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The BB rat model of human insulin-dependent diabetes mellitus (IDDM) spontaneously develops diabetes
through an autoimmune process. Gamma interferon (IFN-g) is thought to play an important pathogenic role.
This study examined if IFN-g administration can, paradoxically, prevent diabetes in BB rats. Diabetes-prone
BB rats were initially injected intraperitoneally with murine recombinant IFN-g (rIFN-g) at doses of 0.5 3 104

to 40 3 104 U three times a week for 6 weeks beginning at 35 days of age. The effects of altering the duration
of treatment (2 to 6 weeks) and the age at which injections were initiated (45 through 65 days) were also
assessed. rIFN-g administration prevented the development of diabetes in a dose-dependent manner. The
optimal treatment condition resulted in a 9.1% incidence of diabetes versus a 90% incidence in control rats.
This diabetes-sparing effect was long lasting and continued to 7 months of age. A 4- to 6-week course resulted
in maximal inhibition. Treatment initiated as late as 55 days of age, when insulitis is already present, was
effective in preventing diabetes. Islet inflammation was dramatically lower in rIFN-g- versus saline-injected
rats (P < 0.01). Total leukocyte count and subpopulations of peripheral mononuclear cells were unaltered by
rIFN-g. In summary, rIFN-g paradoxically and potently prevents diabetes in BB rats in a dose-dependent
fashion by inhibiting islet inflammation. This diabetes-sparing effect occurs even when injections are initiated
after evidence of the diabetic process is already present.

The BB rat spontaneously develops diabetes and serves as
an animal model to study the pathogenesis of human insulin-
dependent diabetes mellitus (IDDM) (15, 17). As in IDDM,
the pathogenesis of diabetes is due to a T-cell-mediated auto-
immune process associated with specific class II major histo-
compatibility complex molecules and is characterized by lym-
phocytic infiltration of islets (2, 13, 15). Gamma interferon
(IFN-g), a cytokine secreted by T lymphocytes in response to
antigen stimulation, has important immunomodulatory prop-
erties (33) and is thought to play a role in the development of
type 1 diabetes mellitus. IFN-g has been detected in the sera of
patients with new-onset IDDM (6, 26). IFN-g antibody admin-
istration has been demonstrated to inhibit diabetes in both the
BB rat and NOD mouse models of type 1 diabetes (3, 18). This
cytokine not only sensitizes beta cells to T-cell lysis (14) but is
beta cell cytotoxic (20). Furthermore, diabetes has been in-
duced in transgenic mice expressing IFN-g within beta cells
(22). However, we hypothesize that IFN-g can paradoxically
inhibit the autoimmune diabetic process since IFN-g treatment
has been shown to suppress and inhibit the course of other
autoimmune diseases including human rheumatoid arthritis
(11, 12) and autoimmune polyarteritis (19). Thus, IFN-g ad-
ministration could also favorably alter the development of
IDDM. This report explores the hypothesis that IFN-g inhibits
the development of diabetes in the BB rat model of human
IDDM.

MATERIALS AND METHODS

Materials. Diabetes-prone BB rats were obtained from the viral-antigen-free
colony at the University of Massachusetts Medical School (Worcester). A viral-
pathogen-free environment was maintained by autoclaving food, bedding, and
cages, acidifying drinking water, and placing cages covered with filtered bonnets
in a laminar flow hood. Murine recombinant IFN-g (rIFN-g) was obtained from

Genentech (8 3 106 U/mg) and diluted with saline just prior to injection. This
rIFN-g preparation contained 0.067 ng of endotoxin per 108 U. The administra-
tion of 0.25 pg of endotoxin (Cape Cod Associates), the amount contained in the
highest rIFN-g dose utilized, in a manner similar to that described below for the
test animals did not inhibit the development of diabetes (data not shown).

Experimental design. The effect of rIFN-g on the development of diabetes was
initially studied in BB rats randomly placed into saline (n 5 10) and rIFN-g (n 5
11) treatment groups. Beginning at 35 to 40 days of age, 40 3 104 U was
administered by the intraperitoneal (IP) route three times a week (TIW) for 6
weeks.

The effect of rIFN-g dose on the development of diabetes was assessed in 35-
to 40-day-old BB rats utilizing the above-described injection schedule (IP TIW)
with rIFN-g doses of 0.5 3 104 (n 5 7), 2.5 3 104 (n 5 7), 10 3 104 (n 5 7), and
40 3 104 U (n 5 6). A control group (n 5 8) received only saline.

The effect of altering the duration of IFN-g treatment was determined by
comparing the rates of diabetes development in BB rats injected with rIFN-g
(40 3 104 U IP TIW) for 2 (n 5 7), 4 (n 5 7), or 6 weeks (n 5 6) or with saline
alone (n 5 8).

To determine the effect of initiating rIFN-g injections in older animals, BB rats
were injected with 20 3 104 U IP TIW for 4 weeks beginning at 45 (n 5 25), 55
(n 5 18), and 65 (n 5 18) days of age.

Blood glucose concentrations were determined TIW. When glucose concen-
trations reached .250 mg% on two consecutive days, the animals were diag-
nosed with diabetes and sacrificed. Nondiabetic animals were sacrificed at 130
days unless otherwise stated.

Testing for glucose tolerance. To assess the long-term diabetes-sparing effect
of rIFN-g administration, an oral glucose tolerance test was performed on
150-day-old nondiabetic rats (n 5 5) previously treated with 40 3 104 U IP TIW
for 6 weeks. A 20% dextrose solution (2 mg/g of body weight) was administered
by orogastric tube (23). Blood glucose concentrations were then determined just
prior to and 60 and 120 min after dextrose administration.

Pancreatic histology. Pancreata were resected from 60-day-old rIFN-g (n 5
10)- and saline (n 5 10)-treated rats, fixed in buffered formalin, and embedded
in paraffin. The tissues were later sectioned and stained with hematoxylin and
eosin. Under light microscopy, the degree of islet inflammation was blindly
scored as follows (and as previously described [25]): 0, no inflammation; 1, 1 to
10% islet infiltration; 2, 10 to 25% islet infiltration; 3, 25 to 75% islet infiltration;
and 4, .75% islet infiltration or islet fibrosis.

Analysis of cell surface phenotypes. Peripheral blood mononuclear cells
(PBMC) were separated from whole blood by Ficoll-Hypaque centrifugation. A
minimum of 10,000 cells were analyzed by flow cytometry with a FACScan
(Becton Dickinson). OX19 (pan T-cell phenotype) fluorescein isothiocyanate-
conjugated antibody and OX8 phycoerythrin-conjugated antibody (Serotec, Ox-
ford, United Kingdom) were utilized to delineate cytotoxic-suppressor T-cell
phenotype (OX191 OX81), helper-inducer T-cell phenotype (OX191 OX82),
and NK cell phenotype (OX192 OX81) populations. T cells expressing RT6.1
cells, cells with putative suppressor-like activity (7), were assessed by using
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DS4.23 (a rat monoclonal antibody obtained from D. Lubaroff [4]) and goat
anti-rat immunoglobulin G conjugated to phycoerythrin (Serotec).

Statistical analysis. The product limit method of Kaplan and Meier was used
to estimate survival from diabetes. Log-rank tests were used to compare the
product limit functions. Group means were compared by Student’s t test.

RESULTS

Development of diabetes. The effect of rIFN-g administra-
tion on the development of diabetes is depicted in Fig. 1. By
survival curve analysis, rIFN-g (40 3 104 U IP TIW) decreased
the development of diabetes compared to control animals (P ,
0.001). In addition, the incidence of diabetes by 130 days was
significantly lower in the rIFN-g-treated rats (9.1%) than in the
control group (90%) (chi square 5 11.6, P , 0.001). Only one
animal within the IFN-g group developed diabetes. No behav-
ioral side effects were observed in rIFN-g-treated animals. The
weights of nondiabetic rIFN-g-treated and control animals
were similar over time.

The effect of rIFN-g dose on diabetes development was
assessed by administering 0.5 3 104, 2.5 3 104, 10 3 104, and
40 3 104 U IP TIW for 6 weeks (Fig. 2). The diabetes-sparing
effect of rIFN-g was dose dependent overall. Doses of 10 3 104

and 40 3 104 U maximally inhibited the development of dia-

betes (P , 0.03 and P , 0.01, respectively) while a dose of
2.5 3 104 U also tended to slow the diabetic process (P , 0.06).

Effect of duration of treatment. The effect of duration of
rIFN-g treatment was explored utilizing 2-, 4-, and 6-week
courses of 40 3 104 U of rIFN-g IP TIW (Fig. 3). By 100 days
of age, all durations of rIFN-g treatment, even as short as 2
weeks, slowed the development of diabetes compared to con-
trol animals (P , 0.01 for all groups). Rats treated with IFN-g
for 4 or 6 weeks that did not develop diabetes by 80 days
remained nondiabetic until the end of the experiment at 130
days of age. However, animals treated for only 2 weeks con-
tinued to develop diabetes. Animals receiving the 4- or 6-week
course of rIFN-g had a slower development of diabetes than
those administered the 2-week course by the end of the obser-
vation time (P , 0.03).

Effect of age of initiation of treatment. The ability of rIFN-g
to prevent diabetes in older rats was examined by initiating
treatment at 45, 55, and 65 days of age (Fig. 4). The diabetes-
sparing effect was inversely age dependent. Diabetes was in-
hibited when rIFN-g treatment was initiated at 45 days of age
(P , 0.005) and 55 days of age (P , 0.04). Even when rIFN-g
was initiated at 65 days of age, there tended to be a delay in
diabetes development.

FIG. 1. Effect of rIFN-g administration on the development of diabetes.
Beginning at 35 to 40 days of age, rIFN-g (40 3 104 U) (n 5 11) or saline (n 5
10) was administered IP TIW for 6 weeks. Animals were diagnosed with diabetes
when blood glucose concentrations on two consecutive days were greater than
250 mg%.

FIG. 2. Dose effects on the diabetes-sparing effect of rIFN-g. rIFN-g at doses
of 0.5 3 104 (0.5; n 5 7), 2.5 3 104 (2.5; n 5 7), 10 3 104 (10; n 5 7), and 40 3
104 (40; n 5 8) U or saline (n 5 8) was injected IP TIW for 6 weeks.

FIG. 3. Effects of altering the duration of rIFN-g administration on the
development of diabetes. BB rats were administered 40 3 104 U of rIFN-g IP
TIW for 2 weeks (n 5 7), 4 weeks (n 5 7), or 6 weeks (n 5 6) or were given saline
(n 5 8).

FIG. 4. Effects of initiating rIFN-g in older rats on the development of
diabetes. BB rats were injected with 20 3 104 U of rIFN-g IP TIW for 4 weeks
beginning at 45 (n 5 25), 55 (n 5 18), and 65 (n 5 18) days of age.
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Glucose tolerance testing of rIFN-g-treated rats. To assess
the very-long-term disease-sparing activity of rIFN-g, oral glu-
cose tolerance tests were performed with 150-day-old nondia-
betic BB rats previously treated with a 40 3 104 U dose of
rIFN-g for 6 weeks. Glucose excursions were normal in all
rIFN-g-treated rats (Fig. 5). The single saline-treated 150-day-
old nondiabetic rat had an elevated blood glucose level at 120
min. To further assess the long-lasting effect of rIFN-g, rIFN-
g-injected rats found nondiabetic by 130 days of age were
monitored for another 80 days. All animals remained nondia-
betic.

Histopathology of pancreata. The histopathology of pancre-
ata from rIFN-g (dose, 40 3 104 U)-treated (n 5 10) and
saline-treated (n 5 10) nondiabetic 60-day-old BB rats was
assessed. An inflammatory response consisting of predomi-
nantly mononuclear cells was found in the islets and only very
rarely in the exocrine tissue in both treatment groups. How-
ever, the degree of islet inflammation was far lower in rIFN-

g-injected rats (Fig. 6) as determined by the lower inflamma-
tory scores (P , 0.01) (Fig. 7).

Phenotypes of PBMC from IFN-g (dose, 40 3 104 U)-
treated nondiabetic BB rats (n 5 5) and saline-treated control
BB rats (n 5 5) were assessed. The percentage of cells which
were RT6 positive was ,2% in each group. The proportions of
all other subpopulations of PBMC from each group were also
similar (Table 1). Mean total leukocyte counts (6 standard

FIG. 5. Glucose tolerance testing of 150-day-old BB rats previously treated
with rIFN-g. A total of 40 3 104 U of rIFN-g (n 5 5) or saline (n 5 1) was
administered IP TIW for 6 weeks. A 20% dextrose solution (2 mg/g of body
weight) was administered by orogastric tube. Blood samples for glucose deter-
mination were obtained prior to and 60 and 120 min after dextrose administra-
tion.

FIG. 6. Photomicrographs of hematoxylin- and eosin-stained pancreatic tissue (magnification, 360) from 60-day-old BB rats administered rIFN-g (40 3 104 U IP
TIW) (A) or saline (B).

FIG. 7. Mean histopathologic scores of pancreata from 60-day-old BB rats
administered saline (n 5 10) or rIFN-g (40 3 104 U IP TIW) (n 5 10). Islets
were blindly scored as follows: 0, no inflammation; 1, 1 to 10% islet infiltration;
2, 10 to 25% islet infiltration; 3, 25 to 75% islet infiltration; and 4, .75% islet
infiltration or islet fibrosis. Error bars indicate standard errors of the means. p,
P , 0.01 versus control rats.
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errors of the means) were also similar in the saline and IFN-g
groups (7,083 6 8,141 versus 7,552 6 1,264 cells/ml of blood).

DISCUSSION

This is the first report of rIFN-g administration preventing
diabetes. This effect was very powerful in that as few as 9.1%
of BB rats, compared to 90% of control animals, developed
diabetes. At optimal conditions, this rIFN-g effect appears to
prevent and not just delay the development of diabetes, since
by 150 days of age, nondiabetic rIFN-g-injected BB rats dis-
played normal oral glucose tolerance tests and clearly were not
going to develop diabetes imminently. Further, similarly rIFN-
g-treated BB rats not developing diabetes by 130 days re-
mained diabetes free by 210 days of age, more than 4 months
after the last dose of IFN-g. Although very potent in prevent-
ing diabetes, IFN-g treatment did not alter animal growth or
cause abnormal behavior.

The diabetes-sparing effect of rIFN-g appeared to be dose
dependent. Doses of 10 3 104 and 40 3 104 U induced max-
imal diabetes inhibition. Treatment for 4 weeks was as effective
as treatment for 6 weeks in inhibiting diabetes. A 2-week
course was sufficient to initially inhibit disease, but this course
of treatment was not as effective as longer courses.

The administration of rIFN-g was effective in inhibiting di-
abetes when injections were given as late as 55 days of age.
This documents that rIFN-g inhibits the diabetes process in
animals even after the process has begun, since insulitis is
already present even in 45-day-old BB rats (5).

The ability of rIFN-g to successfully inhibit the diabetic
process may appear surprising since IFN-g is thought to up-
regulate the immune system and play a role in the pathogenesis
of diabetes. In fact, it has been demonstrated that IFN-g is
cytotoxic to islets (20), IFN-g antibody administration prevents
diabetes in BB rat and NOD mouse models of IDDM (3, 18),
and transgenic mice expressing IFN-g on beta cells develop
insulitis and diabetes (22). Very little data suggest the potential
usefulness of IFN-g to inhibit any autoimmune process. How-
ever, IFN-g administration inhibits the development of exper-
imental arthritis in rats (16) and decreases disease activity in
humans with rheumatoid arthritis (11) and polyarteritis (19).
The paradoxically positive effect of rIFN-g on the development
of diabetes may be explained by the different levels of IFN-g
generated in the tissues of rIFN-g-treated rats and transgenic
mice since the administration of different doses of cytokine
may result in opposite effects (31). But it is interesting to note
that over a very wide range of rIFN-g doses (0.5 3 104 to 40 3
104 U), none accelerated the development of diabetes. The
different times at which tissue IFN-g levels are altered in the
course of the disease in the different diabetes models may also
explain the paradox. For example, IFN-g can suppress or aug-

ment experimental autoimmune arthritis in rats depending
upon the time in the course of disease that rIFN-g is admin-
istered (10).

The lower degree of islet inflammation in rIFN-g-injected
rats suggests that IFN-g inhibits the diabetic process by pre-
venting islet inflammation and not by protecting the islet from
the inflammatory response (8, 29). Although rIFN-g can in-
duce leukopenia (1), which could depress effector cells to pre-
vent insulitis, leukopenia was not observed. T cells and NK
cells have been thought to play a role in the pathogenesis of
diabetes in the BB rat (13, 32). Analysis of mononuclear cell
phenotypes of PBMC from IFN-g-treated animals demon-
strated no differences in phenotype subpopulations of periph-
eral mononuclear cells that could account for the effect of
rIFN-g. The prevention of insulitis could be mediated by the
property of IFN-g to induce suppressor cells (9, 27). If present,
RT6.11 cells (putative suppressor cells [4]) do not appear to
play a role since their numbers were not augmented by IFN-g
administration. Alternatively, rIFN-g may be directly inhibit-
ing inflammatory cell recruitment to islets, a mechanism
thought to be important in rIFN-g-mediated inhibition of ex-
perimental arthritis in rats (28).

rIFN-g could be inhibiting insulitis and in turn diabetes by
altering other cytokine responses from T cells and macro-
phages. For example, since IFN-g augments tumor necrosis
factor (TNF) secretion from macrophages (30) and since TNF
administration has been demonstrated to inhibit the diabetic
process in BB rats (24), rIFN-g could inhibit diabetes through
the augmentation of TNF. Alternatively, IFN-g, a cytokine
produced in Th-1 helper cells, could be inhibiting diabetes by
its ability to promote the development of Th-1 lymphocyte
subsets and their cytokine production (e.g., interleukin 2 [IL-2]
and IFN-g) or to inhibit the development of Th-2 lymphocyte
subsets and their cytokine production (e.g., IL-4 and IL-10).

Freund’s adjuvant is an immunopotentiator which prevents
the development of diabetes in BB rats (21). It has been hy-
pothesized to act by inducing cytokines. The data presented
herein go against the possibility that rIFN-g and Freund’s
adjuvant have similar mechanisms of action since, in contrast
to the data presented herein, Freund’s adjuvant administration
can prevent diabetes without inhibiting insulitis and is not
effective if administered as late as 45 days of age.

In conclusion, rIFN-g administration potently prevents the
development of diabetes in the BB rat model of human IDDM
in a dose-dependent manner. This diabetes-sparing effect is
due to the inhibition of the immune response that causes
insulitis. These seemingly paradoxical findings may lead to
further investigations on how cytokines modulate autoimmune
disease and give us insight into potential ways to inhibit the
diabetic process in the future.
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