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Summary. The cytotoxicity of macrophages from non-obese 
diabetic (NOD) mice against murine mastocytoma (P-815), 
and murine beta-cell lines having the NOD gene background 
(MIN6N-9a), were examined. Peritoneal exudate cells from 
20-week-old mice showed higher cytotoxicity, measured as 
inhibition of thymidine uptake into P-815, than those from 
12-week-old mice(p <0.01). In cyclophosphamide-injected 
mice, cytotoxicity of peritoneal exudate cells had increased at 
8 days post-injection, at which time the mice were not 
diabetic. To confirm macrophage cytotoxicity against panｭ
creatic cells and examine its cytolytic mechanism, the cytoｭ
toxicity of peritoneal exudate cells from cyclophosphamideｭ
injected NOD mice against MIN6N-9a cells was measured by 
the chromium release assay. These peritoneal exudate cells 
showed higher cytotoxicity as compared to those of saline-inｭ
jected mice(p <0.001). Macrophages were demonstrated to 

Non-obese diabetic (NOD) mice spontaneously develop a 
diabetic syndrome which, in many respects, resembles 
human Type 1 (insulin-dependent) diabetes mellitus [1]. 
Before the onset of diabetes, many mononuclear cells apｭ
pear in the islets of Langerhans, and it is hypothesized that 
the diabetic syndrome in NOD mice results from the deｭ
struction of pancreatic beta cells by cell-mediated imｭ
mune responses [2-8]. 
Recently, investigators have reported that artificiallyｭ
activated macrophages have cytotoxicity against pancreｭ
atic islet cells [9] and that macrophage-related soluble 
mediators, such as cytokines [10—12] (interleukin 1 and 
tumour necrosis factor), oxygen free radicals [13, 14], 
nitric oxide [15, 16], serine protease (17] and eicosaｭ
noids [18], have cytotoxic activity against beta cells. It has 
not, however, been determined whether macrophages 
from diabetic animals are cytotoxic to pancreatic beta 
cells. 
In addition, some reports have indicated that inhibition 
of macrophage function will prevent the development of 
diabetes [19—21] and, recently, adoptive transfer experi-

be the major component of peritoneal exudate cells (50 %) 
by flowcytometric analyses. Cytotoxicity increased with 
macrophage enrichment by adhesion(p <0.01). Furtherｭ
more, a macrophage toxin, silica, completely blocked the cyｭ
to toxicity(p <0.001). Cytokines (interleukin 1 and tumour 
necrosis factor) and a nitric-oxide-producing vasodilator, soｭ
dium nitroprusside, were cytotoxic to MIN6N-9a cells but 
only sodium nitroprusside showed cytotoxicity when incuｭ
bated for the same period as peritoneal exudate cells. Thus, 
macrophages play an important role in beta-cell destruction 
and soluble factors other than cytokines (e.g. nitric oxide) 
may be mediators of this early cytolytic process. 

key words: Non-obese diabetic mice, macrophage, Type 1 
(insulin-dependent) diabetes mellitus, cytokine, nitric oxide. 

ments have shown that peritoneal macrophages from 
diabetic NOD mice can transfer the disease to irradiated 
[22] or young [23] NOD mice. These peritoneal macroｭ
phages are therefore thought to play an important role in 
the development of diabetes. The mechanism, however, 
remains to be clarified. To determine the role of macroｭ
phages as final effector cells in pancreatic beta-cell deｭ
struction, we examined macrophage cytotoxicity against 
P-815 and murine beta cells and cytotoxicities of macroｭ
phage-related soluble mediators against murine beta 
cells. 

Materials and methods 

Animals. Female NOD and ICR (Institute of Cancer Research) 
mice ~ere pu~chased_!.rom ~lea Japan lnc. __ (Toky~, Japan). They 
were kept under specific pathogen-free conditions. In some experiｭ
ments, either cyclophosphamide (CY, 200 mg/kg; Shionogi Pharmaｭ
ceutical Co. Ltd., Osaka, Japan) or 154 mmol/1 NaCl (10 ml/kg) was 
injected intraperitoneally at 12 weeks of age. For in vivo suppression 
of macrophage function, silica particles (0.5-10 ｵm, Sigma, St Louis, 
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Figl. Cytotoxicity of peritoneal exudate cells (PEC) from NOD 
皿ceagainst the P-815 cell. PEC were obtained from 12-(0) and 20-
(closed symbols) week-old NOD mice and macrophages were enｭ
riched on microplates. The 12-week-old mice were all non-diabetic 
and the 20-week-old mice were separated into non-diabetic (blood 
glucose< 14.0 mmol/1, ■ ）， mildly diabetic (blood glucose 14.9-
33.3 mmol几●）， and overtly diabetic (blood glucose> 33.3 mmol/1, 
A) groups. Bars indicate the mean 士 SEMof each group. Maximal 
uptake was 540,962 cpm. The PEC from 20-week-old mice showed 
higher cytotoxicity than those from 12-week-old mice(p <0.01) 

Mo., USA) were suspended in phosphate-buffered saline (5 mg/ml) 
and injected intraperitoneally every 10 days (20 ml/kg), from 
5 weeks of age, on five occasions. Diabetes was diagnosed when 
urine glucose was positive by Tes Tape (Eli Lilly, Indianapolis, Ind., 
USA) and blood glucose was above 14.0 mmol/1 by the glucose oxiｭ
dation method. 

Chemicals. Human tumour necrosis factor a (Dainippon Pharmaｭ
ceutical Co. Ltd., Tokyo, Japan), murine interferon y (Shionogi 
Pharmaceutical Co., Ltd.), human interleukin-I(3(Otsuka Pharmaｭ
ceutical Co. Ltd., Tokyo, Japan), lipopolysaccharide (E. coli 055:B5; 
Sigma), a nitric oxide producing vasodilator, sodium nitroprusside 
(Sigma) [24], rhodanese (Sigma), and sodium thiosulphate (Wako 
pure chemical industries Ltd., Osaka, Japan) were used. 

Target cells. P-815 cells (murine mastocytoma) and a murine betaｭ
cell line (MIN6N-9a), were used. P-815 cells were generously doｭ
nated by Dr. Tadakuma (Keio University, Japan). An MIN6N-9a 
line, which has the same genetic background as the NOD mouse 
model, was established. IT6 transgenic mice were produced by 
rnicroinjection of the insulin promotor-SV40 T antigen hybrid gene 
into fertilized eggs from C57BL/6 (25] and backcrossed to NOD 
mice. The MIN 6N-9a cells lines were established from an insulinoma 
developed in one of the transgenic mice from the ninth backcross 
which were NOD homozygous for the H-2. This cell line was shown 
to retain various properties characteristic of pancreatic beta cells 
including glucose-inducible insulin secretion (19 mU and 
57.3 mU/4 x 105 cclls/48 h, at glucose concentrations of 5.5 mmol/1 
and25 mmol/I,respectively). P-815 cell cultures were maintained in 
RPMI1640 supplemented with 10% heat-inactivated fetal bovine 
serum, 1 x 106 units/1 penicillin, 100 mg/I streptomycin, 100 mg/1 soｭ
dium pyruvate, 300 mg/11-glutamine, 57 ｵmol/1 2-mercaptoethanol, 
0.1 mmol/1 minimal essential medium non-essential amino acid soluｭ
tion, 2 g/1 NaHCO迂nd2.38 g/1 HEPES. Culture of MIN6N-9a cells 
was maintained in Dulbecco's minimal essential medium (DMEM) 
supplemented with the same reagent except that 15 % fetal bovine 
serum and 3.7 g/INaHC03 was used. MIN6N-9a monolayers were 
dissociated into single cells by 0.25 % trypsin-1 mmol/IEDTA-phosｭ
phate-buffered saline before use as target cells. 
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Effector cells. Mice were killed by aspirating blood from the heart 
under ether anaesthesia. Peritoneal exudate cells (PEC) were harｭ
vested by lavage of the peritoneum with culture medium. They were 
washed three times and resuspended in the culture medium. Macroｭ
phage enrichment was done by the adhesion method. Cell suspenｭ
sions (1 x 10刀ml) were cultured in plastic dishes for 2 h (37℃,5% 
CO2). Non-adherent cells were harvested by washing the dishes with 
culture medium. Adherent cells were dissociated with 1 mmol/1 
EDTA-phosphate-buffered saline and resuspended in culture meｭ
dium after washing. In some experiments, macrophages were enｭ
riched by adhesion to the microculture plate. 

3H-thymidine uptake inhibition test. P-815 cells and effector cells 
were co-incubated in triplicate in 96-well microculture plates at a tarｭ
get:effector ratio of 10:1. The plates were incubated at 37℃for40 h, 
and pulsed with 1 ｵCi 3H-thymidine (20-40 Ci/mmol; ICN Biomediｭ
cal Inc., Costa Mesa, Calif., USA) for the final 16 h in each well. The 
cells were collected with a cell-harvester. The specific radioactivity 
was determined by liquid scintillation counting. Inhibition percent 
was calculated as follows: 

100 x (1 -measured cpm/maximal cpm). 

51Cr release assay. After MIN6N-9a cells (1-2 x 104/well) had been 
cultured on a 96-well microplate for 5-6days to promote adhesion, 
1 ｵCi 51Cr sodium chromate (1.2 Ci/mmol; Daiichi radioisotope laｭ
boratory, Tokyo, Japan) was added to each well. After 24-h incubaｭ
tion, the plates were washed and cultured with isotope-free medium 
for 3-4days. The plates were washed again and co-incubated with 
effector cells for 16--18 h. In the experiments using macrophage-reｭ
lated soluble mediator, the incubation times ranged from 18-72 h. 
The supernatant was then collected by means of a supernatant colｭ
lecting system (Skatron, Lier, Norway) and specific radioactivity was 
determined by well-type scintillation counting. Percent specific cell 
lysis was calculated as follows: 

100 x (measured cpm -spontaneous cpm)/(maximal cpm -spontaｭ
neous cpm). 

Spontaneous release of51Cr was measured in wells incubated in meｭ
di um alone and this was less than 15 % of total 51Cr released from 
cells dissolved in 5 % Triton X-100 for the same amount of time. 

Nitric oxide release. PECs (1 x 10り were incubated on slideflasks 
(Nunc, Roskilde, Denmark) in 2 ml of phenol red free DMEM with 
bacterial lipopolysaccharide (10 ng/ml) and interferon y(50 U/ml). 
After 48 h, supernatants were collected and stored at -20℃ Nitrite 
was used as an index of nitric oxide production. Nitrite was detected 
by the Griess reaction as described previously (26]. 

Histological examination. Pancreata were fixed with 10 % neutral 
formaldehyde and embedded in paraffin. These sections were 
stained with haematoxylin-eosin. Insulitis was scored as follows: 

0, no evidence of insulitis 
1, mononuclear cells occupy 1-25 % of a single islet 
2, 26-50 % of a single islet 
3,51—100 % ofa single islet 

The grade of insulitis was calculated for each mouse as follows: 

grade of insulitis = L score/islet number 

The grade was determined by a pathologist who was unaware of the 
experimental protocol. 

Flowcytometric analysis. PECs were analysed by Facscan (Becton 
Dickinson, Franklin Lakes, NJ, USA) with anti Thyl.2 (pan-T cell), 
Lyt2(CD8• Tcell), L3T4 (CD4+ Tcell; Becton Dickinson), B220 
(RA3 3Al; B-cell) and Macl (macrophage; Boehringer Mannheim, 
Mannheim, Germany) antibodies. 
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Statistical analysis 

Numerical data are presented as mean 士 SEM,and statistical analｭ
yses were done using the unpaired Student's two-tailed t-test. Inｭ
cidences of diabetes were analysed by the Fisher exact test. 

Results 

Cytotoxicity of PEC against P-815. Effector cells were obｭ
tained from 12-and 20-week-old NOD mice. Incidences 
of diabetes were O of O and 8 of 12 for 12-and 20-week-old 
mice, respectively. Inhibition of thymidine uptake was 
higher in 20-than in 12-week-old mice (55.1 土 5.2%,
23.8 土 6.5%, p < 0.01, respectively) (Fig. l). Some of 
the non-diabetic and overtly diabetic (blood gluｭ
cose > 33.3 mmol/1) 20-week-oldmice showed no cytotoxｭ
icity. In the experiments using CY-induced diabetic NOD 
mice, effector cells were obtained 0, 4, 8 and 14 days after 
CY injection. Mice did not become diabetic until 14 days 
after the injection (6 of 8). Cytotoxicities of PEC were 
increased at 8 days post-injection (3 1.7 士 2.6% from 
18.0 士 5.0%) and further increased at 14 days (53 .2土
3.8 %) (Fig.2), but mice becamediabeticonlyafter14 days. 
Flowcytometric analysis showed that macrophages were 
the main constituents (50.0 土 4.2%), and were increased 
in percentage following CY-injection (63.7 土 3.2%)
(Table 1). Control experiments using ICR mice were 
performed to determine whether CY can enhance the cytoｭ
toxicity associated with thedevelopmentof diabetes.Fourｭ
teen days after injection of either CY or NaCl, CY-injected 
NOD mice showed overt diabetes and increased macroｭ
phage activity(p <0.001), but ICR mice did not (Fig.2). 
These data indicate that PEC increase cytotoxicity 
against P-815 cells before the development of diabetes. 

Macrophage cytotoxicity against MIN6N-9a. Effector cells 
were obtained from mice which had been injected with 
CY or NaCl 14 days earlier. PECs from CY-injected mice 
were more cytotoxic to MIN6N-9a than those from Na:Clｭ
injected control mice (39. 7 土 6.0%vs 15.6 士 2.2%, ata tarｭ
get:effector ratio of 100:1) (Fig. 3). Furthermore, adherent 
cells (Mac 1 + 96 %) had greater cytotoxicity than nonｭ
adherent cells (Mac 1 + 58 %) (38.6 士 3.5o/o VS 16.7 土 2.8%,
at target:effector ratio of 20:1) (Fig. 3). These data suggest 
that macrophages have cytolytic activity against panｭ
creatic beta cells. 

Suppression of macrophages by silica administration 
(Table 2). Silica administration suppressed the develop-
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ment of diabetes following CY injection in NOD mice. 
Histologically, however, the grade of insulitis did not difｭ
fer. Silica slightly decreased the number of macroph3ges 
of PECs (Table 1). In addition, macrophage cytotoxicity 
against MIN6N-9a, as well as nitric oxide release, was supｭ
pressed by silica administration. Based on these results, 
silica can suppress the development of diabetes through 
inhibition of nitric oxide secretion from cytotoxic macroｭ
phages. 
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Fig.2. Cytotoxicity of peritoneal exudate cells (PEC) from cycloｭ
phosphamide (CY)-injected NOD mice against the P-815 cell. 
Upper panel: Time course of cytotoxicity after CY-injection. Cytoｭ
toxicity was elevated at 8 days post-injection and had increased furｭ
ther at 14 days. Maximal uptake was 455,082 cpm. Lower panel: 
Control study using ICR mice. NOD PEC （口） showedhigher cytoｭ
toxicity with CY injection than with saline injection, but ICR PEC 
(0) showed no significant difference. Bars indicate mean 土 SEM.

Maximal uptake was 495,659 cpm. * p < O.Ol, ** p < 0.001 comｭ
pared to day O or control 

Table 1. Flowcytometric analysis of peritoneal exudate cells from non-obese diabetic mice injected i. p. with cyclophosphamide (CY) or 0.9 % 
saline 2 weeks prior to experiment 

CY(-) 

n(lOり 4.7 士 0.7
Thyl.2 (pan-T cell) (%) 6.4土 1 .4
L3T4 (CD4 + T cell) 4.5 士1.4
Lyt 2 (CDS+ T cell) 1.6 士 0.2
B220 (B cell) 0.5 士 0.3
Macl (Macrophage) 50.0 土 4.2

a p < 0.05, b p < 0.0l compared to CY(-);'p < O.Ol compared to CY(+)silica(-) 

CY(+)silica(-) 

2.4土Q.2b

13. 1 土 3.Qb
10.2 土 2.Qb
3.2 士Q.8b

0.8 士 2.0
63.7 士 3.2a

CY(+)silica(+) 

3.7 土 0.7
44.1 士 5.9c

25.7 士 3.2c

14.7 士 2.2c

2.9 土 2.oc

41.5 土 4.7c
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Fig.3. Cytotoxicity of peritoneal exudate cells (PEC) from cycloｭ
phosphamide(CY)-injected NOD mice against MIN6N-9a cell line. 
Upper panel: PEC from CY-injected mice （一） showedhigher cytoｭ
toxicity than those of NaCl-injected mice(□). This cytotoxicity inｭ
creased according to the number of effector cells. n = 6, bars indicate 
SEM. Spontaneous and maximal release were 522 and 4015 cpm, resｭ
pectively. * p < 0.01, ** p < 0.001 compared to NaCl-injected mice. 
Lower panel: Adherent cells （一）from CY-injected mice showed 
highercytotoxicitythan non-adherent cells (cコ） ateach concentration 
used. n = 5, bars indicate SEM. Spontaneous and maximal release 
were 604 and 4474 cpm, respectively. * p < 0.01 was considered sigｭ
nificant in comparisons between non-adherent and adherent cells 

文
a
s
e
a
1
a
J
』3L

S
 

0

0

0

0

0

0

 

0

8

6

4

2

 

ー

18 24 48 72 

Incubation time (h) 

Fig.4. Time course of cytotoxicity against MIN6N-9a cells after 
exposure to macrophage-related soluble mediator. ■ indicates 
sodium nitroprusside (1 mmol/1)and □, interleuki n-1/3 
(10000 U/ml）十tumour necrosis factor a (10000 U/ml). n = 8, bars 
indicate SEM 

Table 3. Cytotoxicity of macrophage-related soluble factors against 
MIN6N-9a 

Table 2. Effects of silica administration from 4 weeks of age on nonｭ
obese diabetic mice injected with cyclophosphamide at 12 weeks 
and cytotoxicity against MIN6N-9a 

Mice,n 

Diabetic mice, n 

Grade of insulitis 

51Cr release'(%) 

Nitrite concentration 
(ｵmol-J-1 -48 h-1 -106 cells—1) 

'p < 0.001, b p < 0.05 compared to silica (-);'Target:effector ratio 
is 100:1, maximal release: 6794 cpm, spontaneous release: 724 cpm 

Silica(-) 

8 

Silica(+) 

8 

8
 1.75 士 0.33

13.6 土 1.2

211 士 29

1a 

1.07 士 0.22

1.1土 0.5a

161 士 43b

Cytotoxicity of macrophage-related soluble mediator 
against MIN6N-9a. Interleukin 1/3, tumour necrosis facｭ
tor a and sodium nitroprusside, but not interferon y, had 
cytotoxicity against MIN6N-9a cells (Table 3). Although 
cyanide ions are also produced from nitroprusside, the 
addition of inactivators of these ions [27], rhodanese 

Interleukin-1/3 
(n = 6) 

Tumour necrosis 
factor a (n = 6) 

Interferon r 
(n = 6) 

Nitroprusside 
(n = 12) 

0.1 (IU/ml) 
1000 
10000 

0.1 
1000 
10000 

0.1 
1000 
10000 

0.01 (mmol/1) 
0.1 
1 

Chromium release (%) 

6.7 土 2.4
13 .4士 1.83

13.6 士 1.1a

1 1.8 土 3.5
14.7 士1.6

22.6 士1.2b

5.9 土 3.5
4.2 土 2.7

6.9 士 2.7

0.1 土 0.2
26.0 士1.9b
53.0 士1.6b

'p < 0.05, b p < 0.001 compared to minimal concentration. Incubaｭ
tion times: 48 h for cytokines and 18 h for nitroprusside. Maximal reｭ
lease: 4492 cpm, spontaneous release: 538 cpm 

(8 units/well) and sodium thiosulphate (5 mmol/1), did 
not alter the cytotoxic effects. The cytotoxicity of sodium 
nitroprusside appeared within 18 h. Cytokines showed 
cytotoxicity by 48 h but had no effect at the 18 h point 
(Fig.4). Cytokines may not mediate cytotoxicity in this 
assay. 

Discussion 

NOD mice spontaneously develop a diabetic syndrome, 
which is thought to be attributable to cellular immunity 
for the following reasons: first, before the onset of 
diabetes, many mononuclear cells are found in islets of 
Langerhans, i.e. insulitis develops [1]. Second, transfer 
examinations have indicated that diabetes can be transｭ
ferred by injection of spleen [3, 4], or peritoneal exudate 
cells [22, 23]. Third, disruption of cells participating in celｭ
lular immunity, such as T cells [5—7], natural killer cells [8] 
and macrophages [19-21], can prevent the development 
of diabetes. 
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Macrophages have many functions in cellular imｭ
munity, such as antigen presentation, activation and supｭ
pression of immune responses and serving as final effector 
cells of the immune response. Macrophages appear in the 
early stage of diabetes in NOD mice [28], Bio breeding rats 
[29] and low-dose streptozotocin-induced diabetic mice 
[30]. Suppression of macrophage function by adm.inistraｭ
tion of silica [19, 20] can prevent the development of 
diabetes. Injection of peritoneal macrophages from 
diabetic NOD mice can transfer diabetes [22, 23]. Lee et 
al. [20] concluded that macrophages play an important 
role in the initiation of insulitis in NOD mice because siliｭ
ca administration can completely prevent insulitis and late 
silica administration, after 20 weeks, cannot prevent reｭ
jection of a transplanted pancreas [31]. However, in our 
experiment [32], silica completely prevented the developｭ
ment of diabetes, although insulitis was not prevented. 
Our observations indicate that macrophages also play a 
role even after insulitis has developed. They may destroy 
pancreatic beta cells, either alone or in combination with 
other effector cells. It has been reported that activated 
macrophages have spontaneous cytotoxicity against panｭ
creatic islet cells [9] and its related soluble factors can deｭ
stroy pancreatic cells. Because activated macrophages 
from normal rats were used, the effector role of macroｭ
phages in the development of diabetes could not be deterｭ
mined. 
Our data indicate that PEC showed increased cytotoxｭ
icity against P-815 cells before the development of 
diabetes in CY-induced diabetic NOD mice. As cytotoxｭ
icity against P-815 cells shows only non-specific macroｭ
phage activity, we used MIN6N-9a cells as targets. PEC, 
collected 2 weeks after injection of CY, showed increased 
cytotoxicity against MIN6N-9a cells, and this cytotoxicity 
was disrupted by the administration of macrophage toxic 
silica. Although flowcytometric analysis revealed a small 
percentage of contaminating T cells, enrichment by adheｭ
sion increased the number of macrophages and thereby 
enhanced cytotoxicity. These data suggest that macroｭ
phages have a cytotoxic effect on pancreatic beta cells and 
may be effector cells mediating the development of 
diabetes in vivo. 
Recently, it has been reported that activated macroｭ
phages have strong cytotoxicity against pancreatic islet 
cells, since the cytotoxicity occurs without direct contact, 
in a short period of time and at a low effector:target ratio 
[33], and that cytotoxicity is mediated not via cytokines, 
but via arginine-dependent nitric oxide generation. Furｭ
thermore, NOD mice have a lower ability to produce maｭ
crophage-derived cytokines (interleukin and tumour neｭ
crosis factor a) [34, 35]. In vivo injection of tumour neｭ
crosis factor a [34, 35] actually prevents, rather than enｭ
hances, the development of diabetes. In addition, P-815 
cells have been reported to be sensitive to nitric oxide [36] 
and to protease [37]. Thus, we speculate that the macroｭ
Ph3gecytotoxicity shown in our assay is mediated via arｭ
皿ine-dependentnitric oxide generation. In our study, tuｭ
mour necrosis factor a, interleukin-1/3 and a nitric-oxideｭ
producing vasodilator, nitroprusside, were cytotoxic to 
beta cells, but only nitroprusside was cytotoxic at the end 
of the 18-h co-incubation period we used for these macro-
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phage experiments. Therefore, nitric oxide, not cytokines, 
may mediate this early cytolysis. Nitric oxide is a macroｭ
phage-related soluble cytotoxic mediator of pancreatic 
beta-cell destruction, but it may also be a second mediator 
of interleukin-I [18, 38], which is secreted from macroｭ
phages, in pancreatic beta-cell destruction. The source of 
nitric oxide during pancreatic beta-cell destruction has 
not yet been clarified [39, 40]. 
In summary, macrophages play an important role not 
only in the initiation of insulitis but also in the developｭ
ment of overt diabetes, and may be a final effector cell in 
beta-cell destruction. In addition, soluble mediators other 
than cytokines (e.g. nitric oxide) may mediate this early 
cytolysis. 
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