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capsule. After transplantation, nonfasting blood glu-
cose level was monitored using samples from tail blood
by Glutest PRO (Sanwa kagaku, Nagoya, Japan). Normo-
glycemia after transplantation was defined as two consec-
utive blood glucose levels below 200 mg/dl. Islet rejection
after transplantation was defined when two consecutive
blood glucose levels exceeded 200 mg/dl. At 1 week post-
transplantation, the engrafted kidneys were excised to
assess the survival of islet grafts by immunohistochemis-
try. Moreover, the beneficial effects of monotherapy with
intraperitoneal sivelestat in recipient mice were assessed.
Sivelestat was administered at 100 mg/kg/day for 1 day
before transplantation and every day until 14 days after
transplantation, as described previously (32). The recipi-
ent Balb ¢/A mice treated with sivelestat were divided
at random into two experimental groups (n=>5/group) to
receive allogeneic islets isolated from CS57BL/6J mice
using ET-Kyoto or S-Kyoto solution.

Intraperitoneal Glucose Tolerance Test (IPGTT)

The IPGTT was performed at 1 week posttransplan-
tation, using the method described previously (2,9,58).
Mice (n=3/group) were fasted overnight and then injected
intraperitoneally (IP) with 2 g glucose in saline/kg body
weight. Untreated diabetic mice and nondiabetic wild-
type mice were transplanted with saline as a control.
Blood glucose levels were measured before injection and
at 15, 60, and 120 min after injection.

Immunohistochemical Analysis

Immunohistochemical analysis was performed using
the method described previously (36). The engrafted
kidneys were excised, fixed in formalin, and embedded
in paraffin. Tissue sections (2-um thick) were placed in
0.3% H,0,/methanol to quench endogenous peroxidase
activity and incubated with 5% bovine serum albumin
(BSA)-PBS to block nonspecific reaction. The slides
were incubated with rabbit anti-insulin polyclonal anti-
body (pAb, Santa Cruz Biotechnology, CA) to detect
the transplanted islets. The sections were incubated with
horseradish peroxidase (HRP)-conjugated secondary anti-
body (Bethyl Laboratories, Inc., Montgomery, TX) and
then immunostaining was visualized with 0.02% DAB
(Sigma-Aldrich) as the chromogen. After washing, the
sections were counterstained with hematoxylin. Control
tissue sections were prepared in a similar fashion, except
no primary antibody was used.

Measurement of Proinflammatory Cytokines

The supernatant was collected after each step of islet
isolation, including before warm digestion, at the end of
warm digestion and after purification. Moreover, serum
samples were collected from islet recipients at day 1
before transplantation and days 4, 7, 14, 21, 28 after
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transplantation. These samples were frozen immediately
at —80°C until analysis. Proinflammatory cytokine (IL-2,
IL-4, IL-6, IL-10, IL-17A, TFN~y, TNF-o) levels in these
samples were measured using the BD™ Cytometric Bead
Array Mouse Th1/Th2/Th17 CBA kit (BD Biosciences,
San Jose, CA) and analyzed on a FACS Calibur Flow
cytometer (BD Immunocytometry).

Statistical Analysis

Values were expressed as mean+SD. Differences
between groups were examined for statistical signifi-
cance using the two-tailed unpaired Student’s ¢ test or
one-way analysis of the variance (ANOVA) followed by
Bonferroni’s post hoc test when multiple comparisons
were made. A value of p<0.05 denoted the presence of
significant difference.

RESULTS

Direct Cytotoxicity of Neutrophil Elastase and
Optimum Effective Concentration of Sivelestat

To assess the direct cytotoxicity of NE against isolated
islets, LDH assay was performed at various concentra-
tions of this enzyme. NE caused 43-48% killing at both 5
and 10 pg/ml. To prevent this killing, sivelestat was added
to the culture medium at 2, 20, or 200 uM. The cytotoxic-
ity induced by 10 pg/ml of NE could not be inhibited by
sivelestat (Fig. 1A). However, the cytotoxicity induced
by less than 5 pg/ml of NE was significantly abrogated
by either 20 or 200 uM of sivelestat, but not by 2 pM of
sivelestat (Fig. 1A).

To elect the optimum concentration of sivelestat for
islet isolation, islet isolation was performed by the addi-
tion of various concentrations of sivelestat to the isolation
solution (Fig. 1B). Islet yields using a high concentra-
tion of sivelestat (200 uM or 2 mM) were significantly
lower than that with 20 uM of sivelestat. In contrast, no
significant improvement in islet yield was observed by
2 M of sivelestat isolation compared with that of the
control group (ET-Kyoto isolation). These findings corre-
lated with those from LDH assay, and thus, the following
experiments were performed using 20 uM of sivelestat.

Activation of Neutrophils in Pancreas During
Collagenase Digestion

Naphthol AS-D chloroacetate esterase staining was
performed to demonstrate whether resident neutrophils in
the pancreas tissue are activated by collagenase digestion.
Many neutrophils were activated (red-brown staining) by
collagenase digestion in islet isolation using both UW and
ET-Kyoto solutions (Fig. 2A), but their number (cells/
field) was significantly reduced by the addition of 20 M
of sivelestat in ET-Kyoto solution (UW: 10.2+1.1, S-UW:
6.8+0.4, ET-Kyoto: 9.2x1.3, S-Kyoto: 3.6+0.5) (UW,
ET-Kyoto vs. S-Kyoto: p<0.001, S-UW vs. S-Kyoto:
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Figure 1. In vitro cytotoxicity assay of neutrophil elastase against islets and optimum concentration of sivelestat in ET-Kyoto solution.
(A) The cytotoxicity of neutrophil elastase against islets and the inhibitory effects of sivelestat were assessed by lactate dehydrogenase
(LDH) assay. Data are mean =+ SD of three independent experiments; *p <0.05, ##p<0.01. (B) Islet yields under various concentrations
of sivelestat. Data are mean=SD of three independent experiments; *p <0.05.
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Figure 2. Accumulation of activated neutrophils in the pancreas and neutrophil elastase activity during islet isolation. (A) Representa-
tive histology of the pancreas before and at the end of warm digestion. Activated neutrophils are stained red-brown (black arrow) by
naphthol AS-D chloroacetate esterase. Scale bars: 100 um. (B) Number of activated neutrophils per field (original magnification:
100x) was counted under microscopy. Data are mean=+SD of five sections; **p<0.01, ***p<0.001. (C) Neutrophil elastase activity
in the supernatant during islet isolation measured at various time points of islet isolation (before warm digestion, at the end of warm
digestion, after purification). Data are mean=+SD of five independent samples; ***p<0.001. UW, University of Wisconsin solution.
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p<0.01) (Fig. 2B). These results suggest a marked
increase in enzyme activity by collagenase digestion in
all types of isolation solutions (Fig. 2C). However, the
enzyme activity was significantly suppressed in S-Kyoto
islet isolation than those in other isolations (UW, S-UW,
and ET-Kyoto isolation).

Sivelestat Suppresses Apoptosis in Islets After Warm
Digestion During Islet Isolation

Many TUNEL-positive cells were identified in the
islets at the end of warm digestion (Fig. 3A), whereas
no such cells were detected before digestion (data not
shown). Quantitative analysis indicated a significantly
lower number of TUNEL-positive cells within the islets
of the S-Kyoto group (6.6x1.5) compared with those of
UW, S-UW, and ET-Kyoto groups (23.1+3.9, 20.8+5.0,
and 15.3+£2.6, respectively) (p<0.001, each) (Fig. 3B).

Improvement of Islet Yield Elicited by Islet Isolation
With S-Kyoto Solution

To investigate the beneficial effects of sivelestat in
islet isolation, islet isolations were performed using
either UW or ET-Kyoto solution, with or without 20 uM
of sivelestat. Islet yield, isolation index, and islet purity
after purification were significantly improved by S-Kyoto
islet isolation (Table 1). The recovery rate of purifica-
tion was also significantly improved by S-Kyoto islet

A
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isolation, compared to those by other isolation solutions
(UW: 55.8+104%, S-UW: 56.6+£12.7%, ET-Kyoto:
56.6+4.6%, S-Kyoto: 76.0+5.2%). Based on the results
of UW isolation groups (UW, S-UW), no beneficial
effects of sivelestat were elicited under these islet isola-
tion parameters. With regard to islet size distribution, the
percentage of large islets (>150 nm in diameter) in the
S-Kyoto group was markedly higher than that in other
isolation groups (Fig. 4A).

To further examine the morphological changes in iso-
lated islets, SEM was employed. As shown in Figure 4B,
islets obtained from the UW groups (UW, S-UW) were
poor, based on the irregular islet surface and detection
of islet damage during the isolation procedure. Similarly,
islets obtained from ET-Kyoto isolation had irregular
shape. On the other hand, islets isolated by S-Kyoto
solution were well preserved, with round and smooth
surface.

Improvement of Islet Viability Elicited by Islet Isolation
With S-Kyoto Solution

Next, we evaluated islet viability using fluorescence
labeling with TMRE and 7-AAD (Fig. 5). In the UW
groups (UW, S-UW), no significant difference was noted
in islet viability assay using TMRE and 7-AAD between
with or without sivelestat [UW (n=5) vs. S-UW (n=5)
(60.0+5.6% vs. 63.3+4.4%, not significant)]. However,
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Figure 3. Assessment of apoptosis during islet isolation by TUNEL staining. (A) Representative histological sections of the islets at
the end of warm digestion. Note the brown terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-stained apoptotic
cells (arrowhead). Scale bars: 100 um. (B) The density of TUNEL-positive cells (cells/islet) was determined under magnification of
400x. All experiments were done using each independent mouse. One mouse was used in each experiment (n=1). Data are mean+SD

of five independent sections; ***p<0.001.
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Table 1. Results of Islet Isolation According to the Isolation Solution

uw S-UW ET-Kyoto S-Kyoto
Islet count after purification (cells/mouse) 248+92% 270121 28086 332+74
IEQ after purification 243 +688§ 2761261 367£70% 65152
Recovery rate of purification 55.8x1049 56.6+£12.7* 56.6x4.6* 76.0+5.2
Isolation index 1.18+0.21§ 1.20+0.389 1.56+0.21* 2.05+0.17
Islet purity (%) 82.7+3.1§ 84.0+2.27 87.3+2.7 91.3+1.9

Data are expressed as mean=SD of five independent experiments. *p<0.05, {p<0.01, §p<0.001, compared with S-Kyoto isolation
solution. Islet count and purity were measured by the VH analyzer software. Isolation index was calculated as the ratio of IEQ to
islet count. The recovery rate of purification (%) =IEQ after purification/IEQ before purificationx 100. IEQ, islet equivalents; UW,

University of Wisconsin.
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Figure 4. Results of islet isolation according to the type of isolation solution. (A) Size distribution for each diameter (50-150, 150~
250, 250-350, 350— um) of isolated islets assessed by using each isolation solution. All experiments were done using each inde-
pendent mouse. One mouse was used in each experiment (n=1). Data are the mean percentage from five independent experiments.
(B) Representative microscopic images of the islets immediately after isolation. The morphology of isolated islets was observed by

scanning electron microscopy. Scale bars: 100 um.
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Figure 5. In vitro viability assay of isolated islets by TMRE and 7-AAD. (A) Representative flow cytometry analysis by tetramethyl
rhodamine ethyl ester (TMRE) assay. (B) Representative flow cytometry analysis by 7-aminoactinomycin D (7-AAD). Percentage data

represent percentages of cells with high fluorescence.

the percentage of dead cells, represented by 7-AAD-
positive cells, was significantly reduced in S-UW isola-
tion group [UW (n=5) vs. S-UW (n=5), 25.8+5.3% vs.
17.2+1.3%, p<0.05]. In contrast, the viability of islets
isolated with S-Kyoto solution was significantly better
relative to that of ET-Kyoto isolation [ET-Kyoto (n=5) vs.
S-Kyoto (r=5), 67.0+1.2% vs. 75.4+2.0%, p<0.001].
Moreover, the percentage of dead cells in the S-Kyoto
group was also lower compared with that in ET-Kyoto iso-
lation [ET-Kyoto (n=>5) vs. S-Kyoto (n=5), 18.6+2.2%
vs. 11.6%£2.4%, p<0.01]. Similar findings of islet via-
bility were noted by MTS assay (Fig. 6A). The highest
viability of fresh islets was noted with S-Kyoto solution
[ET-Kyoto (n=5) vs. S-Kyoto (n=5), 0.172+0.013 vs.
0.206+0.026, p<0.05] (Fig. 6A). With regard to the in
vitro culture after islet isolation, although islet viability
in each group decreased gradually, that of the S-Kyoto
group was well preserved compared with other isolation
groups (Fig. 6B).

Improvement of Islet Function Elicited by Islet Isolation
With S-Kyoto Solution

Next, we evaluated insulin function of islets using
static glucose change. Although no significant difference
was observed in insulin concentration under low glucose
(2.8 mM) using each solution, insulin concentration under
high glucose (20 mM) and the SI improved significantly

by S-Kyoto islet isolation in comparison with those of
other isolation solutions (Table 2). Based on the results of
UW isolation groups (UW, S-UW), no beneficial effects
of sivelestat were elicited as determined by the SI.

Prolongation of Islet Graft Survival in S-Kyoto Group
and in In Vivo Experiments

Transplantation of 500 allogeneic islets of the ET-
Kyoto group was associated with graft survival of 7.4+
1.1 days (Fig. 7A, Table 3). A significant prolongation
of islet graft survival was noted after transplantation
of the S-Kyoto group, compared with islet grafts of the
ET-Kyoto group (11.2+1.3 days, p<0.05). Importantly,
islet transplantation coupled with 15-day intraperitoneal
administration of 2 mg/day sivelestat elicited significant
prolongation of graft survival, compared with both ET-
Kyoto and S-Kyoto groups, respectively (Fig. 7A, Table 3).
Next, NE activity in sera of recipient mice was measured.
NE activity increased gradually after islet transplantation
in the S-Kyoto group. However, sivelestat significantly
suppressed the enzyme activity measured at day 28 after
transplantation (Fig. 7B). These results suggest that pro-
longation of islet graft survival in the sivelestat IP group
is due to inhibition of NE enzyme activity and the anti-
inflammatory properties of sivelestat.

To examine islet graft function in vivo, IPGTT was
performed at day 7 after transplantation. In nondiabetic
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Figure 6. In vitro viability assay of isolated islets by MTS. (A) Viability of fresh islets (30 islets) was assessed using MTS assay. Data
are mean = SD of five independent experiments; *p <0.05. (B) Isolated islets (30 islets) were cultured for 0, 1, 2 days, and their viabili-
ties were assessed by MTS assay. Data are mean=+SD of five independent experiments; *p <0.05, *#*p<0.01versus fresh islets.

wild-type mice, injection of glucose-induced hypergly-
cemia with the peak blood glucose level recorded at
15 min, but the level returned to normal at 60-120 min
after the injection (Fig. 7C). A similar pattern was
observed in mice transplanted with S-Kyoto and S-Kyoto
and treated with sivelestat. On the other hand, blood glu-
cose levels of mice transplanted with ET-Kyoto group
and untreated diabetic mice were significantly higher
than those of the control wild-type mice before injec-
tion and at 15, 60, and 120 min after injection of glu-
cose (Fig. 7C). Immunohistochemical staining for insulin
confirmed that islet transplantation with S-Kyoto and
S-Kyoto with sivelestat prolonged graft survival. Small
islet grafts with many infiltrating inflammatory cells were
detected at day 7 after transplantation in the ET-Kyoto
group, whereas insulin-positive islet grafts with well
preserved islet structure were found in the S-Kyoto and
S-Kyoto with sivelestat groups (Fig. 7D).

Sivelestat Suppresses Proinflammatory Cytokines
After Warm Digestion During Islet Isolation

‘We measured the levels of proinflammatory cytokines
(IL-2, 1L-4, IL-6, IL-10, IL-17A, IFN-y, TNF-o1) in the
isolation solution at each step of islet isolation, includ-
ing before warm digestion, at the end of warm diges-
tion, and after purification. The levels at the end of warm
digestion were markedly higher than before warm diges-
tion (Fig. 8). On the other hand, IL-6 and TNF-« levels
were significantly lower at the end of warm digestion in
S-Kyoto solution compared with other isolation solutions
such as UW and ET-Kyoto (Fig. 8).

Sivelestat Suppresses Proinflammatory Cytokines
in Serum of Islet Recipients After Transplantation

The serum levels of IL-6 and TNF-a. in islet recipients
were significantly higher at 7 and 14 posttransplantation
days than before transplantation (day —1), whereas no

Table 2. Insulin Concentration Under Low (2.8 mM) and High (20 mM) Glucose and Stimulation Index
According to the Isolation Solution Used in the Present Study

Uw S-UW ET-Kyoto S-Kyoto

Insulin concentration (ug/L) under:
Low glucose (2.8 mM) 2.89x0.37 2.75+0.44 2.90+0.30 2.98+0.37
High glucose (20 mM) 3.68£0.529 3.64+0.549 3.78 £0.44q 4.46+0.79
Stimulation index (SI) 1.30x0.06§ 1.31+0.128 1.38+0.12* 1.49+0.08

Data are expressed as mean=+SD of five independent experiments. *p<0.05, {p<0.01, §p<0.001, compared with the
S-Kyoto solution. SI was calculated as the ratio of insulin released during exposure to high glucose over the insulin released
during low glucose incubation. SI, stimulation index; UW, University of Wisconsin.
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Figure 7. Results of in vivo transplant experiments. Islets were isolated using one of the isolation solutions (ET-Kyoto, S-Kyoto), then
immediately transplanted (500 allogeneic islets) under the kidney capsule of diabetic mice. Sivelestat was injected intraperitoneally
at 2 mg/day at 1 day before transplantation and every day until posttransplantation day 14. (A) Blood glucose levels of recipient mice
transplanted with the islets. Data are mean=SD of five independent mice. (B) Serum neutrophil elastase activity of recipient mice
was measured at day 1 before transplantation and days 4, 7, 14, 21, 28 posttransplantation. Data are mean+SD of three independent
samples; *p<0.03, versus S-Kyoto. (C) IPGTT of recipient mice was performed at posttransplantation day 7. Blood glucose was mea-
sured in each group (nondiabetic wild-type mice, untreated diabetic mice, recipient mice transplanted with islets isolated by the use of
ET-Kyoto, S-Kyoto, and S-Kyoto with sivelestat) before injection and at 15, 60, 120 min after injection. Data are mean = SD of three
independent mice. (D) Immunohistochemical analysis of insulin in a representative mouse kidney engrafted with islets was performed
at posttransplantation day 7. Scale bars: 100 pm.

Table 3. Survival of Islet Allografts in Mice With Streptozotocin-Induced Diabetes

Without Intraperitoneal Injection of Sivelestat With Intraperitoneal Injection of Sivelestat
ET-Kyoto S-Kyoto ET-Kyoto S-Kyoto
Graft survival (days) 6,7,8,9 10, 11, 12, 13 12,13, 14, 17,20 18, 19, 20, 22, 26
Mean survival (days) 7.4x1.1 11.2+1.19 152+3.38% 21.0£3.2F

Data are mean=SD of five independent experiments. {p<0.01, §p<0.001, compared with the ET-Kyoto isolation solution without
intraperitoneal injection of sivelestat. Tp<0.001, compared with the S-Kyoto isolation solution without intraperitoneal injection of
sivelestat.
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Figure 8. Assessment of proinflammatory cytokines in isolation solution during islet isolation. The levels of proinflammatory cyto-
kines [interleukin (IL)-2, TL-4, TL-6, IL-10, IL-17A, interferon (IFN)-y, tumor necrosis factor (TNF)-o] in the isolation solution were
measured during islet isolation (before warm digestion, at the end of warm digestion, after purification). Data are mean=SD of four

independent experiments; *p <0.05.

significant increases were noted in the levels of other
cytokines except IL-6 and TNF-o (Fig. 9). The serum
levels of IL-6 and TNF-a were significantly lower in
the sivelestat intraperitoneal (IP) group compared with
nonsivelestat IP group at 7 and 14 posttransplantation
days (Fig. 9).

DISCUSSION

Islet transplantation is currently one of the most attrac-
tive strategies for the treatment of type 1 diabetes. One
important key to achieving successful insulin indepen-
dence after islet transplantation is acquiring a sufficient
donor islet mass (1,10). The number and quality of islets
recovered from isolation are influenced by several factors
(10). Tissue damage of donor pancreas starts to occur as
early as the onset of brain death associated with hypoten-
sion, peripheral vasoconstriction, tissue ischemia, and
release of stress hormones and inflammatory mediators
(10,20,24,38). Moreover, at the time of procurement,
donor pancreas is exposed to warm ischemia after donor
cross-clamping and cold ischemia storage in preserva-
tion solution, such as UW, ET-Kyoto solution (23,40).
Furthermore, during islet isolation, warm digestion,
trauma, and hypoxia may cause cell damage in isolated
islets similar to ischemia/reperfusion injury (IRI) of other
transplant organs (10). Therefore, we need to design an

efficient isolation method to reduce cell damage toward
donor pancreata.

The major finding of the present study was identi-
fication of the crucial role of NE in islet isolation and
transplantation. First, we showed a marked increase in
NE activity during islet isolation, especially at the end
of warm digestion by collagenase (Fig. 2C), and that NE
was cytotoxic against isolated islets (Fig. 1A). Second,
the addition of sivelestat to the isolation solution during
islet isolation inhibited NE activity (Fig. 2C) and signifi-
cantly improved islet yields, islet viability, and insulin
function of isolated islets (Tables 1 and 2). Furthermore,
we also showed that treatment of recipient animals with
sivelestat significantly prolonged the survival of insulin-
secreting islet allografts (Fig. 7A, Table 3).

In clinical liver transplantation, IRI, an exogenous
antigen-independent inflammatory event, remains a major
problem, because IRI causes early transplant graft fail-
ure and can lead to a higher incidence of both acute and
chronic rejections (6,54,55). The mechanisms underlying
liver IRI involve leukocyte accumulation and activation
of neutrophils, Kupffer cells (macrophages), and T cells,
secretion of proinflammatory cytokines and chemokines,
complement activation, and activation of vascular cell
adhesion molecules (49,51,53-55). Recent reports also
indicated that the cross-talk interaction between NE and
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Figure 9. Assessment of proinflammatory cytokines in sera of islet mouse recipients after islet transplantation (ITx). The levels of
proinflammatory cytokines (IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-y, TNF-0)) in the sera of islet recipients were measured at pretrans-
plantation day 1 and posttransplantation days 4, 7, 14, 21, and 28. Data are mean = SD of three independent samples; **p<0.01, versus
nonsivelestat IP group, #p <0.05 and ##p <0.01, versus before transplantation (day —1).

toll-like receptor (TLR) 4 promotes liver damage and that at the end of warm digestion, whereas no such cells were
NE inhibitors, such as sivelestat, ameliorated the hepato- detected in pancreatic tissue before warm digestion (Fig. 3A).
cellular damage by reducing the expression of proinflam- What is the mechanism of NE-induced islet injury?
matory cytokines, chemokines, and TLR4 (24,54,55). Sivelestat effectively prevented the cross-talk between
In islet transplantation, proinflammatory cytokines NE and inflammation responses, including the expression
such as TNF-o and IL-1f induce B-cell apoptosis (1,3,27). of proinflammatory cytokines (TNF-o, IL-6) and TLR4,
These proinflammatory cytokines are produced by acinar resulting in a significant improvement in islet yields,
and ductal cells (10). Moreover, in isolated islets, resident islet viability, and insulin function in islet isolation with
macrophages and monocytes produce cytokines (3,10,25). S-Kyoto solution. Furthermore, analysis of serum cytokine
During islet isolation, the pancreatic tissues are warmed up production profile (IL-2, IL-4, IL-6, IL-10, IL-17A, IFN-y,
to 37°C for collagenase digestion (10). As shown in Figure TNF-0) in islet recipient mice showed significant increase
2, many neutrophils were activated and released NE at the in I.-6 and TNF-o production in serum at 1 and 2 weeks
end of warm digestion. The released NE caused injury to after islet transplantation, compared with those before
membrane components of macrophages, acinar cells, and islet transplantation (day —1), whereas no such increase
islets. Activated macrophages and acinar cells produce was observed in the production of other cytokines before/
proinflammatory cytokines, including TNF-o and 1L-6 after islet transplantation (Fig. 9). As shown in Figure 7B,
(3). In fact, significantly high levels of TNF-a and IL-6 NE activity increased gradually after islet transplantation.
were found in isolation solution at the end of warm diges- However, sivelestat significantly suppressed NE activity
tion compared with those before warm digestion (Fig. 8). and the increase in IL-6 and TNF-o production in mice
Moreover, NE may also serve as a putative endogenous (Figs. 7B and 9). Taken together, local inflammatory reac-
TLRA4 ligand, causing TLR4 upregulation on macrophages tion, resulting in functional loss of islet grafts occurred
and islets during the isolation process (5,39,54,55). Such after transplantation and treatment with sivelestat inhib-
excessive expression of TNF-a. and TLR 4 affects the sur- ited such inflammatory reactions, as evidenced by reduced
rounding islets causing their apoptosis (7,19). Indeed, to IL-6 and TNF-o. production, and resulted in prolongation
detect apoptotic cells during islet isolation, TUNEL stain- of islet allograft survival.
ing was performed before and at the end of warm digestion. Trypsin released from pancreatic acinar cells directly
Many TUNEL-positive cells were detected in UW solution destroys islets (35). Previous studies demonstrated that

- 194 -



BENEFICIAL EFFECT OF SIVELESTAT IN ISLET TRANSPLANTATION

inhibition of trypsin by pefabloc or ulinastatin during
pancreas digestion improved islet yield and reduced the
fraction of embedded islets (22,35). These findings sug-
gest that trypsin may degrade pancreatic ductules, result-
ing in reduced delivery of collagenase solution (35).
However, the molecular weight of the new recombinant
NE inhibitor sivelestat is much lower than o/l protease
inhibitors and appears to exert its cytoprotective effect in
the microenvironment between neutrophil and pancreatic
tissues (12,30). In this study, we examined the effects of
the addition of sivelestat to ET-Kyoto solution. ET-Kyoto
solution has a high-sodium/low-potassium composition
with comparatively low viscosity (35). Therefore, it
allows sufficient organ flushing after harvesting the pan-
creatic tissues (28,35). Furthermore, we also examined
the effects of the addition of sivelestat to the UW solu-
tion. The results suggested that sivelestat also provided
cytoprotection when added to the UW solution. This con-
clusion was based on the finding that the decrease in the
number of activated neutrophils and neutrophil elastase
activity in the S-UW group tended to be larger than in the
UW group (Fig. 2B, C), albeit statistically insignificant.
The islets isolated from the UW solution are easily dam-
aged by mechanical stress due to the high viscosity of
the UW solution (13). Indeed, in our experiment, mem-
brane shear damage had a negative impact on the isolated
islets of the UW group during the isolation process, as
shown in Figure 4B. This was probably due to one or
more of the following reasons: (1) higher viscosity of the
UW solution relative to that of the ET-Kyoto solution,
(2) the high percentage of activated neutrophils present
in the pancreatic tissue, and (3) the higher level of neu-
trophil elastase released in the UW than in ET-Kyoto.
We speculate that the balance between the amount of
released neutrophil elastase and its inhibition by collage-
nase digestion tilts towards excess elastase activity when
sivelestat is added to the UW solution. We also assessed
the synergistic effects of ulinastatin and sivelestat on
improvement of islet yield and islet viability. However,
no additive effects were observed in comparison with
S-Kyoto solution alone and S-Kyoto solution with uli-
nastatin (data not shown).

As shown in Figure 4B, SEM showed well-preserved
islets that were isolated by S-Kyoto solution, as evident
by their round and smooth surface. NE is reported to
increase the permeability of vascular endothelial cells,
a process known to be involved in tissue edema (30).
Indeed, during islet isolation, inhibition of NE activity by
sivelestat may maintain cell membrane stability and per-
meability of endothelial cells in isolated islets, preventing
tissue edema and leading to improvement of islet yield
and insulin function of isolated islets.

In conclusion, we succeeded in isolating large num-
bers of islets using a new preservation solution, S-Kyoto
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solution, and in significant prolongation of islet graft
survival in recipient mice treated with sivelestat. Our
results emphasize the role of NE in the pathophysio-
logy of islet damage during islet isolation and after
transplantation. NE contributes to the accumulation of
neutrophils and secretion of proinflammatory mediators
during the isolation procedure and after islet transplan-
tation. Therefore, treatment with NE inhibitors is poten-
tially suitable for better harvest of transplantable islets
and long-term islet allograft survival, allowing successful
management of diabetes with islets from a single donor.
We plan to assess in the near future the beneficial effects
of S-Kyoto solution and monotherapy with sivelestat in
human islet transplantation.
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Autophagy is a lysosomal degradation process of re-
dundant or faulty cell components in normal cells.
However, certain diseases are associated with dysfunc-
tional autophagy. Rapamycin, a major immunosup-
pressant used in islet transplantation, is an inhibitor of
mammalian target of rapamycin and is known to cause
induction of autophagy. The objective of this study
was to evaluate the in vitro and in vivo effects of ra-
pamycin on pancreatic p cells. Rapamycin induced up-
regulation of autophagy in both cultured isolated islets
and pancreatic B cells of green fluorescent protein-
microtubule-associated protein 1 light chain 3 trans-
genic mice. Rapamycin reduced the viability of isolated
B cells and down-regulated their insulin function, both
in vitro and in vivo. In addition, rapamycin increased
the percentages of apoptotic p cells and dead cells in
both isolated and in vivo intact islets. Treatment with
3-methyladenine, an inhibitor of autophagy, abrogated
the effects of rapamycin and restored B -cell function
in both in vitro experiments and animal experiments.
We conclude that rapamycin-induced islet dysfunction
is mediated through upregulation of autophagy, with
associated downregulation of insulin production and
apoptosis of § cells. The resuits also showed that the
use of an autophagy inhibitor abrogated these effects
and promoted islet function and survival. The study
findings suggest that targeting the autophagy path-
way could be beneficial in promoting islet graft survival
after transplantation.

Key words: Autophagy, islet transplantation, LC3, ra-
pamycin, transgenic mice

Abbreviations: Atg gene, autophagy related gene;
BSA, bovine serum albumin; FKBP-12, 12-kDa
FK506-binding protein; GFP, green fluorescent pro-
tein;, GAPDH, glyceraldehyde-3-phosphate; LC3,
microtubule-associated protein 1 light chain 3; mTOR,
mammalian target of rapamycin; PBS, phosphate-
buffered saline; TUNEL, terminal deoxynucleotidyl
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transferase-mediated dUTP nick-end labeling; SD,
standard deviation.
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Introduction

Autophagy, i.e. “self-eating’ is an intracellular degradation
system designed for degradation of cytoplasmic proteins
and dysfunctional organelles after their sequestration in
the autophagosome. To date, only microtubule-associated
protein1 light chain 3 (LC3), a mammalian homolog of yeast
autophagy related gene8 (Atg8), is known to exist in the
autophagosomes, and therefore this protein serves as a
marker for autophagosomes (1-3). The process is tightly
regulated and plays an important role in cell growth, de-
velopment and homeostasis, where it helps to maintain
a balance between the synthesis, degradation and subse-
quent recycling of cellular components (1-3). Autophagy is
induced dynamically by nutrient depletion to provide nec-
essary amino acids within cells, thus helping them adapt
to starvation (4). The physiological role of autophagy has
been studied in various organisms and current knowledge
indicates that autophagy is involved not only in adaptation
to starvation but also in the quality control of intracellular
proteins and organelles, to maintain cell functions, devel-
opment, growth, clearance of intracellular microbes, anti-
gen presentation and protection against disease (5-11).
Thus, autophagy functions as a cell-protective mechanism
and is up-regulated when cells are preparing to rid them-
selves of damaging cytoplasmic components, for example,
during infection or protein aggregate accumulation (12).

Rapamycin is a macrolide fungicide with immunosup-
pressant properties that bear molecular structural simi-
larities to the calcineurin inhibitor, tacrolimus (13). How-
ever, the mechanism of action of rapamycin is distinct
from that of calcineurin inhibitor, such as cyclosporine and
tacrolimus. Rapamycin binds to its intracellular receptor,
the immunophilin 12-kDa FK506-binding protein (FKBP-12)
and the rapamycin-FKBP-12 complex binds to and inhibits
the mammalian target of rapamycin (mTOR; Ref. 14). In-
hibition of mTOR leads to arrest of the cell cycle at the
G1 to S phase and thus, blockade of growth-factordriven
proliferation of not only activated T cells, which consti-
tute the basis of its immunosuppressive action, but also
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other hematopoietic and nonhematopoietic cells (14,15).
The mTOR is ubiquitously expressed in various cell types
and functionally is a serine/threonine protein kinase that
regulates important cellular process, including growth, pro-
liferation, motility, survival, protein synthesis and transcrip-
tion (16). Furthermore, activation of mTOR leads to inhibi-
tion of autophagy in cells ranging from yeast to human (17).
Based on the above background, it is conceivable that the
inhibitory action of rapamycin on mTOR activity induces
autophagy in pancreatic islets.

Islet transplantation was recently advanced by the publica-
tion of the results of the Edmonton Protocol of immuno-
suppressive regimen, leading to insulin independence at
1 year in 90% of patients treated with type 1 diabetes (18-
21). Accordingly, rapamycin has become a part of the stan-
dard treatment in islet transplantation. Its effectiveness in
preventing allorejection and autoimmunity and promoting
the survival of regulatory T lymphocytes has contributed
to widespread use (22-24). However, recent reports de-
scribed gradual deterioration of the metabolic profile and
the need for reintroduction of exogenous insulin; only 10%
of islet recipients maintained insulin independence at 5
years (21,25,26). Although the cause of the decline in in-
sulinindependence rates after islet transplantation remains
obscure, the decline may reflect toxicity associated with
long-term use of immunosuppressive drugs on islet § cells.

The effects of calcineurin inhibitors on islet function and
proliferation have been recognized (27,28), although in-
creasing data suggest that rapamycin alone or in combi-
nation with tacrolimus could impair islet cell function and
survival (29-31). In addition, the antiangiogenic and antipro-
liferative properties of rapamycin could also prevent vascu-
larization of transplanted islets, with a resultant reduction
of posttransplantation engrafted and surviving islet mass
(32-34).

Although it has been reported that B cells of ZDF rats (a
rodent model of type 2 diabetes) contain a significant num-
ber of autophagic vacuoles (35), there is little information
on the physiopathological roles of autophagy in the islets,
and no causal link has been reported between autophagy
and pathogenesis of diabetes. The aims of this study were
to evaluate the in vitro and in vivo effects of rapamycin
on pancreatic B cells, including induction of autophagy,
cell viability and insulin secretory function, because these
factors may contribute to progressive dysfunction of islet
grafts in recipients.

Materials and Methods

In vitro autophagy induction assay and islet viability assay

Thirty cells from fresh mice islets, obtained from either C57BL/6 mice or
green fluorescent protein (GFP)-LC3 transgenic mice were seeded in a 96-
well culture plate and cultured for either 24 or 48 h with complete culture
medium containing 1 or 10 ng/mL of rapamycin. In the first step, treated
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islets that were isolated from transgenic mice were observed by fluores-
cence microscopy to detect GFP signals, which is an accurate marker of
induction of autophagy (36). Subsequently, islet viability was evaluated after
24 h treatment by monitoring metabolic activity with the colorimetric methyl
tetrazolium salt (MTS) assay using the Cell Titer 96 Aqueous One reagent
(Promega, Madison, WI, USA; Ref. 37). The colorimetric reagent was added
to each well of the plate and incubated for 2 h, and the absorbance values
read at 430 nm.

To further determine the change in islet viability before/after rapamycin treat-
ment, fluorescence labeling was performed using tetramethyl rhodamine
ethyl ester (TMRE; Molecular Probes, Eugene, OR, USA) and 7-amino acti-
nomycin D (7-AAD; Molecular Probes; Refs. 38,39). Islets treated or un-
treated with rapamycin were dissociated into single cell suspensions, us-
ing Accutase (Innovative Cell Technologies Inc, San Diego, CA, USA). The
dispersed cell suspensions were stained with Newport Green PDX ace-
toxymethylether (Molecular Probes), for identification of B cells (38). The
single islet cell suspensions were incubated with 100 ng/mL TMRE for 30
min at 37°C in phosphate-buffered saline (PBS) without Ca?* and Mg?*.
This dye selectively binds to the mitochondrial membrane allowing the as-
sessment of cells with functional mitochondria, and therefore is a good
marker for cell viability. Furthermore, cells were stained with 7-AAD that
binds to DNA when cell membrane permeability is altered after cell death.
Stained cells were analyzed by FACSCalibur flow cytometer (BD Immuno-
cytometry, San Jose, CA, USA). In addition, improvement in islet viability
was assessed by either MTS assay, TMRE or 7-AAD staining based on the
results of autophagic signal blocking. Islet viability assays were performed
with the addition of 10 mM of 3-methyladenine (3-MA).

Glucose-stimulated insulin release and stimulation index (SI)

To determine the changes in the endocrinological potency of rapamycin-
treated islets, static glucose challenge was performed with or without 1 or
10 ng/mL of rapamycin. After overnight culture with or without rapamycin,
100 IEQ of treated islets were incubated with either 2.8 or 20 mM of
glucose in culture medium for 2 h at 37°C to stimulate insulin release. The
supernatants were collected and stored at ~80°C for insulin assessment
by enzyme-linked immunosorbent assay (ELISA; Mercodia Inc., Uppsala,
Sweden; Refs. 38-40). Glucose-stimulated insulin release was expressed
as the S|, calculated as the ratio of insulin released during exposure to
high glucose (20 mM) over that released during low glucose incubation
(2.8 mM). To determine the in vitro islet potency with regard to autophagic
signal blocking, static incubation was also performed with the addition of
10 mM of 3-MA.

In vivo studies using GFP-LC3 transgenic mice

To study the effects of starvation, transgenic mice were provided with
drinking water ad libitum, but were deprived of food for 24 h (10 a.m.—
10 a.m.; Ref. 36). The starved transgenic mice were sacrificed and the
pancreas, brain and muscle tissues were recovered. This was followed
by preparation of the tissues for fluorescence microscopy. Furthermore,
to demonstrate in vivo 3-MA-induced blocking of autophagy, mice were
injected intraperitoneally (i.p.) with 10 mM of 3-MA for 2 weeks, followed
by starvation for 24 h.

To assess the in vivo effects of rapamycin on islets from GFP-LC3 trans-
genic mice, mice were randomly separated into three experimental groups,
no treatment group (i.e. control group; n == 25), rapamycin-treated group
{n = 25) and the combination treatment group (n = 25) treated with both
rapamycin and 3-MA. Rapamycin treatment consisted of daily i.p. injection
of 0.2 mg/kg rapamycin and combined treatment consisted of daily i.p. in-
jection of 0.2 mg/kg rapamycin combined with 10 mM of 3-MA. These treat-
ments continued for 1, 2, 3, 4 or 5 weeks {n = 5 mice, each). The rapamycin-
treated transgenic mice were sacrificed, the pancreas was removed and
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processed for fluorescence and immunofluorescence microscopy. During
rapamycin treatment, nonfasting blood glucose level was monitored daily
using samples obtained from the tail vein. To further determine the effects
of rapamycin on glucose tolerance, intraperitoneal glucose tolerance test
(IPGTT) was conducted before and at days 14 and 28 after treatment (41). In
this test, mice were fasted for 6 h and then injected intraperitoneally with 2
g glucose in saline/kg body weight. Blood glucose levels were measured for
2 h at 30 min intervals. Moreover, to detect the change in insulin secretion
after in vivo rapamycin treatment, plasma insulin levels were also measured
by ELISA before and after the treatment (at days 0, 7, 14, 21, 28and 35, n =
5 mice, each group).

Fluorescence microscopy and immunofluorescence microscopy
Pancreatic tissue samples for GFP examination were prepared as follows.
To prevent artificial induction of autophagy during sample preparation, mice
were anesthetized by diethyl ether and immediately fixed by transcardial
perfusion through the left ventricle with 4% paraformaldehyde dissolved
in 0.1 M Na-phosphate buffer (pH 7.4). Subsequently, the pancreas was
removed and further fixed with the same fixative for another 4 h at room
temperature, followed by treatment with 5% sucrose in PBS for 2 h and
then with 15% sucrose solution for 4 h, finally with 30% sucrose solution
overnight. Pancreatic tissue samples were embedded in Tissue-Tek OCT
compound {Sakura Finetechnical Co., Tokyo, Japan) and stored at —80°C.
The tissue samples were sectioned at 7 um thickness with a cryostat, air
dried for 30 min at room temperature and then stored at —80°C until use.
Fluorescence signals were analyzed by Biozero fluorescence microscopy
(Keyence, Osaka, Japan) by measuring green fluorescence (excitation, 488
nm; emission, 530 nm).

For general histological examination, cryosections were stained with
hematoxylin and eosin. Furthermore, for immunofluorescence microscopy,
cryosections were prepared as described earlier. After rinsing with water
for 5 min, the sections were blocked with 4% bovine serum albumin (BSA)-
PBS for 10 min at room temperature. Subsequently, these sections were
incubated with rabbit polyclonal anti-mouse insulin Ab (SC-9168; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) overnight at 4°C diluted in 1% BSA-
TBS-Tween-20 (0.05% w/v), followed by incubation with Alexa fluor555
goat anti-mouse IgG (H+L) Ab (A21429; 1:1000 dilution; Invitrogen, Carls-
bad, CA, USA) for 30 min at room temperature. Fluorescence signals were
observed by Biozero fluorescence microscopy (Keyence). The fluorescence
intensities of insulin and GFP-LC3 in treated islets were quantified using
Fluor-Chem image analyzer (Bio-Rad Laboratories Inc., Hercules, CA, USA)
and expressed in arbitrary units. The mean fluorescence intensities of in-
sulin and GFP expressed as mean =+ standard deviation (SD), were de-
termined in islets of five rapamycin-treated mice. To identify apoptotic §
cells in the pancreas of mice, islet sections were stained with terminal de-
oxynucleotidy! transferase-mediated dUTP nick-end labeling (TUNEL) using
Tumor TACS™ In Situ Apoptosis Detection Kit (catalog# 4815-30-K, Tre-
vigen, Gaithersburg, MD, USA) following the instructions provided by the
manufacturer.

Statistical analysis

Data were expressed as mean = SD and analyzed using Excel for Windows
software. Two samples were compared with the Student’s t-test. The p
values <0.05 denoted the presence of statistical significance.

Details of the mice used in these experiments, islet isolation to assess the
effects of rapamycin treatment in vitro and western blot analysis are pre-
sented in the Supplementary Materials and Methods in the on line version
of the journal.
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Figure 1: Changes in LC3-I and LC3-ll protein expression lev-
els in rapamycin-treated islets. LC3-1 and LC3-ll protein ex-
pression level were examined by western blot analysis. Pro-
tein samples extracted from either untreated islets, rapamycin-
treated or rapamycin 4+ 3-MA-treated islets were subjected to
16% SDS/PAGE and transferred onto PVDF membrane. Repre-
sentative photographs are shown, together with mouse GAPDH
levels as an internal control. Quantification of the intensity of the
immunoreactive bands of both LC3-l and LC3-ll, expressed in ar
bitrary units, was carried out using NIH Image J software. Results
of densitometric analysis of immunoblots of LC3 in islets were
expressed as the ratio of LC3-ll to LC3-l. Data are mean 4= SD of
three independent experiments. *p < 0.05, versus control islet;
*p < 0.05, versus rapamycin-treated islets.

Results

In vitro overinduction of autophagy in pancreatic
islets by rapamycin

Control islets, including untreated islets and 3-MA-treated
islets, showed similar levels of endogenous expression
of LC3-ll protein (Figure 1). lIslets treated with 1 or
10 ng/mL of rapamycin showed the highest expression
of LC3-Il protein. The conversion of LC3-1 {cytosolic form)
to LC3-ll (membrane-bound lapidated form) was detected
by immunoblotting. The amounts of LC3-Hl protein were
three- to fivefold higher in 1 and 10 ng/mL rapamycin-
treated islets, respectively, as assessed by the LC3-1l//LC3-I
ratio (Figure 1). The rapamycin-induced increase in LC3-lI
level suggests increased autophagy flux. Quantification of
LC3-Il band intensities showed that blockade of autophagy
by 3-MA prevented the accumulation of LC3-II protein in
islets treated with 1 or 10 ng/mL of rapamycin. With regard
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Figure 2: In vitro overinduction of autophagy in response to rapamycin treatment. Fresh islets samples were prepared from GFP-
LC3 transgenic mice, and then incubated for either 24 or 48 h in the absence or presence of rapamycin. In 3-MA blocking, fresh islets
were incubated in the presence of both rapamycin and 3-MA, After treatment, the GFP signal was detected by fluorescence microscopy.

Bars = 100 um.

to the conversion of LC3-l to LC3-ll, the LC3-I/LC3-I ratio
was significantly reduced in islets treated with rapamycin-
plus-10 mM 3-MA compared with that of islets treated
with rapamycin alone (Figure 1).

As shown in the top panels of Figure 2, a diffuse GFP-LC3
signal was detected in the control islets, with few GFP
puncture dots. After 24 h incubation with 1 or 10 ng/mL of
rapamycin, the number of GFP-LC3 dots was markedly in-
creased; most dots were detected as cup- or ring-shaped
structures (left middle panels, Figure 2). These findings
indicate overinduction of autophagy in rapamycin-treated
islets. In contrast, the fluorescence level of GFP-LC3 sig-
nal in rapamycin-treated islets in the presence of 10 mM
3-MA was diffuse and returned to the basal level of au-
tophagy in control islets (left bottom panels, Figure 2). Af-
ter 48 h incubation with rapamycin, many large ring- or
cup-shaped structures were identified by fluorescence mi-
croscopy (right middle panels, Figure 2). Furthermore, the
fluorescence signals of GFP-LC3 in rapamycin-plus-3-MA-
treated islets continued to show diffuse distribution and
persisted at the basal level of autophagy seen in the con-
trol islets (right bottom panels, Figure 2). Taken together,
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the results indicate that the blocking effects of 3-MA were
persistent rather than transient.

Rapamycin-related overinduction of autophagy in islet
cells reduces islet viability

To examine the effect of overinduction of autophagy by
rapamycin on islet viability, we performed MTS assay
(Figure 3) and fluorescence labeling with TMRE and 7-
AAD (Figure 4). Viability under treatment with 3-MA alone
was similar to the control islets (Figure 3). Treatment with
1 and 10 ng/mL rapamycin resulted in approximately 43%
and 51% reduction of viability, respectively (Figure 3). In
contrast, 3-MA ameliorated the effect of rapamycin on islet
viability (Figure 3).

To further determine the effect of rapamycin on islet vi-
ability, islet cells were stained with TMRE or 7-AAD and
assessed by FACS analysis. 3-MA had no significant effect
on islet viability (control, 80.5 & 4.5%; 3-MA, 80.4 + 5.5%)
and the percentages of dead cells (i.e. 7-AAD-positive cells;
control, 4.7 = 3.5%; 3-MA, 3.9 & 4.3%). Rapamycin signif-
icantly decreased the proportion of TMRE-positive cells
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Figure 4: In vitro analysis of the cytotoxic effect of rapamycin and upregulation of autophagy. Islets were incubated with either
1 or 10 ng/mL. of rapamycin for 24 h to overinduce autophagy. In blocking assay, islets were cultured with rapamycin in the presence of
10 mM 3-MA. After dispersion of mice islets into single cell suspensions, cells were stained with TMRE or 7-AAD. {A) Pancreatic § cells
were analyzed for the relative percentage of apoptotic or nonapoptotic cells by TMRE. (B) Dead cells represented 7-AAD-positive cells.
Data are representative of five independent experiments using different mice islets reparations.
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Figure 5: In vitro assessment of the effect of rapamycin on insulin production from islets. Production of insulin was assessed by
static glucose challenge and the results expressed as both (A) blood insulin concentration and (B) stimulation index (Sl). Data are mean %
SD of five independent islet preparations. *p < 0.05, compared with the control; *p < 0.05, compared with rapamycin alone.

{1 ng/mL of rapamycin, 62.4 &+ 6.7%; 10 ng/mL of ra-
pamycin, 52.1 & 6.1%; compared with the control, p <
0.05), and significantly increased the percentage of 7-
AAD-positive cells (1 ng/mL of rapamycin, 17.7 + 7.6%;
10 ng/mL of rapamycin, 18.7 & 6.7%; compared with the
controlislets, p < 0.05). The addition of 3-MA to rapamycin-
treated islets ameliorated the effects of the latter on the
percentages of both viable and dead cells (Figures 4A and
B). Taken together, these data suggest that rapamycin-
induced overinduction of autophagy negatively affects islet
viability and mitochondrial integrity, and that these effects
are blocked by 3-MA.

Rapamyecin reduces islet insulin production

Islet insulin potency was assessed by static glucose chal-
lenge in vitro. In control islets, insulin was secreted at
4.4-4.5 pg/L under high glucose medium (Figure 5A). In
contrast, insulin secretion under high glucose medium was
significantly inhibited in rapamycin-treated islets and treat-
ment with rapamycin elicited approximately 45-53% re-
duction in insulin concentration (Figure 5A). We also an-
alyzed islets’ insulin production using the SI. The Sl of
untreated control islets was 1.57 + 0.13 (Figure 5B). 3-
MA did not have a significant effect on insulin production
compared with the control islets. However, rapamycin sig-
nificantly reduced the SI {1 ng/mL of rapamycin, 1.204-0.1;
10 ng/mL of rapamycin, 1.11 £ 0.12; p < 0.05, each, com-
pared with the control islets). The addition of 3-MA to
rapamycin-treated islets markedly improved both insulin
production and Sl. Especially, insulin production showed
complete recovery in islet treated with 1 ng/mL of ra-
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pamycin and 10 mM of 3-MA (Figures 5A and B). These
results indicate that rapamycin elicits not only overinduc-
tion of autophagy but also reduction of both islet viability
and /n vitro insulin function.

Effect of nutrient starvation on autophagy in GFP-LC3
transgenic mice

To confirm the beneficial effects of 3-MA on induction of
autophagy in the intact animal, we used GFP-LC3 trans-
genic mice and examined autophagy in 3-MA-treated trans-
genic mice under starvation. In the control GFP-LC3 trans-
genic mice, few GFP-LC3 dots were observed in pancre-
atic acinar cells and such dots were relatively small. In the
pancreatic islets, no GFP dots were detected and these
islets were clearly stained for insulin (top panels, Figure 6).
The GFP-LCS structures appeared 24 h after starvation as
large cup-shaped structures in both islet and acinar cells.
To validate these findings, we examined both muscle (as
an example of nonessential tissue) and brain (as an essen-
tial tissue) tissues by fluorescence microscopy. As shown
in Figure 7(A), no GFP dots were observed in the exten-
sor digitorum longus muscles before starvation, however,
GFP-LC3 dots appeared after 24 h starvation in muscle
tissues (Figure 7B). On the other hand, in brain samples,
including the cerebral cortex and medulla oblongata, no
GFP-LC3 structures could be detected in spite of 24 h star
vation (Figures 7D and F). In addition, islets starved for
24 h stained faintly for insulin {middle panels, Figure 6).
The mean insulin staining intensity of starved islets was
markedly reduced compared with that of untreated con-
trol islets, although the difference in insulin intensity was
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Figure 6: Starvation induced autophagy in pancreatic islets and acinar cells of GFP-LC3 transgenic mice. Representative images
of islets stained with H&E and for insulin after 24 h starvation. Representative GFP images of pancreatic islets, acinar cells and merged
microphotographs of GFP images and insulin staining. Numbers in the right upper corner of the photographs represent the mean 4 SD
intensity of GFP and insulin staining, expressed in arbitrary units, of five different islets. **p < 0.01, compared with the control; *+p <

0.01, compared with 24 h starvation. Bars = 100 pm.

not significant (control, 61514 & 4364, starvation, 44 154
+ 19 925). The mean fluorescence intensity of GFP-dots
was significantly higher in starved islets than untreated
control islets (control, 2901 &4 576; starvation, 8306 =+
807; p < 0.01). The merged images of GFP signals of LC3
dots and the adjacent islets stained for insulin are shown
in Figure 6. The merged microphotographs also showed
weaker insulin intensity in starved islets compared with
the control islets. The use of 3-MA during 24 h starvation
ameliorated the effect of 24 h starvation as evident by the
appearance—diffuse and few fluorescence signals of GFP-
LC3 dots—and by the return of GFP fluorescence intensity
in islets. Furthermore, the recovered islets stained positive
for insulin and the intensity of such staining was similar to
the control islets, as judged by both the mean staining in-
tensity and the merged microphotographs {lower panels,
Figure 6).

Effect of rapamycin on autophagy in GFP-LC3
transgenic mice

Finally, we assessed the effects of rapamycin on autophagy
and insulin production in transgenic mice in vivo. For this
purpose, the mice were treated with 0.2 mg/kg of ra-
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pamycin intraperitoneally daily for 1, 2, 3, 4 or 5 weeks. Af-
ter 1 week of such treatment, small but few dots appeared
in both islets and acinar cells, however, no significant differ
ence was observed in the pancreas of rapamycin-treated
mice and rapamycin-plus-3-MA (10 mM)-treated mice (top
panels, Figures 8A and B). After 2, 3, 4 and 5 weeks of
rapamycin treatment, a marked increase in the density
of GFP-LC3 dots was observed and these dots appeared
as ring- or cup-shaped structures in both islets and acinar
cells (Figures 8A and B). The GFP fluorescence intensity
was higher in 1-week treated islets than in untreated con-
trol islets, although no significant large GFP dots were ob-
served (Figures 6 and 8A). After 2, 3, 4 and 5 weeks of treat-
ment, the GFP fluorescence intensity in the treated islets
was significantly up-regulated compared with those in con-
trol and 1-week treated islets. In spite of overinduction of
autophagy in rapamycin-treated islets, the mean intensities
of insulin in 2-, 3-, 4- and 5-week rapamycin-treated islets
were significantly lower than the control untreated islets
(Figure 8A). Interestingly, 3-MA ameliorated the changes
in immunofiuorescence, including GFP-LC3 dots and in-
sulin staining intensity, which reflects rapamycin-induced
overinduction of autophagy (Figure 8B). The merged
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Figure 7: Starvation induced au-
tophagy in muscle tissues, but not
in brain. GFP images of transverse
sections of extensor digitorum longus
muscle (A} before starvation and (B) af-
ter starvation. GFP images of the cere-
bral cortex (C) before starvation and (D)
after starvation. GFP images of medulla
oblongata (E) before starvation and (F)
after starvation. Bars = 10 pm.

microphotographs also demonstrated reduced insulin in-
tensity in rapamycin-treated islets and that the degener
ative change showed significant recovery in islets of the
rapamycin-plus-3-MA group. TUNEL-positive cells were de-
tected in 2-, 3~, 4- and 5-week rapamycin treated islets. In
contrast, no such cells were observed in islets treated with
rapamycin-plus-3-MA. Taken together, these in vivo find-
ings correlated well with the in vitro data, including islet
insulin potency and TMRE viability assay.

To further determine the effects of rapamycin on islet func-
tion in mice, we measured nonfasting blood glucose and
plasma insulin concentrations. Rapamycin had no signifi-
cant effect on nonfasting blood glucose levels, and near
normoglycemia was noted in mice treated with rapamycin
alone and in those treated with rapamycin-plus-3-MA
(Figures 9A and B). At days 14, 21, 28 and 35 after treat-
ment, plasma insulin levels were higher in rapamycin-plus-
3-MA-treated mice than in rapamycin-treated mice. Espe-
cially, plasma insulin concentration at day 14 in rapamycin-
treated mice was significantly lower than in rapamycin-
plus-3-MA-treated mice (Figures 9C and D). All other dif-
ferences in insulin concentration were not significant be-
tween the two groups. Interestingly, in IPGTT performed
at day 14, the blood glucose level of mice treated with
rapamycin alone was significantly higher than in those
treated with rapamycin-plus-3-MA at 15, 30, 60, 90 and
120 min after injection of glucose. Thus, rapamycin elicited
a diabetic glucose pattern in mice (Figure 9E). In contrast,
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in the same test performed at day 28, the blood glucose
levels of rapamycin-treated mice were similar to those of
mice treated with rapamycin-plus-3-MA, and the pattern of
blood glucose after injection was also similar between the
two groups (Figure 9F). Taken together, rapamycin treat-
ment resulted in impairment of in vivo glucose tolerance
until 2 weeks after treatment and this abnormality was re-
versed by co-administration of 3-MA. It is possible that this
abnormality of glucose tolerance represents physiological
adjustment, such as reduction of insulin resistance at day
28. Further analysis of this phenomenon requires in vivo
experiments of long-term rapamycin treatment.

Discussion

Rapamycin has deleterious effects on islet B cell based on
the blockade of VEGFmediated survival pathways and in-
hibition of B-cell proliferation and by induction of apoptosis
(20,34,42). Accordingly, we raised the guestion of whether
rapamycin in islet transplantation is a friend or a foe. In
this study, we focused on the effect of rapamycin on au-
tophagy and evaluated the direct effect of rapamycin on
islet B cells. Using various techniques, the results demon-
strated for the first time that rapamycin at therapeutically
used concentrations, overinduced autophagy both in vitro
and in vivo and that this effect on islet § cells impaired both
islet viability and insulin potency.
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