6� 1.2**** 9�2.0******
25 1.3� 0.5** 6� 1.4**** 8�1.0******

NOR
Week

5 100� 10 17� 1.1 22� 2.0
15 104� 16 16� 1.0 22� 2.0
20 100� 10 14� 1.0 22� 2.0
25 98� 6 16� 2.0 26� 2.0

C57
Week

5 115� 11 16� 2.0 26� 3.0
15 117� 15 16� 3.0 22� 2.0
20 15� 10 15� 2.0 24� 2.0
25 113� 10 15� 2.0 25� 3.0

*P<0.01 vs. NOD (untreated) week 5, NOD (þ IL4), NOD
(þ IL-10).
**P<0.001 vs. all groups.
***P<0.01 vs. NOD (untreated) week 5, NOD (þ IL-4), NOD
(þ IL-10).
****P< 0.001 vs. all groups.
*****P< 0.05 vs. NOD (untreated) week 5, NOD (þ IL-4), NOD
(þ IL-10).
******P< 0.001 vs. all groups.
Values are expressed as U/mg protein�SD.

Fig. 7. Expression of eNOS mRNA in islet endothelial cells
(ECs). Lane 1: C57BL6/J; lane 2: NOR; lane 3: NOD 5-week old;
lane 4: NOD 15-week old; lane 5: NOD 20-week old; lane 6:
NOD 25-week old; lane 7: NOD 5-week oldþ IL-1b; lane 8:
NOD 15-week oldþ IL-1b; lane 9: NOD 20-week oldþ IL-4;
lane 10: NOD 20 week-oldþ IL-10. The figure represents three
independent experiments.
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Plasma Nitrites and Nitrates

Levels of plasma NO2þNO3, a marker for
local NO production, indicate that the release of
this potent modulator of vascular response is
increased in untreated NOD animals by week
15 (Table IV). At week 20, values start to
decrease, though it is still higher with respect
to that found at week 5 and in controls or in
animals treated with IL-4. The highest increase
of plasma nitrites and nitrates are seen at week
15, concomitantly to the increase (i.e., vasodila-
tion) of the peri-IVA (see above). Also in IL-10
treated animals, an increase of NO stable
metabolites is found, further demonstrating a
direct effect of this cytokine upon endothelial
function.

IL-1b-treated animals also show increase
levels of nitrite and nitrate. C57Bl6/J and NOR
animals do not show changes ofNOmetabolites.

Adhesion Molecule Observations

Interestingly, adhesion molecules were up-
regulated by IL-1b. In particular, while IL-4
downregulates (Table V) and IL-10 does not
exert significant effects upon sICAM-1, IL-1b
strongly enhances (P< 0.001, Table V) circulat-
ing adhesion molecule levels. Moreover, while
IL-10 enhances ICAM-1 expression on islet
endothelia (Fig. 9) and on scattered cells, IL-
1b significantly increases adhesion molecule
expression on islet cells (Fig. 10), but not on
islet endothelia. Therefore, a different target
between the two cytokines is observed: in fact,
IL-10 exerts a specific ICAM-1 upregulation

upon islet endothelia, while IL-1b exerts its
activity upon circulating (Table V) and islet
ICAM-1 molecules.

DISCUSSION

In this study, we show that intra- and peri-
islet vessels are differently affected during the
natural history of type 1 diabetes development
in the NOD mouse and that significant altera-
tions of the percentage of the IVA occupied
by vessels occur, as previously reported for
MLDS-treated mice [Papaccio et al., 1994]. We
also show that Th1 and Th2 cytokines exert
strong regulatory effects on islet vessels.

Actually, insulitis progression and, in parti-
cular, recruitment of infiltrating cells from
extrapancreatic areas, leading to peri-islet
inflammation and, then, to intra-islet infiltra-
tion, are responsible for significant, but differ-
ent vascular alterations.

Fig. 8. Expression of iNOS mRNA in islet endothelial cells
(ECs). Lane 1: C57BL6/J; lane 2: NOR; lane 3: NOD 5-week old;
lane 4: NOD 15-week old; lane 5: NOD 20-week old; lane 6:
NOD 25-week old; lane 7: NOD 25-week old; lane 8: NOD
15-week oldþ IL-1b; lane 9: NOD 15-week oldþ IL-4; lane 10:
NOD 15-week oldþ IL-10. The figure represents three inde-
pendent experiments.

TABLE IV. Plasma NO2þNO3 Levels in
NOD, NOR, and C57BL6/J Animals

NOD (untreated)
Week

5 18.6� 2.5
15 28.2� 6.4*
20 23.8� 5.5**
25 18.6� 2.1

NOD (þ IL-4)
Week

5 17.2� 1.6
15 18.0� 2.6
20 17.5� 1.5
25 18.1� 1.7

NOD (þ IL-10)
Week

5 22.6� 3.8**
15 28.5� 5.9*
20 29.0� 3.6*
25 26.5� 2.5*

NOD (þ IL-1b)
Week

5 18.2� 3.0
15 27.5� 4.0*
20 23.0� 3.3**
25 18.3� 3.5

NOR
Week

5 18.6� 2.1
15 18.0� 3.0
20 18.0� 2.6
25 18.4� 3.0

C57
Week

5 17.8� 2.2
15 17.6� 3.0
20 18.4� 3.6
25 18.6� 4.0

*P<0.001.
**P<0.05.
Values are expressed as mmol/L and are means�SD.
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Interestingly, we have found that in the NOD
mouse, total IVA starts to decrease by week 15,
mainly due to a significant decrease of intra-
islet vascular bed: in fact peri-islet vessels
unexpectedly increase their area, which falls
only later. By week 25, this decrease is con-
comitant to a dramatic fall of endocrine cell
numbers, due to the disappearance of islet b
cells. Earlier studies suggested that margin-
atingmonocytes present within the vasculature
of the pancreas, but not within other organs,
are stimulated to release vasoactive agents, in-
cluding E-series prostaglandins, which release
vascular leakage by inducing transient gaps
between ECs [Carlsson et al., 1998; Papaccio
et al., 1998].

These vascular alterations happen concomi-
tantly to the recruitment of infiltrating cells: in
fact, as infiltrating cells are recruited, a dilation
of peri-islet vascular bed takes place, leading to
an increase of their vascular area. This recruit-
ment is over by week 20–25, when a dramatic
fall of islet endocrine cell numbers and marked
islet derangement occur.

Moreover, a significant fall of natural oxygen
free radical scavengers, namely CAT, GPX, and
SOD, whose levels are considerably low in NOD
animals [Papaccio et al., 1995], further supports
our findings: free radicals not only facilitate
islet b cell death, but have been also found to be
potent regulators of the microcirculation and
may, therefore, mediate the vascular effects of
diabetes development [Gryglewski et al., 1988;
Rubanyi, 1988].

TABLE V. Levels of Circulating Adhesion
Molecules (cICAM-1) in NOD, NOR, and

C57BI6/J

NOD (untreated)
Week

5 35� 4
15 36� 8
20 40� 12
25 42� 9

NOD (þ IL-4)
Week

5 39� 7
15 27� 5
20 18� 6*
25 16� 2**

NOD (þ IL-10)
Week

5 35� 6
15 30� 8
20 34� 6
25 31� 4

NOD (þ IL-1b)
Week

5 39� 7
15 270� 22**
20 288� 3.3**
25 308� 3.5**

NOR
Week

5 38� 8
15 38� 6
20 39� 8
25 40� 10

C57
Week

5 37� 8
15 39� 8
20 40� 6
25 42� 9

*P<0.01 vs. week 5, NOD untreated, NODþ IL-10, NOR, and
C57 and P<0.001 vs. NODþ IL-1b.
**P<0.001 vs. week 5, NOD untreated, NODþ IL-4, NODþ
IL-10, NOR, and C57.
Values are expressed as ng/mL and are means �SD.

Fig. 9. Light micrograph of an islet belonging to animals
treated in vivo with IL-10, showing ICAM-1 expression on
endothelia (arrow). (Original magnification 450�.) [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Fig. 10. Light micrograph of an infiltrated islet cell belonging
to animals treated in vivo with IL-1b, showing ICAM-1
expression (arrow). (Original magnification 400�.) [Color
figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Free radical scavengers increase SOD activ-
ity in MLDS-treated mice and alter the effects
exerted by the diabetogenic drug on the islets,
including themicrovasculature [Papaccio et al.,
1986]. On the other hand, an increased produc-
tion of endothelialNOmaybehighly stimulated
by hyperglycemia itself. NO is also involved in
the anti-isletb cell attack anddestruction (anda
wide literature on the topic is available) but,
when released by ECs, it is mainly involved in
changes of vascular tone as it is a well-known
vasodilator agent.

Our results demonstrate that iNOS mRNA
transcripts are observed only in IL-1b treated
ECs. Transcripts of eNOS, highly specific for
endothelia, are significantly higher in 15-week-
old animals (which are in the prediabetic state),
with respect to both younger and older NOD
mice. In fact, in younger (nondiabetic) and older
(overtly diabetic) animals, values are compar-
able to those found in controls. A significant
increase in eNOS mRNA levels is also observed
in IL-10 treated ECs. This clearly confirms a
direct action exerted by this cytokine upon islet
ECs.

Nitrites and nitrates have been found to be a
good index of the NO production state (i.e., as a
marker for local NO production). In this study,
a significant increase of NO production, due to
increased levels of their stable metabolites, has
been found in untreated NOD animals. This
increase, due to a release of NO by islet ECs, is
highly observed at week 15, when an increase of
the peri-islet vascular bed (i.e., vessel dilation)
occurs. Therefore, an activation of EC function,
albeit locally, seems to happen, thus giving NO
a paramount ‘‘vascular’’ role. The latter is also
confirmed by the fact that IL-10 highly stimu-
lates EC function by dilating peri-islet vessels:
this activity is mirrored by the increase of
plasma NO metabolites, which are an index of
endothelial NO activation and by the increased
levels of eNOSmRNA transcripts. On the other
hand, IL-1b considerably accelerates diabetes
development also increasing nitrite and nitrate
levels in islet plasma, which become by the in-
crease of iNOS mRNA transcripts.

Among cytokines, IL-4 and -10 have been
demonstrated to exert an antidiabetogenic role,
when administered both in vivo and in vitro
[Rapoport et al., 1993]. IL-10, in particular, has
been found to be also capable of activating ECs
(i.e., enhancing eNOS transcripts) and induce
leukocyte recruitment and extravasation in the

pancreas [Wogensen et al., 1994]. These previ-
ous findings, therefore, strongly support our
results, which demonstrate a sharper activity of
this cytokine upon endothelia and vessels.

It has been found that IL-4 inhibits activated
monocyte adhesion on ECs [Elliott et al., 1991]
as well as the expression of adhesive molecules
[Mantovani et al., 1992]. In this study, in vivo
administration of IL-4 exerts a protective action
against the microvascular, parenchymal, and
biochemical alterations observed during the
development of type 1 diabetes in NOD mice
and downregulates circulating adhesive mole-
cules. IL-10 is protective against type 1 diabetes
development, although it exerts some activity
upon endothelia and vessels, and, in addition,
upregulates adhesion molecules, though limi-
tedly to islet endothelia. IL-1b, a proinflam-
matory cytokine, accelerates type 1 diabetes
development, includingmorphological and phy-
siological changes. In fact, this cytokine wor-
sens all values, with the exception of glycemia
and antioxidant enzyme levels at the beginning
of the treatment; actually, at this time, SOD
values were unexpectedly stable, though they
fell dramatically later on. This is an aspect
which has been previously described in vitro
[Borg et al., 1992], but, as here, it was only
limited to the beginning of the cytokine chal-
lenge and seems to be due to a stimulation of
islet b cells to secrete antioxidant enzymes. In
addition, IL-1b strongly upregulates both solu-
ble and cellular adhesion molecules.

The finding that both cytokines (IL-1b and
-10) stimulate adhesion molecule expression
is suggestive. In particular, while the IL-1b
ICAM-1 upregulation could be explained by its
inflammatory activity, that of IL-10 is rather
complex to be interpreted. We think that its
putative ‘‘vascular’’ role, as reported above,
must be taken into consideration, as well as
the finding that the upregulation is limited to
islet ECs and scattered cells, and above all that
it does not involve soluble adhesive molecules.

The different behavior of intra- and extra-
islet vessel compartments during diabetes
development and their contribution to islet
cytoarchitectural derangement, demonstrated
in this study, reveal that islet vessels are also
involved in thenatural history of type 1diabetes
and give a new insight for a possible vascular
approach to early type 1 diabetes management.
Targeting both vessels and, in particular, ECs
during therapy could enable the combination
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of different approaches in order to induce a
shift from autoimmunity to self-tolerance. It is
evident that upon exposure to cytokines, EC
undergo profound alterations and actively par-
ticipate in inflammatory reactions and immu-
nity [Carlsson et al., 1997], although it must
be stressed that vascular endothelia are quite
heterogeneous both morphologically and func-
tionally [Papaccio et al., 1998].All theseaspects,
therefore, must be taken into consideration in
future research on this topic.
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