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Abstract

Background: Inflammation is likely to be one of the
factors responsible for early islet xenograft rejection.
In this study, we have used a novel anti-inflammatory
compound, inosine, to investigate the role of anti-in-
flammatory blockade in protecting rat pancreatic islets
from xenograft rejection in diabetic balb/c mice. Ino-
sine is a safe, naturally occuring purine, which appears
to be nontoxic to humans, that has recently been
shown to be an immunmodulator and anti-inflamma-
tory agent.

Methods: For the transplantation model rat islets were
placed under the renal capsule of streptozotocin dia-
betic balb/c mice and inosine- (200 mg kg-! d-!) or ve-
hicle- treatment started the day of islet tranplantation.
Results: In vehicle-treated mice rat islet xenografts
were rejected within 2 - 11 days after transplantation.
In contrast, in inosine-treated mice graft survival was
markedly prolonged for up to 3 weeks. Furthermore,
immunohistochemistry and morphometric analyses re-
vealed that early islet graft infiltration by leukocytes
(CD45%) is significantly reduced in the grafts from in-
osine-treated diabetic mice compared to vehicle-treat-
ed mice. As suggested from the graft survival data, in-
osine-treated mice had also a significantly better pre-
served (3-cell mass.

Conclusions: These results cleatly demonstrate that in-
osine treatment markdly reduced the early inflamma-
tory reaction elicted by an islet xenograft and substan-
tially prolongs the graft survival. Therefore, such an
approach may form an important future component
of therapeutic regimens applied in clinical islet xeno-
transplantation.
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INTRODUCTION

As has recently been shown [1], long-term normo-
glycemia of type 1 diabetic patients can be achieved by
allogenic human islet transplantation. However, the se-
vere shortage of human islets is one major drawback
of this promising therapeutic approach. Therefore, al-
ternative sources of insulin-producing cells have to be
found. One option is to use islets prepared from ani-
mal tissue. But one of the main obstacles to be re-
solved before islet xenotransplantation becomes a vi-
able therapy is the antibody-independent inflammato-

ry reaction that xenogenic islets elict when transplant-
ed into the recipient [2]. Recently it has been shown,
that inosine, a naturally occuring purine, exerts power-
ful anti-inflammatory effects in murine endotoxic
shock [3], colitis [4], septic shock [5], and severe lung
inflammation [6]. Furthermore, it has been shown that
inosine protects against the development of diabetes
in multiple-low-dose streptozotocin and nonobese dia-
betic mouse models of type 1 diabetes [7]. In view of
the finding that inosine is a potent anti-inflammatory
agent, the present study was designed to test the po-
tential effects of inosine in islet xenotransplantation.

MATERIALS AND METHODS
ISOLATION OF RAT ISLETS

Isolation of rat islets was performed according to the
protocol described previously [8]. Briefly, Sprague
Dawley rats (Central Animal Facility, BGFA, Universi-
ty of Bochum) 8 weeks old and of body weight 280 -
330 g, were used as islet donors. Rats were anaes-
thetised by intraperitoneal pentobarbital administra-
tion (60 mg/kg). Then a midline abdominal incision
was performed, the pancreas was exposed and injected
via the pancreatic duct with Hank’s balanced salt solu-
tion (HBSS; Gibco BRL, Long Island, NY) containing
1.7 mg/ml collagenase (Serva PanPlus, Heidelberg,
Germany). After sacrificing the animal, the pancreatic
tissue was surgically removed and incubated for 10
min at 37°C in the collagenase solution. Mechanical
disruption of the digested pancreatic tissue was
achieved by further incubation in collagenase solution
at 37 °C for 10 min, interrupted every 2 min by shak-
ing for 30 s. Digestion was stopped by addition of
4°C-cold Hank’s balanced salt solution plus 10% fetal
calf serum (FCS; Greiner Laboratories, Frickenhausen,
Germany). Islet purification was achieved using a dis-
continuous three-phase Ficoll density gradient (densi-
ties: 1.090, 1.077 and 1.040).

CULTURE CONDITIONS

Islets were cultured in complete medium (RPMI 1640
medium, Biochrom KG, Berlin, Germany) supple-
mented with 100mg/dl glucose, 10mM HEPES
(Greiner Laboratoties, Frickenhausen, Germany), 0.2
g/1 Glutamax (GibcoBRL, Paisley, Scotland), 10 % fe-
tal calf serum (FCS; Greiner Laboratories, Fricken-
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hausen, Germany) and antibiotics (100 units/ml peni-
cillin, 100 pg/ml streptomycin; GibcoBRL, Paisley,
Scotland and 10ug/ml Ciprobay; Aventis, Frankfurt,
Germany). After 18-h culture at 37 °C in a 5% carbon
dioxide-95% air in a humified atmosphere the islets
were used for transplantation.

ANIMALS

Male balb/c mice (Central Animal Facility, BGFA,
University of Bochum) 6 — 8 weeks old, were used as
recipients. Two weeks before transplantation mice
were rendered diabetic via intraperitoneal injections of
streptozotocin (250 mg/kg body weight; Sigma, St.
Louis, MO) freshly dissolved in citrate buffer. Only
animals exhibiting blood sugar concentrations greater
than 350mg/dl in four consecutive measurements
were used as recipients.

TRANSPLANTATION OF ISLETS

Transplants were made in a class 100 biological safety
cabinet under sterile conditions. Before treatment the
balb/c mice were anaesthetized by intraperitoneal ad-
ministration of ketamine (65mg/kg; Pfizer, Katlsruhe,
Germany) and xylazine hydrochloride (13mg/kg; Bay-
er, Leverkusen, Germany). A total of 450 rat islets
were transplanted under the left renal capsule in each
diabetic balb/c mice, according a previous described
procedure (2). The islet recipients mice were given ei-
ther vehicle (water; n = 7) or inosine (200 mg kg! d-1;
Sigma, St. Louis, MO; n = 8) by oral gavage beginning
the day of islet transplantation. After transplantation
blood glucose levels of islet recipients were monitored
daily. Blood samples were taken from the tail vein un-
der non-fasting conditions (8 a.m.; standard laboratory
chow ad libitum overnight) and determined by using a
glucometer (Accutrend sensor, Roche Diagnostics,
Germany). The mice were considered to be normo-
glycemic when the blood glucose levels were lower

than 200mg/dl.

IMMUNOHISTOCHEMISTRY AND MORPHOMETRIC
ANALYSIS

In a complete seperate set of experiments grafts were
examined for insulin content and CD45% graft-infil-
trating leucocytes. For this purpose eight days after
transplantation grafts (vehicle vs. inosine; n = 6 per
group) were retrieved. Immunohistochemistry of islet
grafts was performed as follows: animals were killed
by CO2 inhalation, and islet grafts were retrieved from
individual animals. After fixing in 10% phosphate-
buffered formalin overnight, islet grafts were embed-
ded in paraffin. Consecutive sections (4 um thick) of
paraffin-embedded islet grafts were cut, and consecu-
tive sections were immunostained with rat monoclonal
antibody IgG2b (R&D Systems, Wiesbaden, Ger-
many) to mouse total leucocytes (CD45%) and a poly-
clonal guinea pig anti-insulin antibody (Dako Corpora-
tion, Hamburg, Germany ) diluted 1:20 in phosphate-
buffered saline, respectively. After immunostaining,
the sections were examined at x200 magnification in a
microscope that was linked to a computerized charge
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coupled device camera. Microscopic views covering
engrafted islets under the kidney capsule that were im-
munostained by anti-insulin or anti-CD45 antibodies
were captured as digitized micrographic pictures using
Adobe Photoshop software (Adobe Systems, San Jose,
CA). Using the color range section option of Adobe
Photoshop [9], insulin- or CD45-positively immunos-
tained color was selected for quantification of the rela-
tive intensity per islet graft by densitometry. Using this
technique, the relative intensity of insulin or CD45 im-
munostaining from three sections, on average, per islet
graft was evaluated for the determination of the mean
values, which were subsequently compared between
the two groups (vehicle vs. inosine) of diabetic recipi-
ent mice.

Statistics. Values are given as mean + SE. Statistical
significance of differences was calculated with an un-
paired Student's t-test (two-sided).

RESULTS
GRAFT SURVIVAL

To examine the effect of inosine treatment on islet
graft survival and glycemic control, streptozotocin-in-
duced diabetic balb/c mice were transplanted under
the renal capsule with 450 freshly isolated rat islets.
Blood glucose levels in individual animals were mea-
sured daily posttransplantation (Fig. 1A-B). Diabetic
mice transplanted with rat islets and treated with ino-
sine were restored to normal blood glucose levels with-
in 24 hours posttransplantation. The same results were
obtained for vehicle-treated control animals. However,
vehicle-treated mice remained normoglycemic for only
a few days; first graft rejection was detected 2 days
posttransplantation and five out of eight animals reject-
ed the rat islet grafts within the first eight days post-
transplantation (Fig. 1B). The longest documented
graft survival was 11 days in the vehicle-treated group.
In contrast in inosine-treated mice, first graft rejection
was observed after 12 days posttransplantation in one
animal, but most animals rejected their grafts not earli-
er than 18 days posttransplantation. The longest docu-
mented graft survival in the inosine-treated group was
21 days. Together, these data indicate that inosine treat-
ment conferred a beneficial effect on graft survival
compared to vehicle-treated mice (17.6 * 3.0 vs. 7.1 £
2.9;p < 0.01) (Table. 1).

Immunohistochemical studies. To study the effects
of inosine treatment on eatly inflammatory reaction,
in a complete separate set of experiments, diabetic re-
cipient mice were killed 8 days posttransplantation,
and islet grafts were retrieved for studying the extent
of leucocyte infiltration and B3-cell survival. The degree
of leucocyte infiltration of the grafts was determined
by immunohistochemistry for the leucocyte marker
CD45, followed by morphometric analysis. As shown
in Fig. 2A, a significant difference in the relative inten-
sity of immunostaining by anti-CD45 antibody was de-
tected between the inosine—treated and the vehicle-ter-
ated mice. Mice that were treated with inosine exhibit-
ed more than twofold lower CD45-immunostaining
intensity than vehicle-treated mice (Fig. 2A). These re-
sults indicate that inosine treatment exerts potent anti-
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Table 1. Graft function of islets transplanted under the left kidney capsule treated with vehicle or inosine.

mean * SE. * <0.01 vs. vehicle.

Treatment Individual graft survival (d) Mean graft survival (d)
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Fig. 1. Effects of inosine treatment on the survival of rat islet
xenografts compared to vehicle-treated mice. (A) In the mice
that received inosine-treatment (n=8), blood glucose level de-
creased immediately after transplantation, earliest graft rejec-
tion was detected 12 days posttransplantation and longest
graft survival was 21 days. (B) In mice that received vehicle-
treatment (n=7), blood glucose levels decreased immediately
after transplantation but later increased to more than 350
mg/dL, 2 to 11 days after islet transplantation.

inflammatory proprties in this xenotransplantation
setting. To correlate the degree of eatly inflammatory
reaction with the islet mass, the islet grafts retrieved
from killed animals were also immunostained for in-
sulin (Fig. 2B). As suggested from the data of anti-
CD45 immunohistochemistry, the grafts of inosine-

Fig. 2. Anti-CD45 immunostaining intensity (A) and graft in-
sulin content (B) of rat islet grafts transplanted under the left
kidney capsule in streptozotocin diabetic balb/c mice treated
with inosine or vehicle. The relative intensity of immunos-
taining with anti-insulin or anti-CD45 antibodies, respective-
ly, was compared between both groups, as determined by
morphometric analysis. P < 0.01.

treated animals displayed significantly higher levels of
insulin content than control mice (Fig. 2B). This quan-
titative difference in insulin content of the islet grafts
between both groups of diabetic recipient mice corre-
lated well with the graft survival (Fig. 1A-B)

DicussioN

Recent success in pancreatic islet allotransplantation
has raised expectations but has equally highlighted the
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acute shortage of donor tissue. The use of xenogeneic
tissue would help to address this shortage; however,
strong cellular immunity limits the application of this
approach. Especially the obstacle of initial severe anti-
body-independent inflammatory reaction has to be
solved before islet xenotransplantation seems to be a
viable option. Therefore, the search for drugs with po-
tent anti-inflammatory effects but minimal side effects
is an important endeavor. Inosine, a naturally occuring
purine, which appears to be nontoxic to humans, has
recently been shown to be more than just an "inactive"
metabolite of adenosine. Previous reports revealed
that inosine had marked anti-inflammatory effects,
both in-vitro and in-vivo, in acute inflaimmatory con-
ditions. Furthermore, it has been shown to prevent
glial cell death [10], and protecting against allergic en-
cephalomyelitis [11]. Recently, Mabley et al. [7] found
that inosine proteted both the development of dia-
betes and against the rejection of syngenic transplant-
ed islets. Mabley et al. found that inosine exerts it's ef-
fects by decreasing pancreatic leucocyte infiltration
and oxidative stress in addition to switching the cy-
tokine profile from a TH1 to a TH2 profile.

In the present study, we could demonstrate that in-
osine treatment significantly prolonged islet graft sur-
vival in rat to mouse model. Graft survival in inosine-
treated mice was twofold longer compared to vehicle
treated mice (17.6 £ 3.0 vs. 7.1 £ 2.9; p < 0.01). A fur-
ther significant result from this study is that inosine
treatment leads to a markedly reduced number of
CDA45 graft-infiltrating leucocytes and a better pre-
served B-cell mass when compared to vehicle-treated
mice. These data are promising since they provide for
the first time evidence that islets can be protected
against xenogenic rejection for a limited period of time
using the non-toxic adenosine metabolite inosine by
reducing the amount of graft infiltrating leucocytes.
Therefore, these data extend the results of previous re-
ports [3, 4], that inosine has potent anti-inflammatory
properties under different experimental settings. It is
unclear whether similar results can be achieved in large
animal models in which vigorous innate immune re-
sponses are likely to comprise a more stringent barrier
to xenograft survival. However, our results indicate
that inosine can be efficacious in delaying the rejection
of xenografts and that such approaches may form an
important future component of therapeutic regimens
applied in clinical islet xenotransplantation.
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