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Cytokines and Their Roles in Pancreatic Islet b-Cell
Destruction and Insulin-Dependent Diabetes Mellitus
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ABSTRACT. Insulin-dependent diabetes mellitus (IDDM) is a disease that results from autoimmune
destruction of the insulin-producing b-cells in the pancreatic islets of Langerhans. The autoimmune response
against islet b-cells is believed to result from a disorder of immunoregulation. According to this concept, a T
helper 1 (Th1) subset of T cells and their cytokine products, i.e. Type 1 cytokines—interleukin 2 (IL-2),
interferon gamma (IFNg), and tumor necrosis factor beta (TNFb), dominate over an immunoregulatory
(suppressor) Th2 subset of T cells and their cytokine products, i.e. Type 2 cytokines—IL-4 and IL-10. This allows
Type 1 cytokines to initiate a cascade of immune/inflammatory processes in the islet (insulitis), culminating in
b-cell destruction. Type 1 cytokines activate (1) cytotoxic T cells that interact specifically with b-cells and
destroy them, and (2) macrophages to produce proinflammatory cytokines (IL-1 and TNFa), and oxygen and
nitrogen free radicals that are highly toxic to islet b-cells. Furthermore, the cytokines IL-1, TNFa, and IFNg are
cytotoxic to b-cells, in large part by inducing the formation of oxygen free radicals, nitric oxide, and
peroxynitrite in the b-cells themselves. Therefore, it would appear that prevention of islet b-cell destruction and
IDDM should be aimed at stimulating the production and/or action of Type 2 cytokines, inhibiting the
production and/or action of Type 1 cytokines, and inhibiting the production and/or action of oxygen and
nitrogen free radicals in the pancreatic islets. BIOCHEM PHARMACOL 55;8:1139–1149, 1998. © 1998 Elsevier
Science Inc.
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IDDM,† THE RESULT OF DISORDERED
REGULATION OF IMMUNE RESPONSES

IDDM is a disease that results from destruction of the
insulin-producing b-cells in the pancreatic islets of Lan-
gerhans. Current evidence favors the concept that b-cells
are destroyed by an autoimmune response directed against
certain b-cell constituents (autoantigens) [1]. This autoim-
mune response is thought to occur in genetically predis-
posed persons who possess certain “susceptibility” alleles
and who lack other “protective” alleles of the MHC gene
complex, which regulates immune responses. In addition,
non-MHC genes may contribute to the autoimmune re-
sponse. The traditional concept is that environmental

factors (e.g. microbial, chemical, dietary) may trigger an
autoimmune response against b-cells. Recent studies in
animal models with spontaneous autoimmune diabetes,
however, have revealed that environmental factors (partic-
ularly microbial agents) may either promote or protect against
diabetes development [2]. Therefore, it is believed that
both genetic and environmental inputs may be either
pathogenic (i.e. IDDM-promoting) or protective against
IDDM, and that disease appearance is influenced by the net
effects of genetic and environmental factors upon immune
responses. According to this concept, IDDM, like other
organ-specific autoimmune diseases, results from a dysregu-
lation of immune responses [1]. This posits that T lympho-
cytes (T cells) specific for islet b-cell molecules (i.e.
autoantigens) exist normally, but are restrained by immu-
noregulatory mechanisms (the self-tolerant state), and that
IDDM develops when one or another immunoregulatory
mechanism fails, allowing autoreactive T cells directed
against islet b-cells to become activated, to expand
clonally, and to entrain a cascade of immune/inflammatory
processes in the islet (insulitis), culminating in b-cell
destruction. A current hypothesis is that the pathogenic
immune response is mediated by a Th1 subset of T cells,
whereas the protective immune response is mediated by a
Th2 subset of T cells [3]. This is illustrated in Fig. 1.
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CYTOKINE REGULATION OF
IMMUNE RESPONSES

Th1 and Th2 cells are characterized by their distinct
cytokine secretory products [4]. Th1 cells secrete IL-2,
IFNg, and TNFb, whereas Th2 cells secrete IL-4 and IL-10.
Also, other cytokines are produced by both Th1 and Th2
cells, and Th cell phenotypes other than Th1 and Th2 exist
and have other patterns of cytokine secretion. The func-
tional significance of Th1 and Th2 cell subsets is that their
distinct patterns of cytokine secretion lead to strikingly
different T cell actions [4–6]. Th1 cells and their cytokine
products (IL-2, IFNg, TNFa, and TNFb) are the mediators
in cell-mediated immunity (formerly termed delayed-type
hypersensitivity). Th1 cell-derived IFNg, TNFa, and
TNFb activate vascular endothelial cells to recruit circu-
lating leukocytes into the tissues at the local site of antigen
challenge, and they activate macrophages to eliminate the
antigen-bearing cell. In addition, Th1 cell-derived IL-2 and
IFNg activate cytotoxic T cells to destroy target cells
expressing the appropriate MHC-associated antigen, and
they activate natural killer cells to destroy target cells in an
MHC-independent fashion. Thus, Th1 cytokines activate
cellular immune responses. In contrast, Th2 cytokines are

much more effective stimulators of humoral immune re-
sponses: that is, immunoglobulin (antibody) production,
especially immunoglobulin E, by B lymphocytes. Further-
more, responses of Th1 and Th2 cells are mutually inhibi-
tory. Thus, the Th1 cytokine IFNg inhibits the production
of the Th2 cytokines IL-4 and IL-10; these, in turn, inhibit
Th1 cytokine production [4–6].

CYTOKINES: FRIENDS OR FOES IN
IDDM PATHOGENESIS?
Cytokine Studies in Isolated Islets

It is now well documented that cytokines can be cytotoxic
to pancreatic islets in vitro [7, 8]. IL-1, TNFa, TNFb, and
IFNg (in pico- to nanomolar concentrations) are cytostatic
to b-cells: that is, the individual cytokines inhibit insulin
synthesis and secretion, but these largely recover after the
cytokine is removed. In addition, the cytokines may be
cytocidal: i.e. IL-1, TNFa, TNFb, and IFNg, usually when
added in combination, destroy the b-cells in both rodent
and human islets. Because the cytodestructive effects of
cytokines on islet b-cells in vitro are not specific to b-cells
(e.g. a-cells in the islets are also damaged), cytokines may
not qualify as mediators of b-cell destruction in IDDM,
which is b-cell specific. Even agents with known b-cell
specificity in vivo (e.g. alloxan, streptozocin), however, can
damage other islet endocrine cells in vitro, possibly because
of nonspecific damage to the non-b-cells adjacent to
damaged b-cells in vitro. For example, b-cells separated
from non-b-cells in islets are destroyed by streptozocin and
alloxan, but non-b-cells are not [9]. Similarly, IL-1 is
cytotoxic to both b- and a-cells in isolated rat islets, but it
selectively inhibits b-cell secretion of insulin and not a-cell
secretion of glucagon in separated purified preparations of
these islet endocrine cells [10]. Moreover, cytokine appli-
cations to islets in vitro may not mimic the molecular
pathology of the pancreatic insulitis lesion in vivo. Thus,
cytokine products of islet-infiltrating macrophages and T
cells could be delivered in a targeted fashion into the
microenvironment of the b-cell or even directly into the
b-cell by contiguous cytotoxic T cells. Highly localized and
directed delivery of cytokines from T cells and macrophages
to b-cells might explain why rejection of islet allografts in
rats did not destroy syngeneic islets mixed in with the
allogeneic islets (whole islets, not single cell preparations,
were admixed) [11]. Also, syngeneic islets were not de-
stroyed after cotransplantation with allogeneic or xeno-
geneic islets in mice; however, insulin secretory responses
from the syngeneic islets cotransplanted with xenogeneic
islets were severely impaired, suggesting inhibitory effects of
xenogeneic macrophage-derived products (e.g. IL-1, TNFa,
NOz) on islet b-cell function [12].

Cytokine Studies In Vivo

A variety of cytokines implicated in the pathogenesis of
IDDM have been found to be expressed at the gene or

FIG. 1. Current formulation of the pathogenesis of IDDM. Both
genetic and environmental factors may influence the direction
taken by the immune response (pathogenic or protective). The
pathogenic immune response that leads to pancreatic islet b-cell
destruction and IDDM is mediated by T cells autoreactive to
islet b-cell antigen(s). A current hypothesis is that the autore-
active T cells are a Th1 subset of T cells identified by their
distinct cytokine products, IL-2, IFNg, and TNFb, whereas the
protective limb of the immune response may be mediated by a
Th2 subset of T cells that produce IL-4 and IL-10. According to
this concept, Th1 cells and their cytokine products (IL-2, IFNg,
and TNFb) activate macrophages (Mf) and cytotoxic T cells to
destroy b-cells, causing IDDM, whereas Th2 cells and their
cytokine products (IL-4 and IL-10) down-regulate (suppress)
Th1 cells and cytokines and thereby prevent IDDM.
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protein level, or both, in the insulitis lesion of animals with
autoimmune diabetes, the NOD mouse and the BB rat, and
in the pancreata of IDDM patients [3]. The simple presence
of a cytokine in the insulitis lesion, however, does not
identify the role of that cytokine in IDDM pathogenesis.
Thus, a cytokine may be either proinflammatory or, alter-
natively, it may be responding to regulate (i.e. suppress) the
inflammatory process. In recent studies of cytokine gene
expression in pancreatic islet-infiltrating mononuclear cells
of NOD mice, IFNg mRNA expression was found to
correlate with b-cell destructive insulitis [13, 14]. Further
evidence for a b-cell cytotoxic role for IFNg comes from
the finding that transgenic expression of IFNg by b-cells in
normal mice leads to an immune-mediated insulitis, b-cell
destruction, and IDDM [15]. Also, monoclonal antibodies
to IFNg protect against diabetes development in NOD
mice [16, 17] and BB rats [18]. In addition, IFNg has been
detected in lymphocytes infiltrating islets of human sub-
jects with recent-onset IDDM [19]. Interestingly, another
proinflammatory cytokine, IFNa, has been detected in
b-cells of human subjects with recent-onset IDDM [20],
and IFNa mRNA expression is increased significantly in
the pancreata of IDDM patients as compared with control
human pancreata [21]. Also, islet expression of IFNa
precedes insulitis and diabetes in BB rats [22]. Furthermore,
islet b-cell transgenic expression of IFNa in normal mice
elicits an immune-mediated destruction of the b-cells, and
anti-IFNa antibody prevents this b-cell damage and IDDM
[23]. Because IFNa is a product of many cells that are
virally infected or otherwise stressed, these findings suggest
that an initial b-cell stress (possibly viral) may induce IFNa
production, which would recruit immune system cells, and
these, in turn, could damage the IFNa-producing islet
b-cells. Other studies in transgenic mice that ectopically
express immunoregulatory cytokines in islet b-cells suggest
proinflammatory roles for IL-2 [24], IL-10 [25], TNFa [26,
27], and TNFb [28] produced locally in the islet, in
addition to IFNa [23] and IFNg [14, 15].

In contrast to the actions of cytokines as mediators of
b-cell injury, suggested from the in vitro and transgenic
studies described above, studies involving systemic admin-
istration of cytokines to diabetes-prone NOD mice and BB
rats in vivo have revealed that several cytokines can prevent
diabetes development: these include IL-1 [29, 30], IL-2 [31,
32], IL-4 [33], IL-10 [34], TNFa [30, 35, 36], and TNFb [37,
38]. Because deficiencies in the endogenous production of
IL-1 [39], IL-2 [33, 39], IL-4 [33], TNFa [30, 35, 40], and
TNFb [38] have been reported in diabetes-prone NOD
mice and/or BB rats, the diabetes-preventive effects of
chronic administrations of these cytokines may result from
corrections of specific deficits in cytokine production in the
diabetes-prone animals. Systemically administered cyto-
kines, however, may act on targets outside the immune
system. For example, IL-1 and TNF can stimulate the
hypothalamic-pituitary axis, leading to secretion of adreno-
corticotropic hormone and consequently adrenal cortico-
steroids, which suppress inflammatory cells and cytokines

[41]. Also, although IL-1 may decrease IDDM incidence in
BB rats [29], this effect might not be observed if studies
were controlled for the effects of IL-1 on decreased food
intake [42]. These findings highlight the pleiotropic effects
of cytokines that complicate interpretations of their ac-
tions. Cytokines are highly interdependent; therefore, a
given cytokine may affect the production and action of
other cytokines, resulting in physiologic or pathologic
changes different from those induced by the original cyto-
kine. For example, IL-1, TNFa, TNFb, and IL-2 appear to
be cytotoxic to islet b-cells in the islet microenvironment
(in studies in vitro and in transgenic studies), whereas
systemic administration of these cytokines may prevent an
islet b-cell-directed autoimmune response by acting on
immunologic circuits outside the islet or possibly on neu-
roendocrine cells (in studies in vivo). Finally, studies using
NOD mice and BB rats to examine the effects on diabetes
incidence of administering antibodies to cytokines or cyto-
kine receptors to block cytokine actions in vivo have
supported diabetes-promoting roles for IL-2 [43, 44], IL-6
[16], and IFNg [16, 17].

It is important to recognize that most of our current
information on cytokines implicated in IDDM pathogenesis
comes from studies using NOD mouse and BB rat models.
There is evidence, however, for cytotoxic actions of IL-1,
TNFa, and IFNg on human islets in vitro, and IFNa and
IFNg have been detected in islets of patients with recent-
onset IDDM [19–21]. Reports on plasma levels of IL-1,
TNFa, and IFNg, as well as secretion of these cytokines by
peripheral blood mononuclear cells from patients with
IDDM, have not provided consistent results, and it is not
clear whether changes in cytokine levels preceded or
resulted from IDDM [45, 46]. Also, peripheral blood cells
probably do not adequately represent the cell infiltrate
within the islet. Because the pancreas may not be accessible
for immunologic investigation in humans, and considering
that immunoregulatory actions of cytokines are exerted at
short distances (paracrine and autocrine), it may be difficult
to study the intraislet roles of cytokines in the evolution of
b-cell destructive insulitis in human IDDM.

TH1 CELLS AND CYTOKINES AS MEDIATORS
OF b-CELL DESTRUCTION IN IDDM

Abundant evidence now suggests that autoreactive T cells
are present in the normal immune system but are prevented
from expressing their autoreactive potential by other regu-
latory (suppressor) T cells [47]. The opposing actions of
autoreactive and regulatory T cells are regulated by their
respective cytokine products [4–6]; one study has provided
direct evidence for the operation of such a cytokine
immunoregulatory balance in the avoidance of autoim-
mune diabetes [48]. Diabetes was induced in a nonautoim-
mune rat strain by rendering the animals relatively T cell
deficient, using a protocol of adult thymectomy and suble-
thal g-irradiation. Importantly, insulitis and diabetes could
be prevented in these rats by injecting them with a
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particular CD41 T cell subset that is isolated from healthy
syngeneic donors and produces IL-4 and IL-2 but not IFNg
[48]. In another study, CD41 T cell lines that react to rat
insulinoma cells and secrete either IFNg or IL-4 have been
developed from spleens of diabetic NOD mice. The IFNg-
secreting CD41 T cells (Th1-like phenotype) adoptively
transferred b-cell destructive insulitis and diabetes in neo-
natal NOD mice, whereas the IL-4 secreting CD41 T cells
(Th2-like phenotype) induced a non-destructive peri-islet
insulitis [49]. Similarly, Th2 cells expressing a diabetogenic
T cell receptor adoptively transferred b-cell destructive
insulitis and diabetes in neonatal NOD mice, whereas Th2
cells expressing the same T cell receptor did not; however,
the Th2 cells could not prevent the Th1 cells from
transferring diabetes [50]. Nevertheless, the protective ef-
fects against insulitis and diabetes of IL-4 [33], IL-4-
producing CD41 T cells [48], and IL-10 [34] suggest that
Th2 cells producing IL-4 and IL-10 may be responsible for
preventing b-cell destructive insulitis, possibly by suppress-
ing IFNg-producing Th1 cells. Thus, suppression of IFNg
production is a recognized action of both IL-4 and IL-10
[51–53], and IFNg is a mediator of islet b-cell destruction
in vitro as well as b-cell-destructive insulitis and IDDM [3].

The above findings have formed the concept that the
autoimmune response in IDDM involves some disturbance
(or disturbances) in immunoregulatory circuits that leads to

a dominance of Th1 cells and their cytokine products over
Th2 cells and their cytokines (Fig. 2). The scheme depicted
in Figure 2 emphasizes that the direction taken by the T
cell response, in terms of Th phenotype, is largely regulated
by cytokines. Thus, naive T cells are not precommitted to
any particular Th phenotype; the Th phenotype varies with
the cytokines in the microenvironment. The presence of
IL-12, a macrophage and B cell product, favors Th1 cell
differentiation, and anti-IL-12 antiserum blocks expression
of the Th1 phenotype [54, 55]. On the other hand, IL-4, a
Th2 and mast cell product [55], favors Th2 cell differenti-
ation, and anti-IL-4 monoclonal antibody promotes expres-
sion of a Th1 phenotype [56, 57]. The results of Th1 cell
activation are induction of IL-2 and IFNg production,
inhibition of Th2 cytokine production, and activation of
macrophages, cytotoxic T cells, and natural killer cells.
There is evidence that these cytokine-dependent pathways
may operate in the expression of IDDM. Thus, administra-
tion of IL-12 to prediabetic NOD female mice was found to
accelerate the onset of diabetes, and this was associated
with enhanced IFNg and decreased IL-4 production by
islet-infiltrating lymphocytes, and selective b-cell destruc-
tion [58]. Furthermore, IL-12 appears to be required for
diabetes development, because (1) administration of anti-
IL-12 monoclonal antibody significantly decreased IDDM
incidence in NOD mice, and (2) NOD mice made IL-12

FIG. 2. Scheme of the proposed circuitry of immune system cells and cytokines that may be involved in the autoimmune response
leading to destruction of pancreatic islet b-cells and IDDM. The concept illustrated posits that certain b-cell proteins act as
autoantigens (b-Ag) after being processed by APC, such as macrophages and dendritic cells, and presented in a complex with MHC
class II molecules on the surface of the APC. Collectively, the b-Ag–MHC II complex, accessory molecules on the APC (e.g. the B7
molecule), APC-derived IL-12, and perhaps other signals would constitute immunogenic signals that activate CD41 T cells,
predominantly of the Th1 subset. Antigen-activated Th1 cells produce IL-2 and IFNg, which inhibit Th2 cell production of IL-4 and
IL-10. Also, IL-2 and IFNg activate macrophages (Mf) and cytotoxic CD81 T cells, and these effector cells may kill islet b-cells by
one or both of two types of mechanisms: (1) direct interactions of antigen-specific cytotoxic T cells with a b-cell autoantigen-MHC
class I complex on the b-cell (involves Fas/Fas L, or perforin and granzyme-mediated killing mechanisms), and (2) non-specific
inflammatory mediators, such as free radicals/oxidants (O2

z 2 and H2O2), NOz, and cytokines (IL-1, TNFa, TNFb, IFNg).
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deficient by backcrossing with IL-12 gene knockout mice
did not develop insulitis and diabetes [59]. Not shown in
Fig. 2 is the possible direct activation of cytotoxic T cells by
IL-12 [60]; this must be considered as a potential effector
mechanism in b-cell destruction because IL-12 appears to
be necessary for the development of diabetes in NOD mice
[59], whereas IFNg may not be absolutely necessary since
diabetes did develop (albeit delayed) in NOD mice back-
crossed to mice with targeted disruption of the IFNg gene
[61].

The scheme depicted in Fig. 2 illustrates that both b-cell
antigen-specific and nonspecific immune/inflammatory re-
sponses appear to participate in mediating islet b-cell
destruction in IDDM. The b-cell antigen-specific immune
response involves direct binding of CD81 cytotoxic T cells
to b-cells. The T cells specifically recognize b-cell anti-
gen(s) presented by MHC class I molecules on the b-cells,
and this is followed by activation of the cytotoxic T cells,
which may then kill the b-cells by receptor (Fas/FasL)-
mediated mechanisms or by secretion of cytotoxic mole-
cules (granzymes and perforin). These mechanisms of b-cell
destruction in IDDM remain to be demonstrated. The
nonspecific immune/inflammatory response involves b-cell
destruction by T cell and macrophage-derived molecules—
proinflammatory cytokines (IL-1, TNFa, TNFb, IFNg) and
free radicals/oxidants, e.g. O2

z2, H2O2, and NOz. These
inflammatory mediators are produced by T cells (both
CD41 and CD81) and macrophages activated by cytokines
from T cells, particularly IFNg, and also IL-2, TNFa, and
TNFb (Fig. 2). In a recent study, mRNA levels of iNOS
were found to correlate with mRNA levels of IL-1a and
IFNg in islets of prediabetic NOD mice, and iNOS protein
was expressed in islet-infiltrating macrophages and b-cells
[62]. These findings suggest that IL-1 (from macrophages)
and IFNg (from T cells) induce iNOS and consequent NOz

production by macrophages and by the b-cells themselves.
In this way, macrophage-derived NOz would be destructive
to adjacent b-cells, and b-cell-derived NOz would be
self-destructive. Indeed, NOz has been identified as an
important mediator of b-cell damage by activated macro-
phages [63]. Also, intraislet release of IL-1 by passenger
macrophage activation in vitro leads to iNOS expression
within b-cells and consequent impaired insulin secretion
[64].

MOLECULAR MECHANISMS OF CYTOKINE
ACTIONS IN ISLET b-CELLS

The actions of IL-1b (as a single agent) on b-cells have
been studied the most, but the actions of TNFa and IFNg
(usually in combination with IL-1b) have also been exam-
ined, and a variety of mechanisms have been proposed to
mediate the cytostatic and/or the cytotoxic effects of these
cytokines (IL-1b, TNFa, and IFNg) on islet b-cells. Most
current evidence points to oxygen and/or nitrogen free
radicals as mediators of cytokine-induced islet b-cell de-
struction [7, 8, 65] (Fig. 3).

Oxygen Free Radicals as Mediators
of b-Cell Destruction

There are several lines of evidence to support the hypoth-
esis that oxygen free radicals participate in mediating islet
b-cell dysfunction and destruction in IDDM. First, pancre-
atic islet b-cells are highly vulnerable to injury by free
radicals, such as those produced by alloxan [66], and this
has been attributed, at least in part, to the low activities of
oxygen free radical scavenging enzymes in islet cells,
notably mitochondrial Mn SOD [67] and GPX [66]. Also,

FIG. 3. Possible biochemical mechanisms of islet b-cell damage
by cytokines and free radicals produced by pancreatic islet-
infiltrating cells in IDDM. Activated macrophages (Mf) pro-
duce oxygen free radicals (O2

z 2, OHz, and H2O2), the nitrogen
free radical, NOz, and ONOO2. These free radicals may damage
the b-cell plasma membrane, and H2O2 and NOz may also
diffuse intracellularly to cause further damage. Activated Mf
also produce IL-1 and TNFa, and activated T cells produce
TNFa, TNFb, and IFNg. These cytokines bind to specific
receptors on b-cells and elicit signals (not fully characterized)
that activate different pathways. Phospholipases (e.g. PLA2) are
activated and arachidonic acid and its metabolites produced,
leading to excessive formation of oxygen free radicals (O2

z 2,
H2O2, and OHz). Proteases and other (?) mediators are also
activated. Also, IL-1, TNF, and IFNg activate synthesis of
nitric oxide synthase, with consequent formation of NOz. Oxy-
gen free radicals (O2

z 2, H2O2, and OHz) and nitrogen free
radicals (NOz) may act separately and/or interact (e.g. O2

z 2 1
NOz 3 ONOO2, a strong oxidant). These radicals can inacti-
vate mitochondrial and cytosolic proteins (enzymes), leading to
decreased oxidative phosphorylation, decreased glycolysis, and
consequently decreased ATP levels and impaired insulin secre-
tion. Higher levels and/or longer lasting production of free
radicals may increase damage to cellular constituents (e.g.
membrane phospholipids, enzymes, and DNA) essential for cell
survival, resulting in b-cell death.
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gene (mRNA) expressions of several antioxidant en-
zymes—Mn SOD, cytoplasmic Cu-Zn SOD, GPX, and
CAT have been reported to be lower in islets than in
various other mouse tissues [68]. Furthermore, lower than
normal levels of total SOD activity have been reported in
islets of autoimmune diabetes-prone BB rats [69] and NOD
mice [70]; however, the claim for NOD islets has not been
substantiated [71]. Second, a variety of antioxidants (defer-
oxamine, nicotinamide, SOD, a-tocopherol, probucol, and
lazaroid) have been reported to provide some protection
against IDDM development in autoimmune diabetes-prone
BB rats and/or NOD mice [72–79]. Third, oxygen free
radical scavengers have been used in vitro to protect islet
b-cells from the cytotoxic effects of cytokines. Thus, an
oxygen free radical scavenger combination of dimethylthio-
urea and citiolone significantly inhibited the islet cytotoxic
effects of combinations of IL-1, TNFa, and IFNg [80]. In
subsequent studies using rat islets [81] and human islets
[82], formation of a lipid peroxidation product (malondial-
dehyde) was reported in islet cells incubated with a cyto-
toxic combination of cytokines (IL-1, TNFa, and IFNg),
and a novel lazaroid antioxidant reduced both lipid peroxi-
dation and b-cell destruction induced by the cytokines. On
the other hand, IL-1, TNFa, and IFNg, as individual
cytokines, all inhibited insulin release without any increase
in lipid peroxidation or cytodestructive effects in rat islets
[81]. Similarly, others have demonstrated that free radical
scavengers do not prevent IL-1-induced inhibition of insu-
lin release in rat islets [83] or a hamster insulinoma cell line
[84]. Taken together, these findings suggest that cytokine-
induced inhibition of insulin release (a functional, not a
destructive effect) may not be oxygen free radical-mediated,
whereas the cytodestructive effects of cytokines on islet
b-cells appear to involve oxygen free radical-mediated
events, as described for the cytotoxic effects of IL-1, TNFa,
and IFNg in a variety of other cell types [85, 86]. In a recent
study using rat islets, the cytokine combination of IL-1b,
TNFa, and IFNg was reported to induce the formation of a
broad spectrum of aldehydes in the islet cells, and certain
aldehydes—4-hydroxynonenal (4-HNE), hexanal (C6),
and malondialdehyde (MDA)—were found to be highly
toxic to the b-cells [87]. These findings suggest that
cytokine-induced islet b-cell destruction involves oxygen
free radical production, lipid peroxidation, and the gener-
ation of aldehydes that are toxic to the b-cells.

Nitric Oxide as a Mediator of b-Cell Destruction

NOz is a free radical demonstrated in recent years to be a
potent and pleiotropic mediator with physiological as well
as toxic activities [88]. Inhibition of insulin secretion by
IL-1 appears to be mediated by NOz [65]. Thus, inhibition
of nitric oxide synthase (both the constitutive and the
inducible isoform) by analogues of L-arginine, NMMA and
NAME, blocked IL-1-induced NOz formation and pre-
vented IL-1-induced inhibition of insulin release in rat

islets [89, 90]. A mechanism(s) by which IL-1-induced NOz

formation inhibits insulin release appears to be the inacti-
vation of iron–sulfur centers of iron-containing enzymes
such as mitochondrial aconitase, required for glucose oxi-
dation and insulin release [91]. Thus, the nitric oxide
synthase inhibitor NMMA prevented IL- 1b-induced inhi-
bition of glucose oxidation and insulin release by purified
rat islet b-cells, and also prevented IL-1b-induced inhibi-
tion of mitochondrial aconitase activity of dispersed rat
islet cells and a rat b-cell tumor line (RINm5F) [92].
Collectively, these findings demonstrate that NOz qualifies
as a mediator of the inhibitory effects of IL-1b on glucose-
stimulated insulin secretion in rat islets. On the other hand,
NOz appears to have only a partial role or no role in
mediating the cytodestructive effects of a combination of
cytokines (IL-1b 1 TNFa 1 IFNg) in islet b-cells. Thus,
by using a selective inhibitor of nitric oxide synthase,
NMMA, it was reported that stimulation of NOz production
was not a sufficient condition for cytokine-induced
destruction of b-cells in a rat insulinoma cell line,
RINm5F [93]. Also, cytokine-induced NOz production in
human islets was found to be neither necessary nor suffi-
cient to destroy b-cells; rather NOz-independent cytotoxic
mechanisms were involved, and these could be inhibited by
nicotinamide, an oxygen free radical scavenger and inhib-
itor of ADP ribosylation [94]. Similarly, another group
reported that cytokines (IL-1b 1 TNFa 1 IFNg) suppress
glucose-stimulated insulin release and destruction of human
islet cells irrespective of their effects on NOz generation
[95].

Interactions of Oxygen Free Radicals and NOz in the
Mediation of b-Cell Destruction

ONOO2 is a highly reactive oxidant species produced by
the combination of the oxygen free radical O2

z2 and the
nitrogen free radical NOz [96, 97]. The production of
ONOO2 has been demonstrated in various forms of shock
and inflammation, and current evidence suggests that
ONOO2 is a more potent oxidant and cytotoxic mediator
than NOz or O2

z2 alone [98–100]. ONOO2 has been
reported to be highly cytotoxic to rat and human islet cells,
when added in vitro [101]. Recently, ONOO2 formation
was detected in pancreatic islets in vivo, and this occurred in
conjunction with b-cell destruction and IDDM develop-
ment in NOD mice [102]. In that immunohistochemical
study, one “footprint” of ONOO2 formation was detected
as nitrotyrosine (formed by ONOO2-induced nitration of
tyrosine residues on proteins) in islet-infiltrating macro-
phages as well as in b-cells of prediabetic NOD mice;
moreover, ONOO2 was detected in the majority of b-cells
of acutely diabetic NOD mice [102]. Because ONOO2 is a
reaction product of O2

z2 and NOz, these findings implicate
both oxygen and nitrogen free radicals as mediators of islet
b-cell destruction in autoimmune diabetes (Fig. 3).
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THERAPEUTIC PERSPECTIVES

Present and future approaches to prevention of human
IDDM are based on recent findings regarding the roles of
cytokines in the autoimmune pathogenesis of b-cell de-
struction. Thus, current evidence suggests that IDDM
results from an immunoregulatory imbalance in which Th1
cells and their cytokine products, IFNg, IL-2, and TNFb
(Type 1 cytokines), dominate over immunoregulatory (sup-
pressor) Th2 cells and their cytokine products, IL-4 and
IL-10 (Type 2 cytokines). Therefore, the current notion is
that therapies aimed at IDDM prevention should be di-
rected at increasing Th2 cell function and Type 2 cytokine
production, and/or decreasing Th1 cell function and Type
1 cytokine production.

A variety of microbial products and immune adjuvants
have been discovered to prevent IDDM in genetically
diabetes-prone animals (NOD mice and BB rats) [2], and
some of these agents have been reported to preferentially
stimulate Type 2 over Type 1 cytokine responses [3].
Immunostimulatory agents that prevent IDDM in animal
models, however, have a broad spectrum of immune stim-
ulation affecting macrophages and T cells [e.g. the immune
adjuvant bacillus Calmette-Guerin (BCG)], or these agents
are polyclonal T cell activators (e.g. microbial superanti-
gens and lectins) and, therefore, may not be optimal for
clinical trials of IDDM prevention because of possible
undesirable side-effects from generalized immunostimula-
tion.

Recent findings, however, demonstrate that more selec-
tive immunostimulation may be at hand. Thus, administra-
tion of the peptide glutamic acid decarboxylase (GAD65),
an islet b-cell autoantigen, can prevent autoimmune dia-
betes development in NOD mice, and this prevention is
associated with the induction of specific tolerance to this
peptide [103–105]. Moreover, GAD-responsive T cells from
diabetes-prone NOD mice were characterized as Th1,
IFNg-producing [104], whereas IFNg production in anti-
gen-stimulated spleen cell cultures from GAD65-tolerant
(and diabetes-protected) NOD mice was reduced signifi-
cantly, indicating that tolerance may result from suppres-
sion of GAD65-responsive Th1 cells [105]. Because this
effect was not accompanied by a corresponding reduction of
the humoral (antibody) response to GAD and other IDDM
autoantigens, a GAD65 induction of Th2 cells with sup-
pression of Th1 cells was suggested [105]. These findings are
directly relevant to the observation that in humans there is
an inverse relation between humoral (Th2 cell-mediated)
and cellular (Th1 cell-mediated) autoimmunity to GAD in
subjects at risk for IDDM [106]; also, a strong humoral
response to GAD correlates with a slow progression to
IDDM [106, 107].

Administration of b-cell candidate autoantigens other
than GAD may also induce self-tolerance and prevent
IDDM. For example, insulin (and insulin B-chain) can
prevent diabetes development in NOD mice and BB rats,
and possibly in human subjects at high risk for IDDM [108].

The protective effects of insulin in NOD mice have been
attributed to regulatory cells that inhibited intraislet ex-
pression of IFNg-producing T cells [14]. In another study,
diabetes-inducing, IFNg-secreting CD41 T cell lines and
clones from NOD mice were reported to recognize a 38-kDa
protein in a rat insulinoma membrane fraction [49], possi-
bly the 38-kDa protein islet antigen against which T cell
reactivity has been described in human subjects with IDDM
[109, 110]. Collectively, these studies suggest that the
cytokine production profile of peripheral blood T cells
specifically reactive to islet autoantigens (GAD, insulin,
38-kDa protein) may serve as predictors of IDDM develop-
ment. Also, these studies suggest that administration of islet
autoantigen(s) in subjects at risk of IDDM development
may prevent disease onset by inducing Th2-type responses
and/or inhibiting Th1-type responses. A large randomized
prospective clinical trial is presently underway in the
United States to test the effectiveness of insulin (parenteral
and oral, in separate groups) in preventing IDDM in
subjects at risk [111].

Another approach to shifting the balance of cytokines in
favor of Th2 over Th1 cells and cytokines may be by
manipulating expressions of costimulatory molecules (e.g.
B7) on APC, thereby influencing the subsets of T cells that
are elicited in response to islet autoantigens. For example,
treatment of autoimmune diabetes-prone NOD mice at an
early age with CTLA4 immunoglobulin (binds to the B7
molecule on APCs and prevents the binding of B7 to its
natural ligand, CD28, on T cells) has been reported to
protect the NOD mice from developing IDDM [112]. Thus,
B7/CD28 interactions between APCs and T cells influence
Th1/Th2 cell differentiation and the development of auto-
immune disease.

Cytokine-based therapies for IDDM prevention may take
one or more of several forms. Type 1 cytokines (in partic-
ular IFNg), and the macrophage-derived proinflammatory
cytokines, IL-1 and TNFa, may be blocked by administer-
ing (1) antibodies to these cytokines or to the correspond-
ing cytokine receptors, (2) soluble cytokine receptors, and
(3) receptor antagonists. Alternatively, Type 2 cytokines
(e.g. IL-4 and IL-10) may be administered. A limitation of
these approaches for IDDM prevention, however, is the
need for parenteral therapy (e.g. subcutaneous injections)
because presently available cytokine and anti-cytokine
preparations are not active after enteric administration.
Another problem is the short duration of action of the
cytokine/anti-cytokine preparations, necessitating fre-
quently repeated parenteral administrations. Therefore,
cytokine/anti-cytokine preparations with longer durations
of action would be highly desirable. Recently, a long-lasting
biologically active form of IL-10 (an IL-10/Fc fusion pro-
tein) has been produced, and this form of IL-10 prevented
diabetes development in NOD mice, suppressed Th1-type
cytokines, and up-regulated Th2-type cytokines; further-
more, diabetes prevention outlasted the administration of
IL-10/Fc therapy [113].

Another approach to protecting islet b-cells from dam-
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age by proinflammatory cytokines (IFNg, IL-1, TNFa/b)
would be to block the production and/or action of oxygen
and nitrogen-based free radicals induced in macrophages,
and in b-cells themselves, by these proinflammatory cyto-
kines. Indeed, a variety of antioxidants (nicotinamide,
deferoxamine, SOD, a-tocopherol, probucol, and lazaroid)
have been reported to provide some protection against
IDDM development in autoimmune diabetes-prone NOD
mice and BB rats [72–79]. Based on these findings, a large
multinational randomized placebo-controlled prospective
trial has been launched to test the effectiveness of nicotin-
amide to prevent IDDM in human subjects at risk [114].
Also, based on the evidence that NOz is involved in
autoimmune b-cell destruction in animal models [89–92],
IDDM prevention should be directed at selective inhibition
of the cytokine-inducible isoform of nitric oxide synthase,
iNOS. Development of pharmacological inhibitors of NOS
with isoform selectivity appears to be a realistic goal. For
example, certain non-amino acid-based small molecules,
such as aminoguanidine, mercaptoalkylguanidines, and S-
alkylisothioureas are highly selective iNOS inhibitors and
have potent anti-inflammatory and anti-shock properties
[115]. In preliminary studies, we have found that oral
administration of guanidinoethyldisulphide, a mercapto-
alkylguanidine compound [116], significantly delayed dia-
betes onset in NOD mice, and this was associated with
decreased formation of ONOO2, a reaction product of O2

z2

and NOz, in islet b-cells (unpublished data).
In summary, recent evidence suggests that destruction of

pancreatic islet b-cells and consequent IDDM is the result
of disordered immune regulation. The current concept is
that islet b-cell autoreactive T cells that mediate b-cell
destruction are composed of a Th1 subset of T cells that
produce IFNg, IL-2, and TNFb (Type 1 cytokines), and
these cytokines activate macrophages and cytotoxic T cells
to destroy b-cells by mechanisms that include production of
free radicals. Furthermore, it is believed that autoreactive
Th1 cells and their cytokine products (IFNg, IL-2, TNFb)
are pathogenic to islet b-cells because they are not suffi-
ciently regulated (suppressed) by a Th2 subset of T cells
that produce IL-4 and IL-10 (Type 2 cytokines). Based on
this concept, approaches to preventing pancreatic islet
b-cell destruction and IDDM should be aimed at stimulat-
ing the production and/or action of Type 2 cytokines,
inhibiting the production and/or action of Type 1 cyto-
kines, and inhibiting the production and/or action of
oxygen and nitrogen free radicals.

References

1. Bach JF, Insulin-dependent diabetes mellitus as an autoim-
mune disease. Endocr Rev 15: 516–542, 1994.

2. Singh B and Rabinovitch A, Influence of microbial agents
on the development and prevention of autoimmune diabe-
tes. Autoimmunity 15: 209–213, 1993.

3. Rabinovitch A, Immunoregulatory and cytokine imbalances
in the pathogenesis of IDDM. Therapeutic intervention by
immunostimulation? Diabetes 43: 613–621, 1994.

4. Mosmann TR and Coffman RL, TH1 and TH2 cells:
Different patterns of lymphokine secretion lead to different
functional properties. Annu Rev Immunol 7: 145–173, 1989.

5. Powrie F and Coffman RL, Cytokine regulation of T-cell
function: Potential for therapeutic intervention. Immunol
Today 14: 270–274, 1993.

6. Romagnani S, TH1 and TH2 subsets: Regulation of differ-
entiation and role in protection and immunopathology. Int
Arch Allergy Immunol 98: 279–285, 1992.

7. Mandrup-Poulsen T, Helqvist S, Wogensen LD, Mølvig J,
Pociot F, Johannesen J and Nerup J, Cytokines and free
radicals as effector molecules in the destruction of pancreatic
beta cells. Curr Top Microbiol Immunol 164: 169–193, 1990.

8. Rabinovitch A, Roles of cytokines in IDDM pathogenesis
and islet b-cell destruction. Diabetes Rev 1: 215–240, 1993.

9. Pipeleers D and Van de Winkel M, Pancreatic b cells possess
defense mechanisms against cell-specific toxicity. Proc Natl
Acad Sci USA 83: 5267–5271, 1986.

10. Ling Z, In’t Veld PA and Pipeleers DG, Interaction of
interleukin-1 with islet b-cells. Distinction between indi-
rect, aspecific cytotoxicity and direct, specific functional
suppression. Diabetes 42: 56–65, 1993.

11. Sutton R, Gray DWR, McShane P, Dallman MJ and Morris
PJ, The specificity of rejection and the absence of suscepti-
bility of pancreatic islet b-cells to nonspecific immune
destruction in mixed strain islets grafted beneath the renal
capsule in the rat. J Exp Med 170: 751–762, 1989.

12. Korsgren O and Jansson L, Characterization of mixed syn-
geneic-allogeneic and syngeneic-xenogeneic islet-graft rejec-
tions in mice: Evidence of functional impairment of the
remaining syngeneic islets in xenograft rejections. J Clin
Invest 93: 1113–1119, 1994.

13. Rabinovitch A, Suarez-Pinzon WL, Sorensen O, Bleackley
RC and Power RF, IFN-g gene expression in pancreatic
islet-infiltrating mononuclear cells correlates with autoim-
mune diabetes in nonobese diabetic mice. J Immunol 154:
4874–4882, 1994.

14. Muir A, Peck A, Clare-Salzler M, Song Y-H, Cornelius J,
Luchetta R, Krischer J and Maclaren N, Insulin immuniza-
tion of nonobese diabetic mice induces a protective insulitis
characterized by diminished intraislet interferon-g transcrip-
tion. J Clin Invest 95: 628–634, 1995.

15. Sarvetnick N, Shizuru J, Liggitt D, Martin L, McIntyre B,
Gregory A, Parslow T and Stewart T, Loss of pancreatic islet
tolerance induced by b-cell expression of interferon-g.
Nature 346: 844–847, 1990.

16. Campbell IL, Kay TWH, Oxbrow L and Harrison LC,
Essential role for interferon-g and interleukin-6 in autoim-
mune insulin-dependent diabetes in NOD/Wehi mice. J Clin
Invest 87: 739–742, 1991.

17. Debray-Sachs M, Carnaud C, Boitard C, Cohen H, Gresser
I, Bedossa P and Bach J-F, Prevention of diabetes in NOD
mice treated with antibody to murine IFN-g. J Autoimmun
4: 237–248, 1991.

18. Nicoletti F, Meroni PL, Landolfo S, Gariglio M, Guzzardi S,
Barcellini W, Lunetta M, Mughini L and Zanussi C, Pre-
vention of diabetes in BB/Wor rats treated with monoclonal
antibodies to interferon-g. Lancet 336: 319, 1990.

19. Foulis AK, McGill M and Farquharson MA, Insulitis in type
I (insulin-dependent) diabetes mellitus in man: Macro-
phages, lymphocytes, and interferon-g containing cells.
J Pathol 164: 97–103, 1991.

20. Foulis AK, Farquharson MA and Meager A, Immunoreac-
tive a-interferon in insulin-secreting b-cells in type I diabe-
tes mellitus. Lancet 2: 1423–1427, 1987.

21. Huang X, Yuan J, Goddard A, Foulis A, James RFL,
Lernmark Å, Pujol-Borrell R, Rabinovitch A, Somoza N and

1146 A. Rabinovitch and W. L. Suarez-Pinzon



Stewart TA, Interferon expression in the pancreases of
patients with type I diabetes. Diabetes 44: 658–664, 1995.

22. Huang X, Hultgren B, Dybdal N and Stewart TA, Islet
expression of interferon-a precedes diabetes in both the BB
rat and streptozotocin-treated mice. Immunity 1: 469–478,
1994.

23. Stewart TA, Hultgren B, Huang X, Pitts-Meek S, Hully J
and MacLachlan NJ, Induction of type 1 diabetes by inter-
feron-a in transgenic mice. Science 260: 1942–1946, 1993.

24. Allison J, Oxbrow L and Miller JFAP, Consequences of in
situ production of IL-2 for islet cell death. Int Immunol 6:
541–549, 1994.

25. Wogensen L, Lee M-S and Sarvetnick N, Production of
interleukin 10 by islet cells accelerates immune-mediated
destruction of b cells in nonobese diabetic mice. J Exp Med
179: 1379–1384, 1994.

26. Ohashi PS, Oehen S, Aichele P, Odermatt B, Herrera P,
Higuchi Y, Higuchi K, Buerki K, Hengartner H and Zink-
ernagel RM, Induction of diabetes is influenced by the
infectious virus and local expression of MHC class 1 and
tumor necrosis factor-a. J Immunol 150: 5185–5194, 1993.

27. Guerder S, Picarella DE, Linsley PS and Flavell RA, Co-
stimulator B7-1 confers antigen-presenting-cell function to
parenchymal tissue and in conjunction with tumor necrosis
factor a leads to autoimmunity in transgenic mice. Proc Natl
Acad Sci USA 91: 5138–5142, 1994.

28. Picarella DE, Kratz A, Li C-B, Ruddle NH and Flavell RA,
Insulitis in transgenic mice expressing tumor necrosis factor
b (lymphotoxin) in the pancreas. Proc Natl Acad Sci USA
89: 10036–10040, 1992.

29. Wilson CA, Jacobs C, Baker P, Baskin DG, Dower S,
Lernmark Å, Toivola B, Vertrees S and Wilson D, IL-1b
modulation of spontaneous autoimmune diabetes and thy-
roiditis in the BB rat. J Immunol 144: 3784–3788, 1990.

30. Jacob CO, Asiso S, Michie SA, McDevitt HO and Acha-
Orbea H, Prevention of diabetes in nonobese diabetic mice
by tumor necrosis factor (TNF): Similarities between TNFa
and interleukin-1. Proc Natl Acad Sci USA 87: 968–972,
1990.

31. Serreze DV, Hamaguchi K and Leiter DH, Immunostimula-
tion circumvents diabetes in NOD/Lt mice. J Autoimmun 2:
759–776, 1989.

32. Zielasek J, Burkart V, Naylor P, Goldstein A, Kiesel U and
Kolb H, Interleukin-2-dependent control of disease devel-
opment in spontaneously diabetic BB rats. Immunology 69:
209–214, 1990.

33. Rapoport MJ, Jaramillo A, Zipris D, Lazarus AH, Serreze
DV, Leiter DH, Cyopick P, Danska JS and Delovitch TL,
IL-4 reverses T-cell proliferative unresponsiveness and pre-
vents the onset of diabetes in NOD mice. J Exp Med 178:
87–99, 1993.

34. Pennline KJ, Roque-Gaffney E and Monahan M, Recombi-
nant human IL-10 (rHU IL-10) prevents the onset of
diabetes in the nonobese diabetic (NOD) mouse. Clin
Immunol Immunopathol 71: 169–175, 1994.

35. Satoh J, Seino H, Abo T, Tanaka S-I, Shintani S, Ohta S,
Sawai T, Nobunaga T, Oteki T, Kumagai K and Toyota T,
Recombinant human tumor necrosis factor-a suppresses
autoimmune diabetes in nonobese diabetic mice. J Clin
Invest 84: 1345–1348, 1989.

36. Satoh J, Seino H, Shintani S, Tanaka S-I, Ohteki T, Masada
T, Nobunaga T, Oteki T, Kumagai K and Toyota T,
Inhibition of type I diabetes in BB rats with recombinant
human tumor necrosis factor-a. J Immunol 145: 1395–1399,
1990.

37. Seino H, Takahashi K, Satoh J, Zhu XP, Sagara M, Masuda
T, Nobunaga T, Funahashi I, Kajikawa T and Toyota T,

Prevention of autoimmune diabetes with lymphotoxin in
NOD mice. Diabetes 42: 398–404, 1993.

38. Takahashi K, Satoh J, Seino H, Zhu XP, Sagara M, Masuda
T and Toyota T, Prevention of type I diabetes with lympho-
toxin in BB rats. Clin Immunol Immunopathol 69: 318–323,
1993.

39. Serreze DV and Leiter EH, Defective activation of T
suppressor cell function in nonobese diabetic mice: Potential
relation to cytokine deficiencies. J Immunol 140: 3801–
3807, 1988.

40. Lapchak PH, Guilbert LJ and Rabinovitch A, Tumor necro-
sis factor production is deficient in diabetes-prone BB rats
and can be corrected by complete Freund’s adjuvant: A
possible immunoregulatory role of tumor necrosis factor in
the prevention of diabetes. Clin Immunol Immunopathol 65:
129–134, 1992.

41. Reichlin S, Neuroendocrine–immune interactions. N Engl
J Med 329: 1246–1253, 1993.

42. Reimers JI, Mørch L, Markholst H, Wogensen LD, Andersen
HU, Mandrup-Poulsen T and Nerup J, Interleukin-1b (IL-1)
does not reduce the diabetes incidence in diabetes-prone BB
rats. Autoimmunity 17: 105–118, 1994.

43. Kelley VE, Gaulton GN, Hattori M, Ikegami H, Eisenbarth
G and Strom TB, Anti-interleukin 2 receptor antibody
suppresses murine diabetic insulitis and lupus nephritis.
J Immunol 140: 59–61, 1988.

44. Pacheco-Silva A, Bastos MG, Muggia RA, Pankewycz O,
Nichols J, Murphy JR and Strom TB, Interleukin-2 receptor
targeted fusion toxin (DAB480-IL-2) treatment blocks dia-
betogenic autoimmunity in non-obese diabetic mice. Eur
J Immunol 22: 697–702, 1992.

45. Cavallo MG, Pozzilli P, Bird C, Wadhwa M, Meager A,
Visalli N, Gearing AJ, Andreani D and Thorpe R, Cytokines
in sera from insulin-dependent diabetic patients at diagnosis.
Clin Exp Immunol 86: 256–259, 1991.

46. Ciampolillo A, Guastamacchia E, Caragiulo L, Lollino G,
De Robertis O, Lattanzi V and Giorgino R, in vitro secretion
of interleukin-1b and interferon-g by peripheral blood
lymphomononuclear cells in diabetic patients. Diabetes Res
Clin Pract 21: 87–93, 1993.

47. Fowell D, McKnight AJ, Powrie F, Dyke R and Mason D,
Subsets of CD41 T cells and their roles in the induction and
prevention of autoimmunity. Immunol Rev 123: 37–64,
1991.

48. Fowell D and Mason D, Evidence that the T cell repertoire
of normal rats contains cells with the potential to cause
diabetes. Characterization of the CD41 T cell subset that
inhibits this autoimmune potential. J Exp Med 177: 627–
636, 1993.

49. Healey D, Ozegbe P, Arden S, Chandler P, Hutton J and
Cooke A, In vivo activity and in vitro specificity of CD41

Th1 and Th2 T cells derived from the spleens of diabetic
NOD mice. J Clin Invest 95: 2979–2985, 1995.

50. Katz JD, Benoist C and Mathis D, T helper cell subsets in
insulin-dependent diabetes. Science 268: 1185–1188, 1995.

51. Fitch FW, McKisic MD, Lancki DW and Gajewski TF,
Differential regulation of murine T lymphocyte subsets.
Annu Rev Immunol 11: 29–48, 1993.

52. Seder RA and Paul WE, Acquisition of lymphokine-produc-
ing phenotype by CD41 T cells. Annu Rev Immunol 12:
635–673, 1994.

53. Moore KV, O’Garra A, de Waal Malefyt R, Vieira P and
Mosmann TR, Interleukin 10. Annu Rev Immunol 11:
165–190, 1993.

54. Hsieh C-S, Macatonia SE, Tripp CS, Wolf SF, O’Garra A
and Murphy KM, Development of TH1 CD41 T cells
through IL-12 produced by Listeria-induced macrophages.
Science 260: 547–549, 1993.

Roles of Cytokines in Islet b-Cell Destruction 1147



55. Scott P, IL-12: Initiation cytokine for cell-mediated immu-
nity. Science 260: 496–497, 1993.

56. Hsieh C-S, Heimberger AB, Gold JS, O’Garra A and
Murphy KM, Differential regulation of T helper phenotype
development by interleukins 4 and 10 in an ab T-cell-
receptor transgenic system. Proc Natl Acad Sci USA 89:
6065–6069, 1992.

57. Seder RA, Paul WE, Davis MM and Fazekas de St. Groth B,
The presence of interleukin 4 during in vitro priming
determines the lymphokine-producing potential of CD41 T
cells from T cell receptor transgenic mice. J Exp Med 176:
1091–1098, 1992.

58. Trembleau S, Penna G, Bosi E, Mortara A, Gately MK and
Adorini L, Interleukin 12 administration induces T helper
type 1 cells and accelerates autoimmune diabetes in NOD
mice. J Exp Med 181: 817–821, 1995.

59. Trembleau S, Penna G, Gregori S, Magram T, Gately MK
and Adorini L, The role of endogenous IL-12 in the
development of spontaneous diabetes in NOD mice. Auto-
immunity 21: 23, 1995.

60. Trinchieri G, Interleukin-12: A proinflammatory cytokine
with immunoregulatory functions that bridge innate resis-
tance and antigen-specific adaptive immunity. Annu Rev
Immunol 13: 251–276, 1995.

61. Hultgren B, Huang X, Dybdal N and Stewart TA, Genetic
absence of g-interferon delays but does not prevent diabetes
in NOD mice. Diabetes 45: 812–817, 1996.

62. Rabinovitch A, Suarez-Pinzon WL, Sorensen O and Bleack-
ley RC, Inducible nitric oxide synthase (iNOS) in pancre-
atic islets of nonobese diabetic mice: Identification of iNOS
expressing cells and relationships to cytokines expressed in
the islets. Endocrinology 137: 2093–2099, 1996.

63. Kroncke K-D, Kolb-Bachofen V, Berschick B, Burkart V and
Kolb H, Activated macrophages kill pancreatic syngeneic
islet cells via arginine-dependent nitric oxide generation.
Biochem Biophys Res Commun 175: 752–758, 1991.

64. Corbett JA and McDaniel ML, Intraislet release of interleu-
kin 1 inhibits b cell function by inducing b cell expression
of inducible nitric oxide synthase. J Exp Med 181: 559–568,
1995.

65. Corbett JA and McDaniel ML, Does nitric oxide mediate
autoimmune destruction of b-cells? Diabetes 41: 897–903,
1992.

66. Malaisse WJ, Malaisse-Lagae F, Sener A and Pipeleers DG,
Determinants of the selective toxicity of alloxan to the
pancreatic b cell. Proc Natl Acad Sci USA 79: 927–930,
1982.

67. Asayama K, Kooy NW and Burr IM, Effect of vitamin E
deficiency and selenium deficiency on insulin secretory
reserve and free radical scavenging systems in islets: De-
crease of islet manganosuperoxide dismutase. J Lab Clin Med
107: 459–464, 1986.

68. Lenzen S, Drinkgern J and Tiedge M, Low antioxidant
enzyme gene expression in pancreatic islets compared with
various other mouse tissues. Free Radic Biol Med 20: 463–
466, 1996.

69. Pisanti F, Frascatore S and Papacio G, Superoxide dismutase
activity in the BB rat: A dynamic time–course study. Life Sci
43: 1625–1632, 1988.

70. Papaccio G, Franscatore S, Pisanti F, Latronico M and Linn
T, Superoxide dismutase in the nonobese diabetic (NOD)
mouse: A dynamic time–course study. Life Sci 56: 2223–
2228, 1995.

71. Cornelius IG, Luttge BG and Peck AB, Anti-oxidant en-
zyme activities in IDD prone and IDD resistant mice: A
comparative study. Free Radic Biol Med 14: 409–420, 1993.

72. Nomikos IN, Prowse SJ, Carotenuto P and Lafferty KJ,
Combined treatment with nicotinamide and desferrioxam-

ine prevents islet allograft destruction in NOD mice. Diabe-
tes 35: 1302–1304, 1986.

73. Nomikos IN, Wang Y and Lafferty KJ, Involvement of O2
radicals in autoimmune diabetes. Immunol Cell Biol 67:
85–87, 1989.

74. Behrens WA, Scott FW, Madere R, Trick K and Hanna K,
Effect of dietary vitamin E in the vitamin E status in the BB
rat during development and after the onset of diabetes. Ann
Nutr Metab 30: 157–165, 1986.

75. Hayward AR, Shriber M and Sokol R, Vitamin E supple-
mentation reduces the incidence of diabetes but not insulitis
in NOD mice. J Lab Clin Med 119: 503–507, 1992.

76. Drash AL, Rudert WA, Borguaye S, Wang R and Lieberman
I, Effect of probucol on development of diabetes mellitus in
BB rats. Am J Cardiol 62: 27B–30B, 1988.

77. Rabinovitch A, Suarez WL and Power RF, Combination
therapy with an antioxidant and a corticosteroid prevents
autoimmune diabetes in NOD mice. Life Sci 51: 1937–1943,
1992.

78. Rabinovitch A, Suarez WL and Power RF, Lazaroid antiox-
idant reduces incidence of diabetes and insulitis in nonobese
diabetic mice. J Lab Clin Med 121: 603–607, 1993.

79. Roza AM, Slakey DP, Pieper GM, Van Ye TM, Moore-
Hilton G, Komorowski RA, Johnson CP, Hedlund BE and
Adams MB, Hydroxyethyl starch deferoxamine, a novel iron
chelator, delays diabetes in BB rats. J Lab Clin Med 123:
556–560, 1994.

80. Sumoski W, Baquerizo H and Rabinovitch A, Oxygen free
radical scavengers protect rat islet cells from damage by
cytokines. Diabetologia 32: 792–796, 1989.

81. Rabinovitch A, Suarez WL, Thomas PD, Strynadka K and
Simpson I, Cytotoxic effects of cytokines on rat islets:
Evidence for involvement of free radicals and lipid peroxi-
dation. Diabetologia 35: 409–413, 1992.

82. Rabinovitch A, Suarez-Pinzon WL, Strynadka K, Lakey JRT
and Rajotte RV, Human pancreatic islet b-cell destruction
by cytokines involves oxygen free radicals and aldehyde
production. J Clin Endocrinol Metab 81: 3197–3202, 1996.

83. Sandler S, Bendtzen K, Hakan-Borg LA, Eizirik DL, Stran-
dell E and Welsh N, Studies on the mechanisms causing
inhibition of insulin secretion in rat pancreatic islets ex-
posed to human interleukin-1b indicate a perturbation in
the mitochondrial function. Endocrinology 124: 1492–1501,
1989.

84. Hammonds P, Beggs M, Beresford G, Espinal J, Clarke J and
Mertz RJ, Insulin-secreting b-cells possess specific receptors
for interleukin-1b. FEBS Lett 261: 97–100, 1990.

85. Nathan C and Tsunawaki S, Secretion of toxic oxygen
products by macrophages: Regulatory cytokines and their
effects on the oxidase. Ciba Found Symp 118: 211–230,
1986.

86. Marklund SL, Regulation by cytokines of extracellular su-
peroxide dismutase and other superoxide dismutase isoen-
zymes in fibroblasts. J Biol Chem 267: 6696–6701, 1992.

87. Suarez-Pinzon WL, Strynadka K and Rabinovitch A, De-
struction of rat pancreatic islet b-cells by cytokines involves
the production of cytotoxic aldehydes. Endocrinology 137:
5290–5296, 1996.

88. Moncada S, Palmer RMJ and Higgs EA, Nitric oxide:
Physiology, pathophysiology, and pharmacology. Pharmacol
Rev 43: 109–142, 1991.

89. Southern C, Schulster D and Green IC, Inhibition of insulin
secretion by interleukin-1b and tumour necrosis factor-a via
an L-arginine-dependent nitric oxide generating mechanism.
FEBS Lett 276: 42–44, 1990.

90. Laychock SG, Modica ME and Cavanaugh CT, L-Arginine
stimulates cyclic guanosine 39,59-monophosphate formation
in rat islets of Langerhans and RINm5F insulinoma cells:

1148 A. Rabinovitch and W. L. Suarez-Pinzon



Evidence for L-arginine:nitric oxide synthase. Endocrinology
129: 3043–3052, 1991.

91. Corbett JA, Lancaster JR Jr, Sweetland MA and McDaniel
ML, Interleukin-1b-induced formation of EPR-detectable
iron-nitrosyl complexes in islets of Langerhans. J Biol Chem
266: 21351–21354, 1991.

92. Corbett JA, Wang JL, Sweetland MA, Lancaster JR Jr and
McDaniel ML, Interleukin 1b induces the formation of
nitric oxide by b-cells purified from rodent islets of Langer-
hans. Evidence for the b-cell as a source and site of action of
nitric oxide. J Clin Invest 90: 2384–2391, 1992.

93. Suarez-Pinzon WL, Strynadka K, Schulz R and Rabinovitch
A, Mechanisms of cytokine-induced destruction of rat insu-
linoma cells: The role of nitric oxide. Endocrinology 134:
1006–1010, 1994.

94. Rabinovitch A, Suarez-Pinzon WL, Strynadka K, Schulz R,
Lakey JRT, Warnock GL and Rajotte RV, Human pancre-
atic islet b-cell destruction by cytokines is independent of
nitric oxide production. J Clin Endocrinol Metab 79: 1058–
1062, 1994.

95. Eizirik DL, Sandler S, Welsh N, Cetkovic-Cvrlje M, Nieman
A, Geller DA, Pipeleers DG, Bendtzen K and Hellerström C,
Cytokines suppress human islet function irrespective of their
effects on nitric oxide generation. J Clin Invest 93: 1968–
1974, 1994.

96. Beckman J, Beckman T, Chen J, Marshall P and Freeman B,
Apparent hydroxyl radical production by peroxynitrite: Im-
plications for endothelial injury from nitric oxide and
superoxide. Proc Natl Acad Sci USA 87: 1620–1624, 1990.

97. Pryor WA and Squadrito GL, The chemistry of peroxy-
nitrite: A product from the reaction of nitric oxide with
superoxide. Am J Physiol 268: L699–L722, 1995.

98. Kaur H and Halliwell B, Evidence for nitric oxide-mediated
oxidative damage in chronic inflammation. Nitrotyrosine in
serum and synovial fluid from rheumatoid patients. FEBS
Lett 350: 9–12, 1994.

99. Crow JP and Beckman JS, The role of peroxynitrite in nitric
oxide-mediated toxicity. Curr Top Microbiol Immunol 196:
57–73, 1995.
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