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Abstract
Protection of pancreatic β cells is an approach to prevent autoimmune type 1 diabetes (T1D) and
to protect transplanted islets. Reactive oxygen species (ROS) are important mediators of β cell
death during the development of T1D. We have examined the role of elevated ROS dissipation in
the prevention of T1D using the ALR mouse strain. The selection of ALR, for resistance against
alloxan-induced free radical–mediated diabetes, led to a strain of mice with an elevated systemic
as well as pancreatic ROS dissipation. Independent genetic mapping studies have identified ALR-
derived diabetes protective loci. Conplastic and congenic mouse as well as cell line studies have
confirmed the genetic mapping and demonstrated that the elevated ROS dissipation protects ALR
β cells from autoimmune destruction. Our data support the hypothesis that elevated ROS
dissipation protects β cells against autoimmune destruction and prevents T1D development.
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Introduction
Type 1 diabetes (T1D) is a metabolic disorder resulting from the autoimmune cell-mediated
destruction of pancreatic insulin-producing β cells. This disease is affected by genetic and
environmental factors. The destruction of pancreatic β cells during the autoimmune attack
occurs when activated cells of the immune system induce apoptosis via engaging FAS on
the surface of β cells or necrosis by secreting proinflammatory cytokines, perforin and
granzyme B, and reactive oxygen (ROS) and nitrogen (RNS) species.1 While these routes
employ different receptors and signaling pathways, ROS are common to all of these
mechanisms of cell death induction. In clinical studies, T1D patients and antibody-positive
at-risk individuals showed an increase in oxidative stress compared to healthy controls or
their first-degree relatives.2,3 Therefore, oxidative stress plays an important role in the
pathogenesis of T1D.

Pancreatic islets exhibit greater susceptibility to damage by ROS compared to other tissues
as a result of lower antioxidant defenses.4,5 This exquisite sensitivity has been proposed to
play a role in the pathogenesis of T1D.6–12 Production of ROS and downregulation of
antioxidant defenses characterized by a diminished level of reduced glutathione (GSH) and a
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progressive decline in the transcripts for catalase (CAS), superoxide dismutase (SOD), and
thioredoxin (TRX) have been observed in apoptotic processes.13–15 Hence, the ability to
maintain redox potential in β cells may counteract apoptotic signaling, protecting β cells and
inhibiting T1D.8,9,16–19 In vitro studies have illustrated that ROS are involved in β cell
damage induced by proinflammatory cytokines and that antioxidant treatment prevents the
damage.20–24 Further, increasing the stress response in islets can prevent or reduce immune-
mediated damage including the rejection of islet grafts.25–27 GSH, SOD, and TRX have all
been shown to inhibit proapoptotic signaling by blocking the actions of apoptosis signal-
regulating kinase (ASK1), AP-1, and NF-κB.28–30 Recombinant TRX has been shown to
protect cells against apoptosis mediated through TNF and Fas pathways,31 and when TRX
was overexpressed in β cells of NOD mice, there was a significant reduction in T1D
incidence.26 The rapid rejection of islet grafts in diabetic NOD recipients has also been
attributed in part to damage mediated by ROS, and treatment with ROS scavengers slowed
al-lograft rejection.32,33 These data strongly suggest that antioxidative capacity modulates
both necrosis and apoptosis and increases in antioxidant defenses can inhibit or slow the rate
of β cell death in T1D onset, regardless of the mode by which β cell destruction occurs. Our
overall goal is to discover how pancreatic islets can be rendered more resistant to immune
stress, allowing for maintenance of β cell mass and for a reduction of immunosuppression
after transplantation. The key to these studies is the ALR mouse.

We have been investigating the role of ROS in the pathogenesis of T1D using the NOD and
ALR mouse models. While the NOD strain was bred to be a model of human T1D,34

progenitors of the ALR strain were selected for resistance to alloxan-induced free radical–
mediated diabetes.35 These two strains were derived from the same outbred Jcl:ICR mouse
population. NOD and ALR share approximately 85% identity genome wide, based on the
testing of approximately 3,000 microsatellite and single nucleotide polymorphism (SNP)
markers, including most known Idd loci. Although closely related to T1D-prone NOD, ALR
mice not only are resistant to alloxan-induced diabetes, but they also resist development of
spontaneous autoimmune T1D and diabetes induced by adoptive transfer of diabetogenic T
cells.8 In addition, in vitro the islets of ALR mice are resistant to destruction mediated by
diabetogenic cytotoxic T cells or proinflammatory cytokines.8 When compared to NOD or
the co-selected alloxan-sensitive ALS strain, ALR mice show a higher antioxidative status,
including elevated superoxide dismutase (SOD), glutathione peroxidase (GPX), and
glutathione reductase (GSR) activities in many tissues, including the pancreatic islets.9,18,19

Alloxan is known to induce diabetes by selectively damaging pancreatic β cells by releasing
free radicals inside the cells.36,37 The elevated antioxidant enzyme activity in the ALR
pancreas is therefore a foundation of the alloxan-resistance. Since free radicals also act as
mediators of autoimmune β cell destruction in the development of T1D, we further
investigated the mechanism of T1D resistance in ALR mice.

ALR-Derived T1D Protective Loci
The ALR mouse, with islets that are remarkably resistant to destruction by NOD-derived
autoimmune effectors, provides a unique model to address the hypothesis that factors
present at the islet level can prevent diabetes onset. To identify the genes that protect ALR
islets from destruction, we initiated three independent genetic experiments by crossing ALR
with either NOD or ALS mice. These experiments provide a unique opportunity to map
novel loci that are restricted to protection at the islet level and likely associated with
dissipation of ROS.

A backcross study was initiated between ALR and NOD to identify ALR-derived T1D-
protective loci. Using a cohort of 227 first back-cross mice, we mapped ALR-derived T1D
resistance loci to Chr. 3 (Susp), 8 (Idd22), and 17 (Idd16.2),38 as well as to the
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mitochondrial genome (mtDNA).39 The major histocompatibility (MHC) gene cluster
locates on Chr. 17. The linkage peak on Chr. 17 mapped in the backcross is very close to the
MHC,38 suggesting the participation of the immune system in ALR-derived protection. The
linkage on Chr. 3 overlaps with the Susp (suppressor of superoxide production) locus that
was independently mapped between the ALR and ALS strain.40 This Susp locus controls the
ability of ALR neutrophils and macrophages to suppress free radical burst after phorbol
mystrate acetate (PMA) stimulation.40 While previous genetic studies using the NON,
C57BL/B6, or C57BL/10 strains as outcross partners to NOD mapped T1D loci to both Chr.
3 and 17,41–45 prior to our studies Chr. 8 had not been associated with autoimmune diabetes.
We therefore believe that Idd22 on Chr. 8 is a unique ALR-derived locus.

ALR-Derived T1D Resistance on Chr. 3 Maps to the Susp Locus
In BC1 of NOD with C57BL/10, C57BL/6, and NON, Chr. 3 has been repeatedly identified
as a source of multiple susceptibility loci.41–45Idd3, 10, 17, and 18 all map to Chr. 3. Yet, as
ALR and NOD share the IL-2b allele38 and diagnostic markers for Idd10, 17 and 18 are
equivalent between ALR and NOD, it was surprising that a linkage was detected onChr.
3.Of interest, the ALR-derived T1D resistance locus, at 33cM, sited between previously
mapped Idd loci, completely overlapped with the Susp locus, which was independently
mapped and controls the ability of ALR cells to suppress free radical burst after PMA
activation.40 This was demonstrated by outcross with, and then a backcross to, the free
radical–sensitive ALS strain. Unlike the suppressed oxidative burst from activated ALR or
[ALSxALR] F1 hybrid neutrophils, PMA-activated neutrophils from ALS bone marrow
exhibited normal oxidative burst. Testing of a backcross 1 cohort produced a 1:1 segregation
of the phenotype that allowed mapping to Chr. 3 (peak linkage D3Mit241 at 33cM, χ2 = 32,
P = 0.0001).

Overexpression of SOD1 alone can either dissipate the superoxide generated via NADPH
oxidase (NOX) or inhibit activation of NOX leading to a greater than 80% reduction in
superoxide production.46,47 Therefore, the increased SOD1 activity in ALR cells18,19,40

could rapidly detoxify the superoxide from NOX to peroxide and the previously reported
increased GPX activity in ALR cells9,18 would turn the peroxide to water. Indeed, the
decreased levels of neutrophil oxidative burst correlated inversely with superoxide
dismutase 1 (SOD1) activity (r2 = 0.821). The overlapping positions of these two linkages
suggest that the ALR locus contributing to the heightened ability to dissipate superoxide is
the same locus contributing to protection from T1D.

ALR-Derived Protective Loci against Alloxan
Since ALR islets resist destruction by alloxan and NOD-derived autoimmune effectors, it is
likely that some or all of the loci identified as providing T1D resistance are responsible for
protection at the β cell level and are associated with elevated dissipation of free radicals. We
proposed that genetic elements that provide resistance to alloxan would co-localize to
regions of ALR-derived T1D resistance. F1 hybrid mice between NOD and ALR were
protected only when the maternal parent is ALR,39 suggesting that a maternal factor, either
X or mtDNA, plays a role in this protection. To clarify the maternal factor and to map genes
contributing to alloxan resistance, F2 hybrid mice were created between NOD and ALR
strains, and diabetes was induced by a single intravenous injection of alloxan, 52 mg/Kg
body weight, at 6 weeks of age. A genome-wide scan was performed on this population of
646 F2 mice using 117 genetic markers. The highest incidence of alloxan-induced diabetes
(45.6%) was seen in the group of male mice with both the mtDNA and Y chromosome
derived from NOD. ALR mtDNA was significantly protective (χ2 = 9.5, P = 0.002). In
addition, linkages were mapped to Chr. 2, 3, and 8. The linkage on Chr. 8 overlapped with
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the previously mapped ALR-derived T1D resistance locus, Idd22.38 However, the ALR
allele on Chr. 3 contributed to a higher susceptibility to alloxan. This linkage locates
proximal to the previously mapped, T1D protective Susp locus. The Chr. 2 locus shows a
higher susceptibility contributed by the heterozygous type. Heterosis is not unusual in
sensitivity to chemicals, possibly by altering the activity of a metabolic enzyme. An example
is the previously demonstrated increased sensitivity to thiazolidinedione-induced
hepatosteatosis in an F1 cross between two genetically diverse inbred strains, NON/Lt and
NZO/Lt.48 For these findings we propose that the mtDNA and Chr. 8 loci control β cell
resistance to ROS and thus protect against T1D.

Role of ALR Mitochondrial Genome in the Protection of β Cells against Free
Radical–Mediated Damage

The mitochondrial genome was mapped to be protective against both alloxan-induced and
autoimmune diabetes. Sequence analysis of the mitochondrial genome revealed a novel SNP
distinguishing ALR from other closely related mouse strains, including NOD.39 The
mitochondrial genomes of the two strains are identical except this SNP, which is in mt-Nd2.
mt-Nd2 encodes a subunit of NADH:ubiquinone dehydrogenase, the first enzyme complex
of the mitochondrial electron transport chain and the major source of cellular ROS
production.49 A nucleotide difference, C in NOD or A in ALR, results in an amino acid
residue of leucine or methionine, respectively.39 In humans, there is a corresponding mt-
ND2 C/A polymorphism resulting in the same amino acid replacement. The human mt-
ND2a allele is reported to be linked with lower incidence of a series of diseases associated
with oxidative stress,50–53 including T1D.54

To study the effect of the mt-Nd2a, reciprocal conplastic mice were created.17 Basal
function of mitochondria isolated from the liver of conplastic mice did not show any
difference when compared to the parental strains.17 However, mitochondria isolated from
mice encoding mt-Nd2a demonstrated lower ROS production than did mice encoding mt-
Nd2c.16,17 While NOD.mtALR mice exhibited lower mitochondrial free radical production,
this reduction in oxidative burden did not change the course of spontaneous T1D nor were
NOD.mtALR mice resistant to alloxan-induced diabetes. In contrast, when ALR.mtNOD were
challenged with different doses of alloxan, they showed an increased susceptibility
compared to ALR (Fig. 1A). The increased ROS production by ALR.mtNOD mitochondria
likely results in a decrease in the amount of exogenous ROS required to destroy the β cells
of this mouse strain.

The amount of islet β cells harvested from mice is limited. For mitochondrial function
studies, large numbers of cells are needed to isolate fresh mitochondria. Therefore, we
created β cell lines containing the NOD nuclear genome and ALR mt-Nd2a allele. These
cells, NIT-4, are genetically identical to NIT-1 except for the SNP in mt-Nd2. NIT-4 cells
were created by mating female conplastic NOD.mtALR mice to NOD.Cg-Tg(Ins2-TAg) 1 Lt
Prkdcscid/DvsJ male mice, isolating islets from F1 hybrids and culturing islet cells to
develop to an immortalized cell line. The insulin secretory capabilities stimulated by glucose
and arginine were comparable between NIT-1 and NIT-4 cells (data not shown). Under
oxidative stress exerted either by alloxan or H2O2, NIT-4 cells showed a significantly higher
viability than NIT-1 cells (Table 1). The strong resistance of NIT-4 cells to free radical
damage supports a protective role of mt-Nd2a at the β cell level in T1D.

Genes on Chromosome 8 Protect at β Cell Level
The ALR allele on Chr. 8 (Idd22) was mapped to be protective against both alloxan
diabetes65 and T1D,38 and the peak linkages overlap with each other. Chr. 8 congenic mice,
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NODcALR(D8Mit205-D8Mit33) [NOD-Idd22], were created as previously described,17,55

to further study the role of and identify T1D protective genes in this region. Spontaneous
T1D was completely eliminated in the homozygous congenic stock at N10. Compared to
NOD mice, these congenic mice showed decreased susceptibility to alloxan (Fig. 1B). The
protection contributed by Idd22 is very likely at the β cell level. The common effect of β cell
damage in both autoimmune and alloxan-induced diabetes again suggests that this protection
may be due to elevated ROS dissipation, as previously observed in ALR mice.18 Given the
role of oxidative stress in the pathogenesis in both types of β cell damage, a plausible
candidate gene in this region would be Prdx2, located at 87.6MB. This gene product belongs
to peroxiredoxins, which are a ubiquitous family of antioxidant enzymes. Another
peroxiredoxin-related locus was previously mapped on Chr.8, called Prdx1-rs2
(peroxiredoxin 1, related sequence2), at 32cM.56 Another type of candidate in this region is
Kruppel-like factor 2 (Klf2). Klf2, which is elevated 4-fold in ALR islets and 3.6-fold in
NOD-Idd22 compared to NOD, is capable of both upregulating antioxidant gene
expression57 as well as inhibiting NF-κB activation.58 NF-κB plays a key role in cytokine-
induced β cell death.9 In fact, ALR islets are cytokine-resistant and showed defective
nuclear translocation of NF-κB P65 subunit after cytokine treatment, correlating with
reduced kinetics of IκB degradation and suppressed iNOS induction.9

Interactions of Mitochondrial and Nuclear Genome Determine
Susceptibility/Resistance

As shown above, the ALR-derived mt-Nd2a allele alone did not affect the susceptibility of
NOD mice to either T1D or alloxan. Although the NOD-derived mt-Nd2c allele did increase
the susceptibility of ALR mice to alloxan when compared to unmanipulated ALR mice,
ALR.mtNOD conplastic mice still resist the development of spontaneous T1D. Likewise, the
Chr. 8 allele from ALR increased the resistance of NOD mice to alloxan, but compared to
ALR mice, the protection is only partial. When the linkages mapped in the above-mentioned
F2 crosses were stratified by the allele of mt-Nd2 inherited, some linkages were dependent
of the mt-Nd2c or mt-Nd2a allele. These data suggest that interactions between genes on
nuclear chromosomes and in mitochondrial genome determine the contribution to the
phenotype.

The effect of the interaction between Chr.8 and the mtDNA was studied in the congenic-
conplastic stock, NOD.mtALR.ALR-(D8mit205-D8mit33) [NOD.mtALR-Idd22]. These mice
have both the Idd22 locus from ALR and the mt-Nd2a allele on the NOD background. When
compared to NOD-Idd22 mice, these NOD.mtALR-Idd22 mice show an even higher
resistance to alloxan (Fig. 1C), suggesting that the interaction of ALR genes on Chr.8 and
mt-Nd2a allele contributes the resistance. The distal peak linkage mapped in the F2 cross,
marked by the D8mit107 at 89.52 MB, overlaps the linkage mapped for T1D resistance with
the peak D8mit80 at 90.99 MB. A clear link between the candidates discussed above, Prdx2
or Klf2, and the mitochondria might not be obvious. A plausible explanation may be that
these gene products may not interact, by work additively to both reduce ROS production and
dissipation, resulting in an increase in the ROS threshold for β cell death. Nuclear
mitochondrial genes could also interact directly with mt-Nd2 to either reduce or enhance
ROS production. Within the 95% confidence interval, two subunits of Complex I are
encoded, Ndufa13 and Ndufb7. Because Complex I is the major site of intracellular ROS
production during normal cellular metabolism, the interaction of mt-Nd2a with a second
protective allele within this enzyme complex could result in more efficient enzyme function
and a reduction in any electron leak that would lead to ROS production.
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Genes on Chromosome 3 Protect Islets through Elevated ROS Dissipation
The overlapping of Susp with the T1D protective locus on Chr. 3 suggests elevated SOD1
activity and the resulting decrease in superoxide from NOX may be involved in ALR-
derived T1D protection.38,40 A previous study had mapped Susp in an outcross of ALR with
ALS. In order to study the contributions of Susp in T1D resistance in a NOD model system,
Chr. 3 congenic mice were developed. NOD cells exhibit a robust oxidative burst upon
PMA stimulation that is on average 5 times greater than that of ALR. ALRxNOD F1 hybrid
mice have a burst phenotype equal to [ALRxALS] F1 hybrids, which is approximately half
of NOD or ALS. The ALR.NODc3(D3Mit167-D3Mit174) congenic mice had NOD
contributing genome from 32.4 to 83.3 cM (Fig. 2A). This region contains the Susp locus.
When these congenic mice were assessed for neutrophil and macrophage superoxide
production after stimulation with PMA, a high burst capability comparable to that of NOD
(Fig. 2B) was observed.

The SOD1 activity in ALR is elevated compared not only to ALS, but also to NOD (Fig.
2C). F1 hybrids between NOD and ALR have a SOD1 activity that is intermediate
comparing ALR to NOD (Fig. 2C). When homozygous ALR.NODc3(D3Mit167-D3Mit174)
were tested, SOD1 activity was lower, consistent with a NOD phenotype (Fig. 2C). This
confirms the mapping of Susp located on Chr. 3 as responsible in controlling the ALR-
derived changes in oxidative status.

Shifts in oxidative status have been described in the ALR and hypothesized to play a role in
T1D resistance. This shift may serve two purposes: by conferring protection at the level of
the immune system and to the β cells. CD4+ T cells are principal mediators of autoimmune
destruction of the β cell, and studies of diabetogenic T cell clones have described important
roles for IFN-γ and TNF-α in T1D pathogenesis.59 ROS have also been proposed to be
critical cellular signaling molecules60,61 and recent work has implicated NOX activity as an
important component in T cell activation. Disruption of NOX subunits gp91phox and p47phox

leads to a skewing of the T helper response and altering the secreted cytokine profile.62

When p47phox-deficient C57BL/6 mice were infected with A. fumigatus, CD3+ T cells were
found to produce decreased IFN-γ and increased IL-17 compared to wild-type mice,
suggesting that superoxide was important for the initiation of a Th1 response during an
inflammatory response.62 The inherent lack of superoxide in the ALR due to increased
dissipation by SOD1 may be downregulating the initiation of a pro-inflammatory Th1
response and limiting T1D.

While the immune cells of the ALR have shown decreased superoxide production, the β cell
has also demonstrated changes in ROS production. β cells are known to have low ROS
scavenging capabilities, yet the ALR increases in antioxidant activity were shown to extend
to the β cell. Previous reports have described a NOX complex in the β cell that is activated
by glucose, suggesting that superoxide is also important to β cell function and intracellular
signaling.63,64 Islets exposed to pro-inflammatory cytokines, including IFN-γ and TNF-α,
were shown to increase superoxide production via NOX within the β cell.64 ROS produced
within the β cell in the context of a pro-inflammatory setting contributes to cell death. ALR
β cells, however, fail to increase ROS production after exposure to proinflammatory
cytokines,9 again demonstrating resistance to changes in redox balance on account of
increased dissipation by SOD1, and reduced production of superoxide is protecting the β
cell. The role of Susp in T1D protection is likely to be global, suggesting that improvements
in systemic antioxidant capacity can protect against onset of T1D.
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ALR-Derived Idd16.2 MHC-Linked T1D Protection Associated with H2-Ddx

The major histocompatibility complex (MHC) is located on Chr. 17. ALR and NOD share
the majority of this cluster, the only difference being at the distal part of class III, extending
to class I, where ALR is Ddx and NOD is Db. The linkage peak on Chr.17, termed Idd16,
mapped in the backcross was very close to the MHC.38 Analysis of two lines of NOD mice
congenic for the MHC of ALR (H2-Ddx) demonstrated that diabetes was suppressed.55 The
ALR-derived MHC-linked gene on this chromosome is likely the Class I MHC Ddx allele
and has not yet been associated with dissipation of free radicals.55

Summary
ROS are thought to be involved in several pathways in the autoimmune destruction of
pancreatic β cells during the development of T1D. The ALR mouse strain, with its elevated
endogenous ROS dissipation, provides a good model to study the protective role of ROS
dissipation on β cells. The protective roles of ALR genes are mapped on Chr. 3 and 8 and
the mtDNA provides either enhanced antioxidant defenses or a reduction in basal ROS
production. Our data clearly show that elevated ROS dissipation protects islet β cells from
autoimmune insults and prevents the development of T1D, and that this protection is exerted
through the interaction of genes in the mitochondrial and nuclear genomes.
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Figure 1.
(A) Diabetes was induced in ALR.mtNOD but not ALR mice by i.v. administration of 65 mg/
kg alloxan (6-week-old males, n = 4 in each group). (B) Diabetes was induced in NOD/Lt
but not NOD-Idd22 mice by 45 mg/kg alloxan i.v. (6-week-old males, n = 5 for NOD, n = 7
for NOD-Idd22). (C) When challenged with 50 mg/kg alloxan intravenously, NOD.mtALR-
Idd22 mice (6-week-old males, n = 9) showed higher resistance than did NOD-Idd22 mice
(6-week-old males, n = 6).
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Figure 2.
(A) Chromosome 3 congenic mice were developed by mating ALR females to NOD males
and the offspring were bred to ALR. The progeny were then genotyped to determine ALR
and NOD contributing genome on each chromosome. Mice with NOD contributions on Chr.
3 were chosen to breed with ALR mice. This process continued until NOD genome
contributions were present only on Chr. 3, leading to the development of ALR.NODc3
congenic mice that had NOD contributing genome between D3Mit177 and D3Mit189. (B)
Respiratory burst was evaluated in neutrophils and macrophages isolated from the bone
marrow of the NOD, [NODxALR]F1 hybrids, ALR, and ALR.NODc3 mice. (C) SOD1
activity was measured in homogenized liver tissue from NOD, [NODxALR]F1 hybrids,
ALR, and ALR.NODc3 mice using the Cayman Chemical SOD Assay Kit (Ann Arbor, MI,
USA) following the manufacturer's directions.
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Table 1
Cell Viability under Oxidative Stress

Cell Type

Agent NIT-1 NIT-4

H2O2 (200 μM) 50.97 ± 2.76 95.09 ± 2.95*

Alloxan (100 mM) 26.83 ± 7.62 65.41 ± 10.11*

NIT-1 and NIT-4 cells were treated with either H2O2 for 3 hours or Alloxan for 10 minutes. After washing, cell survival was assayed with the

MTT assay. Results are displayed as percent of untreated cells ± standard deviation.

*
P < 0.05.
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