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Abstract
Aim/hypothesis Insulin is the most specific beta cell an-
tigen and a potential primary autoantigen in type 1 di-
abetes. Insulin autoantibodies (IAAs) are the earliest
marker of beta cell autoimmunity; however, only slight-
ly more than 50% of children and even fewer adults
newly diagnosed with type 1 diabetes are IAA positive.
The aim of this investigation was to determine if oxi-
dative post-translational modification (oxPTM) of insu-
lin by reactive oxidants associated with islet inflamma-
tion generates neoepitopes that stimulate an immune re-
sponse in individuals with type 1 diabetes.
Methods oxPTM of insulin was generated using ribose and
various reactive oxygen species. Modifications were analysed
by SDS-PAGE, three-dimensional fluorescence and MS.
Autoreactivity to oxPTM insulin (oxPTM-INS) was observed
by ELISA and western blotting, using sera from participants

with type 1 or type 2 diabetes and healthy controls as probes.
IAAwasmeasured using the gold-standard radiobinding assay
(RBA).
Results MS of oxPTM-INS identified chlorination of
Tyr16 and Tyr26; oxidation of His5, Cys7 and Phe24;
and g lyca t ion of Lys29 and Phe1 in cha in B.
Significantly higher binding to oxPTM-INS vs native
insulin was observed in participants with type 1 diabetes,
with 84% sensitivity compared with 61% sensitivity for
RBA. oxPTM-INS autoantibodies and IAA co-existed in
50% of those with type 1 diabetes. Importantly 34% of
those with diabetes who were IAA negative were oxPTM-
INS positive. Altogether, 95% of participants with type 1
diabetes presented with autoimmunity to insulin by RBA,
oxPTM-INS or both. Binding to oxPTM-INS was directed
towards oxPTM-INS fragments with slower mobility than
native insulin.
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Conclusion/interpretation These data suggest that oxPTM-
INS is a potential autoantigen in individuals with new-onset
type 1 diabetes.
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Abbreviations
Emmax Maximum emission
Exmax Maximum excitation
HEL Hen egg lysozyme
HOCl Hypochlorous acid
HOCl-INS Insulin modified by hypochlorous acid
IAA Insulin autoantibody
IMDIAB Immunotherapy Diabetes
•OH Hydroxyl radical
•OH-INS Insulin modified by the hydroxyl radical
oxPTM Oxidative post-translational modification
oxPTM-
INS

Oxidative post-translationallymodified insulin

PTM Post-translational modification
RBA Radiobinding assay
ROS Reactive oxygen species

Introduction

Oxidative stress might be a critical player in the pathogenesis
of type 1 diabetes. Hyperglycaemia and a large influx of met-
abolically active immune cells infiltrating the inflamed islets
might result in the formation of high levels of reactive oxygen
species (ROS) [1, 2]. The key ROS that are known to be
produced are the superoxide radical, hydrogen peroxide, the
hydroxyl radical (•OH), hypochlorous acid (HOCl), nitric ox-
ide, peroxynitrite and oxidants derived from glycation as a
result of hyperglycaemia. High levels of ROS may lead to
oxidative post-translational modification (oxPTM) of beta cell
self-proteins and the formation of neoepitopes. Neoepitopes
are epitopes that have not been previously presented to the
immune system [3, 4] and therefore escape immune tolerance
and generate autoimmunity. Other intracellular events, such as
increases in ROS and endoplasmic reticulum stress, impair
beta cell autophagic activity [5]. This leads to apoptosis, in-
flammation, altered processing of beta cell antigens and accu-
mulation of extracellular matrix, which are in turn both targets
for ROS and further oxPTM.

Although this mechanism is well established in other auto-
immune diseases such as coeliac disease and rheumatoid ar-
thritis [6, 7], there is scant evidence available for type 1 dia-
betes [8–12]. We have previously shown that patients with
type 1 diabetes had increased levels of autoantibodies against

collagen type II modified by ROS, and that this response was
under the genetic control of theHLA-DRB1*04 shared epitope
alleles [13]. Although the effect of ROS in inducing autoim-
munity towards beta-cell-specific antigens remains largely un-
known, this role for ROS is supported by the evidence that
antibodies against oxidised GAD are present in diabetes [11].
Insulin is the most specific antigen for pancreatic beta cells
and a potential primary autoantigen in type 1 diabetes. Insulin
autoantibodies (IAAs) have been reported since 1983 [14] and
represent the earliest marker of beta cell autoimmunity [15].
However, only slightly more than half of children and even
fewer adults with recent-onset type 1 diabetes are IAA posi-
tive [16, 17].

It is an enigma why tolerance to insulin malfunctions in
type 1 diabetes. Our hypothesis is that oxPTM by oxidants
associated with islet inflammation has a role in breaching
tolerance to insulin in type 1 diabetes. To address this hypoth-
esis, we have tested reactivity to native and oxPTM insulin
(oxPTM-INS) in individuals with newly diagnosed type 1
diabetes, and compared the results with those from control
participants using both cross-sectional and longitudinal
designs.

Methods

Participants Serum samples were obtained from participating
centres of the Immunotherapy Diabetes (IMDIAB) group. A
population of young individuals diagnosed with type 1 diabetes
according to ADA criteria was studied. Serum samples from
participants with type 1 diabetes (n=116) were collected at
diagnosis, before the start of insulin therapy. For 69 patients,
a second serum sample was obtained at the following time
points after the start of insulin therapy: 3 months (19 samples);
3–6 months (16 samples); 6–9 months (19 samples); and
12 months (15 samples). Sera from 64 individuals with type 2
diabetes and 113 healthy individuals (45 schoolchildren and 68
adults) were used as controls. Features of the studied cohorts
are reported in Table 1. This project was approved by the ethical
committee at the University Campus Bio-Medico within the
framework of the IMDIAB investigators’ type 1 diabetes study,
with informed consent signed by participants or their parents.

In vitro chemical modifications Human recombinant insulin
(1 mg/ml) in PBS was incubated overnight at 37°C with the
following agents: (1) 2 mol/l ribose (Sigma, Gillingham, UK);
(2) 9 mmol/l HOCl (BDH, Oxford, UK); (3) 4.5 mmol/l
CuCl2 (Sigma) and 9 mmol/l hydrogen peroxide (Sigma),
which was used to produce •OH by the Fenton reaction. Hen
egg lysozyme (HEL; Sigma) was also modified as above and
used as the control antigen. Modification of insulin was mon-
itored by 20% reducing SDS-PAGE and 20% native-PAGE,
followed by staining with Coomassie blue (Sigma).
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Three-dimensional (3D) fluorescence 3D scanning fluores-
cence spectra were obtained using a Hitachi F-4500 spectro-
fluorometer (Tokyo, Japan). Samples were briefly centrifuged
prior to scanning to remove aggregated material.
Simultaneous excitation (200–800 nm) and emission
(200–800 nm) spectra were recorded.

MS Samples were desalted with StageTip C18 and analysed
by MALDI-TOF in positive, linear mode, mass range m/z
from 2,000 to 25,000. An aliquot of the samples was reduced
with DTT, digested with Glu-C (Calbiochem, Merck,
Darmstadt, Germany), desalted using StageTip C18 and sub-
mitted to MALDI-TOF (MS) and MALDI-TOF-TOF
(MS/MS) analysis and nano-electrospray ionisation tandemMS.

Detection of autoantibodies to oxPTM-INS An ELISAwas
performed using native insulin and oxPTM-INS or control
native HEL and oxPTM-HEL as targets. Briefly, ELISA
plates (Nunc, London, UK) were coated with 10 μg/ml mod-
ified or native protein in 0.05 M carbonate/bicarbonate buffer
(pH 9.6) at 4°C overnight. Plates were then washed three
times with PBS. After blocking for 2 h with 5% BSA in
0.5% Tween-PBS, 100 μl of 1:200-diluted serum samples in
5% BSA in 0.5% Tween-PBS were added to each well,
followed by 2 h incubation at room temperature. Plates were
then washed with PBS plus 0.1% Tween, followed by three
washes with PBS. Anti-human IgG–HRP conjugated antibod-
ies (Sigma) were then added at 1:1,000 dilution in 5% BSA in
0.5% Tween-PBS for another 2 h incubation. The ELISA
p la t e s wer e washed , and 100 μg /m l 3 ,3 ′ , 5 , 5 ′ -
tetramethylbenzidine substrate (Sigma) in 100 mmol/l sodium
acetate (pH 6.0) was added. Subsequently, the reaction was
stopped with 1 mol/l sulphuric acid. Absorbance was mea-
sured at 450 nm using a GENios plate reader and Magellan
software (Tecan, Reading, UK).

The ELISA absorbance values obtained for HEL and
oxPTM-HEL were used as background controls that were
subtracted from the absorbance values of native insulin and
oxPTM-INS, respectively. In addition, to control assay

fluctuation, binding to insulin, oxPTM-INS, HEL and
oxPTM-HEL was tested for each individual sample on the
same plate. Each assay included known positive or negative
reference control samples. Longitudinal samples obtained
from the same individuals (before and after insulin treatment)
were tested on the same plate. Levels of oxPTM-INS antibod-
ies above the 99th percentile of the healthy individuals were
defined as the ELISA cut-off.

A competitive ELISAwas performed to assess the binding
specificity of serum to oxPTM-INS. The competitive ELISA
was carried out in a similar manner as above, except that the
serum samples were pre-incubated for 2 h or overnight, with
and without 10 μg/ml native insulin or oxPTM-INS as the
competitor, before adding the serum samples to the coated
ELISA plate.

Radiobinding assay (RBA) for detection of IAA IAAs were
measured by RBA using a modified radioimmunoprecipitation
assay initially described by Williams and coworkers [18].
Briefly, 20 μl serum was incubated for 2 days at 4°C in the
presence of human 125-I insulin. Immune complexes were then
precipitated by using 50% protein A/G-Sepharose. After sever-
al washings, bound 125-I insulin was measured in a beta coun-
ter. Results were expressed as an index defined as follows:
(sample cpm – negative standard control cpm) / (positive stan-
dard control cpm – negative standard control cpm). Serum
samples with an index >0.002 were considered to be positive.
The assay limit of positivity was calculated according to >99th
percentile values of 150 healthy control sera. This assay
achieved 46% sensitivity and 100% specificity at the Islet
Autoantibody Standardization Proficiency Workshop in 2012.

Western blot PAGE was run as described above and proteins
were transferred to nitrocellulose using standard protocols.
Membranes were blocked in 5% dry milk powder (Marvel)
for 2 h, followed by overnight incubation at 4°C with serum
samples diluted 1:1,000 in 5% dry milk powder. After wash-
ing twice for 5 min in 0.5% Tween-PBS and for 5 min in PBS,
membranes were incubated for 1 h with anti-IgG HRP

Table 1 Clinical and biochemical features of the studied populations

Characteristic Type 1 diabetes Type 2 diabetes (n=64) No diabetes

At diagnosis (n=116) After insulina (n=69) Children (n=45) Adults (n=68)

Age, years 13.9±0.8 14.8±1.0 59.5±3.4 14.2±0.6 38.0±1.4

Ratio of male:female 0.85 0.97 1 0.33 0.66

Blood glucose, mmol/l 21.4±0.7 8.4±0.7 8.6±0.4 4.2±0.1

HbA1c, % (mmol/mol) 11.0±0.3 (96±2.9) 6.8±0.3 (51±3.1) 7.4±0.3 (57±2.9) 5.4±0.1 (39±4.02)

BMI, kg/m2 18.7±0.4 18.7±0.5 31.8±2.1 21.4±0.8

Data are means±SE, unless otherwise stated
a See “Methods” for disease duration
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(Sigma), diluted 1:1,000 in 5% dry milk powder. Membranes
were then washed twice for 10 min in 0.5% Tween-PBS and
for 10min in PBS before incubating with 1 ml Luminata Forte
Western HRP (Sigma). Bands were detected using the
FluorChem E System (ProteinSimple, Santa Clara, CA,
USA).

Statistical analysis Statistical analyses were performed using
Prism (GraphPad, San Diego, CA, USA) and SPSS (SPSS,
Chicago, IL, USA). Differences in antibody levels between
the groups were tested using the Mann–Whitney U
(Wilcoxon) test, and data are presented as medians±SE.
Longitudinal changes in antibody binding were evaluated
using the Wilcoxon paired test. Pearson’s correlation test
was used to assess the association between reactivity to
oxPTM-INS and metabolic control. To determine diagnostic
discrimination between participants with type 1 diabetes, type
2 diabetes and healthy controls, we used the 99th percentile of
the healthy individuals as the cut-off point for absorbance
units to construct a contingency table of positive autoanti-
bodies against the clinical diagnosis (type 1 diabetes vs
healthy control; type 1 diabetes vs type 2 diabetes) and tested
it using Fisher’s exact test. The ELISA intra-assay CV was
calculated as the SD of a set of triplicate measurements divid-
ed by the mean of the serum samples. The inter-assay CV was
calculated similarly for samples assessed in different experi-
ments performed by different operators.

Results

PAGE analysis of native and oxPTM-INS Using SDS-
PAGE analysis, ROS-modified insulin (oxPTM-INS) and na-
tive insulin migrated to the region of 5 kDa with no significant
differences in mobility, although a smear above the major
5 kDa band was observed for oxPTM-INS (Fig. 1a, SDS-
PAGE). In non-denaturing native-PAGE, differences emerged
between native and modified insulin. After glycation by ri-
bose, a clear shift in the position of the insulin band appeared,
together with two additional bands, all with slower mobility.
Exposure of insulin to the •OH-generating system and HOCl
induced the appearance of additional and slower mobility
bands, in conjunction with a smear of protein through the
entire line, suggesting fragmentation (Fig. 1b).

3D-fluorescence profile of native and oxPTM-INS To de-
termine the effect of ROS modifications on the structural
changes of insulin, we performed a 3D-fluorescence profile
study of both native and oxPTM-INS (Fig. 1c–f). Intrinsic
fluorescence was detectable in native insulin, with a maxi-
mum excitation (Exmax) of 279 nm and maximum emission
(Emmax) of 318 nm, possibly attributed to tyrosine residues.
Exmax and Emmax shifted to 326 and 452 nm, respectively,

after modification of insulin with ribose, and to 336 and
431 nm, respectively, after modification with HOCl, suggest-
ing changes in insulin structure. Modification with •OH result-
ed in the loss of fluorescence and an increase in light scatter-
ing, suggesting aggregation of the native molecules.

MSanalysis of native and oxPTM-INSNative and modified
insulin were analysed by high-resolution MS. Native insulin
showed a peak at m/z 5,808 Da, corresponding to the molec-
ular mass of insulin. After glycation by ribose, four additional
peaks appeared with mass differences of 132 Da, indicating
the addition of ribose molecules to insulin and corresponding
to the mono-, di-, tri- and tetra-glycated insulin forms.
Exposure to HOCl induced the development of additional
peaks at lower m/z with respect to the native form, indicating
the formation of degradation products induced by the reaction
with the oxidant. A peak at m/z 5,824 Da (+16) was shown for
insulin modified by •OH (•OH-INS); the mass difference be-
tween native insulin and •OH-INS was 16 Da, which corre-
sponds to one oxidation site (Fig. 2a–d). MS/MS analysis
suggested that the main oxidative changes involved Phe1
and Lys29 (glycation); His5, Cys7 and Phe24 (•OH and
HOCl); and Tyr16 and Try26 (HOCl) in chain B (Fig. 2e,
Table 2).

Antibody binding to oxPTM-INS in patients with type 1
diabetes and control individualsNative insulin and oxPTM-
INS were used as targets in ELISA to assess antibody binding
to native insulin vs oxPTM-INS in sera from individuals with
type 1 diabetes. As controls, we used samples from a group of
healthy schoolchildren and a group of adults. To avoid inter-
ference with antibodies against exogenous insulin, samples
from patients with type 1 diabetes (mean±SE age 13.90±
0.77 years) were taken at diagnosis, before the patients started
insulin therapy (Table 1). Binding to insulin modified by
HOCl (HOCl-INS) and •OH-INS was significantly higher
than binding to native insulin. Reactivity to native insulin
and oxPTM-INS was detected in 30% and 84%, respectively,
of patients with type 1 diabetes, with median absorbances of
0.043±0.012, 0.183±0.012 and 0.231±0.013 for binding to
native insulin, HOCl-INS and •OH-INS, respectively
(p<0.0001, Fig. 3a). Binding to glycated insulin was signifi-
cantly lower compared with native insulin (absorbance 0.007
±0.006, p<0.0001, data not shown). Antibodies to the control
antigens HEL and oxPTM-HEL were present in only 5% and
3.5% of participants with type 1 diabetes, respectively
(Electronic supplementary material [ESM] Table 1). Binding
of HOCl-INS and •OH-INS was higher in sera from partici-
pants with type 1 diabetes than in that from participants with
type 2 diabetes and healthy individuals (p<0.0001). The sen-
sitivity and specificity of oxPTM-INS reactivity in patients
with type 1 diabetes were 84% and 99%, respectively,
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compared with healthy schoolchildren, and 66% and 99%,
respectively, compared with patients with type 2 diabetes.

To exclude the possibility that serum reactivity was due to
metabolic alteration at the time of the clinical onset of diabe-
tes, binding in 69 patients with type 1 diabetes was evaluated
longitudinally after insulin treatment (Fig. 3c–e). Insulin ther-
apy induced a slight increase in binding to native insulin (me-
dian absorbance 0.040±0.014 vs 0.083±0.026; p<0.0001)
and HOCl-INS (median absorbance 0.187±0.019 vs 0.262±
0.024; p=0.007), but not to •OH-INS (data not shown).
Overall, binding to oxPTM-INS remained significantly higher
than to native insulin (p<0.0001). Intra-assay CVof triplicates
was <8% (mean 4%, n=10). Inter-assay CVs were <10%
(mean 6%) and <13% (mean 6%) for native insulin and
oxPTM-INS (n=12), respectively.

Comparison between oxPTM-INS ELISA and RBA At
diagnosis, reactivity to oxPTM-INS (•OH-INS and/or HOCl-
INS) and IAA in RBAwas detected in 84% and 61% of par-
ticipants with type 1 diabetes, respectively (Fig. 3a, b). The
sensitivity of oxPTM-INS antibodies was 84% vs 61% for
IAA measured by RBA (p=0.0001), while specificity was
99% for both assays. oxPTM-INS antibodies by ELISA and
IAA by RBA coexisted in 50% of individuals with type 1
diabetes, but oxPTM-INS antibodies were able to detect an
additional 34% of participants who were IAA negative.
Overall, 82.7% of participants who were positive on RBA
were also oxPTM-INS positive on ELISA, while 17.3% who
were positive on RBAwere oxPTM negative on ELISA. The
combined measurement of IAA by RBA and oxPTM-INS

antibody ELISA raised the detection of insulin autoimmunity
to 95% of participants with new-onset type 1 diabetes.

Antibody binding specificity to oxPTM-INS by competitive
ELISA and western blot A competitive displacement assay
was performed to evaluate serum binding specificities to
oxPTM-INS by pre-incubating sera with either native insulin
or oxPTM-INS (Fig. 4). When type 1 diabetes sera were pre-
incubated with an excess amount of native insulin, no signif-
icant displacement occurred and the competitive assay
showed only a 25% lower absorbance compared with the di-
rect binding oxPTM-INS assay. In contrast, pre-incubation of
sera with an excess of oxPTM-INS (•OH-INS or HOCl-INS)
led to a strong reduction in binding (88% mean reduction in
absorbance), indicating that antibody specificities are mainly
to oxPTM-INS. Western blot analysis was then performed on
a range of serum samples that exhibited the strongest binding
in ELISAs. Weak binding to a fragment corresponding to
native insulin was evident, but this was lost after glycation.
Binding to •OH-INS and HOCl-INS was stronger and directed
towards a diffused fragment that had slower mobility than
native insulin. Serum samples from healthy controls did not
bind to any of the insulin formats (Fig. 5).

Relationship of antibody binding to oxPTM-INS with
clinical features Binding of samples from individuals with
type 1 diabetes to native insulin and oxPTM-INS was unrelat-
ed to indices of metabolic control, such as fasting plasma
glucose and HbA1c, either at diagnosis or after metabolic com-
pensation (−0.03<ρ<0.16, p>0.132), or to fasting C-peptide,
insulin requirements or age (−0.07<ρ<−0.01, p>0.916).

Fig. 1 Analysis of native insulin (NT-INS) and oxPTM-INS. (a) SDS-
PAGE and (b) native-PAGE analysis of oxPTM-INS: glycation by ribose
(Glyc-INS), modification by •OH (•OH-INS) and HOCl (HOCl-INS).
There were no clear changes in molecular mass between NT-INS and
oxPTM-INS. The position of the molecular mass markers (in kDa) is
shown in (a). Native-PAGE demonstrated a clear reduction in the mobil-
ity of insulin after glycation by ribose, as shown by two bands with slower
mobility. Exposure of insulin to the HOCl- and •OH-generating systems

induced the appearance of additional and slower mobility bands, and a
smear of protein through the entire line suggesting fragmentation. (c–f)
3D fluorescence profile of NT-INS and oxPTM-INS. Modification of
insulin with ribose (d) or HOCl (e) resulted in a substantial shift in the
Emmax and Exmax wavelengths (indicated by blue lines and numbers)
compared with NT-INS. (f) Modification with •OH resulted in loss of
the native fluorescence and increased light scattering, suggesting aggre-
gation of the native molecules
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Discussion

This study strengthens the support for the concept of insulin as
the prominent autoantigen in type 1 diabetes and suggests that
oxPTM neo-antigenic epitopes are involved in insulin reactiv-
ity in the large majority of children diagnosed with type 1
diabetes. We have demonstrated, for the first time, that
autoreactivity to oxPTM-INS in individuals with newly diag-
nosed type 1 diabetes is significantly more prevalent than
IAAs measured by the gold-standard RBA. Altogether,
oxPTM-INS antibodies and IAAs by RBA were detected in
95% of patients with newly diagnosed type 1 diabetes.

Our data indicate that insulin chain B is the main site of
oxPTM. MS mapped oxPTM to chlorination of Tyr16 and
Tyr26; oxidation of His5, Cys7 and Phe24; and glycation of

Lys29 and Phe1 in chain B. Our observations correlate with
previous studies showing that glycation of insulin involves N-
terminal Phe1 and Lys29 [19, 20] in chain B. Similarly, the
oxidation in a more central insulin sequence correlates with a
previous report implicating Tyr16 and Tyr26, Phe24 and Cys19
as the preferred sites of changes [20]. It is interesting to note that
one of the observed modifications involving chlorination of
Tyr16 of chain B (Tyr B16) is within the region 9–23 of chain
B (B:9–23), a known dominant epitope in autoimmune diabetes
[21], with Tyr16 being crucial in immunoreactivity. Substitution
of Tyr in position 16 to Ala (Tyr B16:Ala) has been shown to
abrogate T cell reactivity [22, 23], and administration of a mod-
ified B:9–23 (Tyr B16:Ala) peptide has been reported to sup-
press expression of IAA and prevent diabetes in theNODmouse
[24]; conversely, it is possible that Tyr16 modification by HOCl

Fig. 2 Analysis of native insulin and oxPTM-INS by MS. (a–d)
MALDI-TOF analysis of native insulin and oxPTM-INS. (a) Native in-
sulin showed a peak at m/z 5,808 Da. (b) After glycation by ribose, four
additional peaks appeared with mass differences of 132 Da and corre-
sponding to the mono-, di-, tri- and tetra-glycated insulin forms. (c) Ex-
posure to HOCl induced the development of additional peaks at lower
m/z than the native form, indicating the formation of degradation products
induced by the reaction with the oxidant. (d) A peak at m/z 5,824 Da

(+16) was shown for insulin modified by •OH; the mass difference be-
tween native insulin and •OH-INS was 16 Da, which corresponds to one
oxidation. (e) MS/MS analyses of oxPTM-INS showed that the main
oxidative changes induced by •OH and HOCl involved His5, Cys7 and
Phe24 in chain B (red). Moreover, treatment with HOCl induced the
generation of chlorine species on Tyr16 and Tyr26 (blue), while the main
modifications by ribose involved N-terminal Phe1 and Lys29 in the chain
B (green). The shaded area shows the immunodominant epitope B:9–23
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might enhance immunogenicity of this insulin epitope. It is also
possible that the other oxidative changes induced by •OH and
HOCl generate neoepitopes as a result of structural changes or
by exposing native hidden amino acid sequences.

oxPTM by ROS appears to play a key role in the patho-
genesis of several human autoimmune diseases [13, 25–27].
This is of particular relevance to type 1 diabetes, where islet
inflammation and the ensuing hyperglycaemia are substantial
sources of ROS production [2, 5]. In this regard, beta cells are
very susceptible to oxidative damage. Levels of oxygen radi-
cal scavenger enzymes are physiologically lower in beta cells
compared with other cell types [28], and exposure to cyto-
kines during insulitis might further disrupt the intracellular
redox state by enhancing ROS production. The high

prevalence of reactivity to oxPTM-INS in the present study
indicates that the imbalance of the redox state takes place in a
large proportion of patients with type 1 diabetes, and is there-
fore potentially relevant to disease pathogenesis.
Hyperglycaemia can unbalance the redox status later in the
disease and contribute to a vicious cycle by providing addition-
al neoepitopes to which the immune system is not tolerant.
Indeed, insulin glycation has been detected both in the pancreas
in vivo [29] and in the serum of individuals with diabetes [30].
Interestingly, we did not observe increased reactivity to
glycated insulin in our study. This is in contrast to the increased
autoreactivity to glycated collagen type II that we have previ-
ously observed [7, 13]. Although this might imply that imbal-
ance of the redox state and hence ROS production is more

Table 2 MS/MS analysis of in-
sulin chain B. The table shows the
main oxPTM involving the pep-
tides B:1–13
(FVNQHLCGSHLVE), B:14–21
(ALYLVCGE) and B:21–30
(ERGFFYTPKT). No changes
were detected in chain A

MH+ found Sequence

Native insulin

1482.7268 -.FVNQHLCGSHLVE.A

1514.6863 -.FVNQHLCGSHLVE.A+dioxidation (C)

867.43 ALYLVCGE

1116.5885 E.RGFFYTPKT.G

Glycated insulin

1482.6830 -.FVNQHLCGSHLVE.A

1510.6870 -.FVNQHLCGSHLVE.A+formyl (N-terminal)

1540.68 -.FVNQHLCGSHLVE.A+carboxymethyl (N-terminal)

1614.73 -.FVNQHLCGSHLVE.A+D-ribose (N-terminal)

1116.5745 E.RGFFYTPKT.G

1144.5599 E.RGFFYTPKT.R+formyl (K)

1174.5616 E.RGFFYTPKT.R+carboxymethyl (K)

1248.61 E.RGFFYTPKT.R+D-ribose

1194.5848 E.RGFFYTPKT.R+D-ribose – 3H2O
•OH-INS

1482.6886 -.FVNQHLCGSHLVE.A

1498.6687 -.FVNQHLCGSHLVE.A+oxidation (HW)

1514.6658 -.FVNQHLCGSHLVE.A+oxidation (C); oxidation (HW)

1514.6863 -.FVNQHLCGSHLVE.A+dioxidation (C)

1530.68 -.FVNQHLCGSHLVE.A+trioxidation (C)

1116.5701 E.RGFFYTPKT.G

1132.5 RGFFYTPKT+oxidation (F)

HOCl-INS

1482.7009 -.FVNQHLCGSHLVE.A

1530.6876 -.FVNQHLCGSHLVE.A+oxidation (C); oxidation (F);
oxidation (HW)

1530.6876 -.FVNQHLCGSHLVE.A+trioxidation (C)

867.43 ALYLVCGE

901.39 ALYLVCGE +3-chlorotyrosine

1116.5859 E.RGFFYTPKT.G

1150.5411 RGFFYTPKT +3-chlorotyrosine

1184.4957 RGFFYTPKT +3,5-dichlorotyrosine

Diabetologia (2015) 58:2851–2860 2857



likely inducing the formation of insulin neoepitopes, the inter-
play between hyperglycaemia (and the substantial contribution

of glycoxidation to the formation of •OH) and ROS in inducing
oxPTM-INS should be investigated in a separate study.

Fig. 3 Binding of type 1 diabetes
serum to native insulin (NT-INS)
and oxPTM-INS. (a) ELISA
binding to insulin by serum
samples from patients with type 1
diabetes, patients with type 2
diabetes and healthy controls.
Reactivity to NT-INS and
oxPTM-INS was significantly
higher in samples from those with
type 1 diabetes compared with
type 2 diabetes and healthy
controls (p<0.001). Binding to
oxPTM-INS was significantly
higher than to NT-INS in samples
from participants with type 1
diabetes (p<0.0001). (b) Levels
of IAAwere assessed by RBA in
the same group of patients with
type 1 diabetes and healthy
schoolchildren. (c–e)
Longitudinal changes in antibody
binding to (c) NT-INS
(p<0.0001) and (d) HOCl-INS
(p=0.007) by ELISA and (e)
insulin antibodies assessed by
RBA (p<0.0001), before and
after insulin therapy

Fig. 4 Serum binding specificity
to oxPTM-INS. Pre-incubation of
type 1 diabetes serum samples
with oxPTM-INS, but not with
native insulin (NT-INS), strongly
inhibited binding to oxPTM-INS,
indicating the presence of
antigen-binding sites specific to
oxPTM-INS. Data are shown for
insulin modified by •OH, as an
example of oxPTM-INS
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In this study, we developed an ELISA for detecting
autoreactivity to oxPTM-INS. Historically, ELISAs have
shown lower performance than liquid-phase assays such as
RBA in detecting IAAs [31]. Discrepancies between the tech-
niques have been related to differences in binding affinity and
conformational changes induced by the binding of insulin to
the plastic in ELISA [32]. However, while being the reference
method for IAAs [31], development of an RBA method for
oxPTM-INS might not be straightforward, as fragments
resulting from oxPTM might lack the amino acids required
for radiolabelling, and a complex labelling approach might
need to be developed. Furthermore, reactivity in RBA might
not be straightforward, as insulin sites for radiolabelling are
also potential sites for oxidation. Future studies should ad-
dress the feasibility of RBA for detecting oxPTM-INS
antibodies.

In summary, the present study provides proof of concept
for a role of oxPTM in islet autoimmunity, and suggests anti-
oxPTM-INS autoreactivity as a novel immune response in
type 1 diabetes. Additional studies with larger cohorts
(cross-sectional, longitudinal and at-risk individuals) are re-
quired to further study the role of oxPTM in the pathogenesis
of type 1 diabetes and to confirm the potential of anti-oxPTM-
INS as a diagnostic biomarker in humans with type 1 diabetes.
It would be of interest to evaluate whether oxPTM-INS anti-
bodies are also present in patients diagnosed as adults, where
IAA are usually rarely detected, and in patients who are clas-
sified as autoantibody negative to the other existing markers
(GADA, IA-2A, ZnT8A). If proven relevant to the disease
pathogenesis, oxPTM might mark diseased-tissue pathways,
providing previously unknown targets for the development of
drugs, biomarkers and imaging techniques.
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