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OBJECTIVE

Methylglyoxal (MGO), a reactive aldehyde forming advanced glycation end prod-
ucts (AGEs), is increased in diabetes and recognized by the immune system, re-
sulting in anti-AGE–specific autoantibodies. The association of these immune
responses with macro- and microvascular complications in type 1 diabetes re-
mains unclarified. We investigated associations between MGO-modified apolipo-
protein B100 (apoB100) and apoB100 peptide 5 (MGO-p5) autoantibodies and
coronary atherosclerosis and retinopathy in type 1 diabetes.

RESEARCH DESIGN AND METHODS

IgM and IgG against MGO-apoB100 and MGO-p5 were measured by ELISA in plas-
ma from 103 subjects with type 1 diabetes and 63 control subjects (Dialong study)
and in a replication cohort of 27 subjects with type 1 diabetes (Oslo study). Cor-
onary atherosclerosis was assessed by computed tomography coronary angiog-
raphy or intravascular ultrasound. Retinopathy was classified by retinal photos.

RESULTS

MGO-apoB100 IgM and MGO-p5 IgM levels were higher in subjects with diabetes
with no coronary artery stenosis compared with subjects with significant stenosis
(median [interquartile range]: 96.2 arbitrary units [AU] [71–126.8] vs. 54 AU
[36.1–85.4], P 5 0.003 for MGO-apoB100; and 77.4 AU [58–106] vs. 36.9 AU
[28.9–57.4], P 5 0.005 for MGO-p5). MGO-apoB100 IgM and MGO-p5 IgM were
associated with less severe coronary stenosis after adjusting for confounders
(odds ratio 0.2 [95% CI 0.05–0.6], P 5 0.01; and 0.22 [0.06–0.75], P 5 0.02). The
inverse association of MGO-p5 IgM and coronary stenosis was confirmed in the
replication cohort. Subjects with proliferative retinopathy had significantly lower
MGO-apoB100 IgM and MGO-p5 IgM than those with background retinopathy.

CONCLUSIONS

Autoantibodies against AGE-modified apoB100 are inversely associated with cor-
onary atherosclerosis and proliferative retinopathy, suggesting vascular protect-
ive effects of these autoantibodies in type 1 diabetes.
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Patients with type 1 diabetes have an
accelerated progression of atheroscler-
osis and increased cardiovascular mor-
bidity and mortality (1). The risk of
cardiovascular disease (CVD) in type 1
diabetes is increased twofold (2). Fur-
ther, the presence of proliferative dia-
betic retinopathy (PDR) increases the
risk for CVD, independently of tradition-
al cardiovascular risk factors (3). An as-
sociation between retinopathy status
and coronary artery calcification (CAC)
burden in long-term type 1 diabetes
has been described (4). However, the
molecular mechanisms behind the in-
creased risk of CVD in individuals with
type 1 diabetes and the interconnection
between CVD and PDR are not fully
understood. One suggested mechanism
is the increased production of advanced
glycation end products (AGEs) (5). AGEs
are formed by nonenzymatical reactions
of reducing sugars with amino groups of
proteins, which produces a class of
irreversibly cross-linked and fluorescent
components. Methylglyoxal (MGO) is a
precursor to AGE formation, and studies
have found elevated serum levels of
MGO in subjects with diabetes (6). The
MGO-derived hydroimidazalone (MG-
H1) is associated with retinopathy in
type 1 diabetes (7) and may be involved
in deleterious retinal changes, as MGO
accumulation can result in an increased
angiopoietin 2 expression in endothelial
cells thought to play a role in prolifera-
tive retinopathy (8). Of particular interest
in atherosclerosis is MGO modification
of LDL-cholesterol (LDL-c), one of the
main components of atherosclerotic pla-
ques. It has been shown that MGO
modification of LDL results in the forma-
tion of small, dense LDL particles (9),
which are considered as particularly
atherogenic. In addition, stimulation of
macrophages with MGO-modified LDL in-
duces the formation of foam cells (10).
Both small, dense LDL particles and foam
cells are linked to atherosclerosis and
coronary artery stenosis (9,11).
AGE-modified proteins are targeted

by the immune system, resulting in the
generation of AGE-specific autoantibod-
ies (12). Autoantibodies against modified
apolipoprotein B100 (apoB100) may pro-
tect against atherosclerosis by blocking
the uptake of modified LDL in macro-
phages (13). We have previously shown
that high levels of IgM against MGO-
modified apoB100, present in LDL, are

associated with less severe and a lower
risk of progression of CAC in subjects
with type 2 diabetes, as well as a lower
risk of developing cardiovascular events
in subjects without diabetes (14,15). In
patients with type 2 diabetes, those
with retinopathy had higher levels of
malondialdehyde-modified autoantibod-
ies against apoB100 peptide 45 and
peptide 210. In addition, glycated oxi-
dized LDL induced apoptosis in human
retinal capillary pericytes (16). This
suggests LDL oxidation/glycation to be
involved in both micro- and macrovas-
cular complications in type 2 diabetes
(17). ApoB100 peptide 5 (p5) (18) is
thought to be a novel matrix-binding
peptide, which may potentially play an
important role in the development of
atherosclerosis. Poor glycemic control is
found to be associated with cardiac
autoimmunity in type 1 diabetes, and
clinical studies have shown that the anti-
genic constitution of immune complexes
may have an effect on the development
of CVD (19,20). Cardiac autoantibodies
are also associated with an increased
risk of CVD, suggesting a role for auto-
immune mechanisms in the develop-
ment of CVD in diabetes (21). However,
the association of immune responses
with macro- and microvascular complica-
tions in type 1 diabetes is not known in
detail and needs to be further investi-
gated. Identification of factors associated
with absence of vascular complications
in long-term survival of type 1 diabetes
is important for better treatment as well
as development of new drugs that can
prevent or reduce these complications.

In the current study, our main objec-
tives were to determine if autoantibody
levels against MGO-apoB100 or MGO-
apoB100 p5 (MGO-p5) were associated
with coronary artery stenosis, coronary
artery calcium score, and retinopathy in
long-term type 1 diabetes and to de-
termine if these autoantibodies are in-
creased between individuals with and
without diabetes.

RESEARCH DESIGN AND METHODS

Study Population
The Dialong study is a cross-sectional,
controlled study on long-term survivors
of type 1 diabetes conducted in 2015.
Patients with type 1 diabetes from 1970
or earlier attending a specialized dia-
betes center were included (22). Out of

136 eligible patients, 103 joined the cor-
onary artery disease substudy (76% of
the total population). The control group
without diabetes consisted of spouses/
friends of patients with type 1 diabetes.
First-degree relatives were excluded.
The study was approved by the regional
ethics committee, and all participants gave
informed consent. HbA1/HbA1c measure-
ments from 1980 to 2015 were collected,
and the presence and degree of coronary
artery disease were evaluated by clinical
history and CAC imaging, and the degree
of stenosis was determined by computed
tomography coronary angiography (CTCA).
The mean HbA1c of 7.4 ± 0.8% (57.8 ± 8.6
mmol/mol) in the group with diabetes was
similar to the average HbA1c for all individ-
uals with type 1 diabetes with 45 years’
duration registered in the Norwegian Dia-
betes Register of 7.6 ± 0.9% (59.3 ± 10.4
mmol/mol) (P ¼ 0.08). Retinopathy was
evaluated with a wide-angle camera based
on SLO technique (Optos Daytona). Plasma
samples were collected from all partici-
pants after an overnight fast and immedi-
ately frozen at �80�C (22).

We recruited a second population
with long-term type 1 diabetes for a
confirmatory analysis of the association
between autoantibodies and CAD. This
cohort was from the Oslo study origi-
nated in 1982, of whom a subpopula-
tion of 27, not significantly different
from the total group regarding age and
glycemic control, had an invasive coron-
ary angiography with intravascular ultra-
sound (IVUS) performed (23).

MGO-apoB100 and MGO-p5
Antibody ELISA
MGO-apoB100 and MGO-p5 were gener-
ated by incubation of apoB100 (Calbio-
chem, La Jolla, CA) and p5 (CSFIL KTSQC
TLKEV YGFNP) (TAG Copenhagen, Copen-
hagen, Denmark), respectively, with 100
mmol/L MGO (Sigma-Aldrich, St. Louis,
MO) in 0.2 mol/L PBS at 37�C for 24 h.
The modified proteins or peptides were
subsequently dialyzed against PBS (0.14
mol/L NaCl, 0.0027 mol/L KCl, and 0.010
mol/L phosphate, pH 7.4) before storage
at �20�C. AGE modification was verified:
1) by demonstrating a 10.8-fold increase
in AGE-specific fluorescence (excitation
370 nm and emission 440 nm) of MGO-
apoB100 and a threefold increase in
MGO-p5 relative to native protein or
peptide, 2) by argpyrimidine fluores-
cence (excitation 320 nm and emission
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380 nm) demonstrating an increase in
MGO apoB100 and for MGO-p5 relative
to native protein or peptide, and 3) by
AGE carboxymethyllysine (CEL) epi-
topes on MGO-apoB100 and MGO-p5
measured by ELISA using a monoclonal
anti-CEL antibody (KNH-30; Cosmo Bio,
Tokyo, Japan) (absorbance 405 nm)
(Supplementary Fig. 1A and B). Briefly,
MGO-apoB100 or MGO-p5 was coated
on microtiter plates, and wells were
blocked with SuperBlock (Thermo Fisher
Scientific, Rockford, IL) and incubated
with anti-CEL (0.2 mg/mL), followed by
biotinylated anti-mouse IgG (Vector Labo-
ratories, Burlingame, CA) and alkaline
phosphatase–conjugated streptavidin.

ELISAs measuring IgM and IgG in plas-
ma against MGO-apoB100 and MGO-p5
were performed essentially according to
a modified version used by Fredrikson
et al. (17). Absorbance values were nor-
malized to a control plasma pool (pooled
from 11 individuals without diabetes)
and are presented as arbitrary units (AU)
(percentage absorbance compared with
the plasma control pool). The intra-assay
coefficients of variation were 3.6% for
MGO-apoB100 IgM, 5.6% for MGO-p5
IgM, 11.7% for MGO-apoB100 IgG, and
10.8% for MGO-p5 IgG. The interassay
coefficients of variation were 14% for
MGO-apoB100 IgM, 6.5% for MGO-p5
IgM, 16% for MGO-apoB100 IgG, and
11.5% for MGO-p5 IgG. Antibody specifi-
city was determined by a soluble-phase
competitive ELISA (Supplementary Fig.
1C–F).

CTCA and IVUS
The participants without previous cor-
onary heart disease (n ¼ 88) in the
group with diabetes and control sub-
jects (n ¼ 60) of the Dialong study were
referred to CTCA (24). CAC and CTCA
imaging were performed using a Dual
Source CT scanner (Somatom Definition
Flash; Siemens, Erlangen, Germany).
CAC levels are given in Agatston units.
The CTCA imaging protocol has been
previously described (25). Normal cor-
onary arteries were defined as no de-
tected plaque in any of the coronary
arteries on CTCA, nonsignificant stenosis
as 1–50% lumen diameter stenosis, and
significant artery stenosis as having
>50% lumen diameter stenosis in any
coronary segment.

An IVUS system with an automatic
pullback device was used in the confirma-
tory Oslo study (iLab; Boston Scientific
Corporation, Sunnyvale, CA). IVUS images
were acquired at a rate of 30 frames/s
and pullback speed of 0.5 mm/s. Technic-
ally satisfactorily IVUS images of all three
coronary segments were performed. By
IVUS, an intima thickness >0.3 mm was
considered significant. Percent atheroma
volume (PAV) was calculated using the
equation PAV ¼ (EEMarea � lumen
area)/EEMarea � 100 (EEM, external
elastic membrane).

Retinopathy
Retinopathy was categorized as none,
background, or proliferative (pan-retinal
photocoagulation scars or proliferative
findings) retinopathy based on retina
photos (wide-angle camera based on
SLO technique [Optos Daytona]) taken
of the group with type 1 diabetes dur-
ing the study and analyzed by one certi-
fied ophthalmologist.

Statistical Analysis
The distributions of continuous variables
were assessed using histograms, Q-Q plots,
skewness, and kurtosis. Skewed variables
were log-transformed before statistical
tests. Clinical characteristics, autoantibody
levels, and CTCA outcome measurements
were compared between the groups using
two-tailed Student t test or Mann-Whitney
U test for continuous and x2 for categoric-
al data. Spearman correlation analyses
were performed to assess correlations be-
tween autoantibody levels and the con-
tinuous CTCA, CAC score, or IVUS markers.
Differences among more than two groups
were analyzed by ANOVA for normally dis-
tributed and Kruskal-Wallis test for nonnor-
mally distributed variables. Odds ratios
(ORs) were calculated using binary logistic
regression analyses, which were performed
both in univariate analyses and multivari-
ate analyses adjusting for possible con-
founders. Variables for the model were
chosen based on significant univariable as-
sociations with anti–MGO-apoB100 or
anti–MGO-p5 or previously known to be
associated with the outcome measures.
There were very few smokers among the
participants; therefore, this variable was
not included in the model even if smok-
ing is a known risk factor for CVD. Varia-
bles found to be best fitted for the
model included were age, sex, HbA1c,

LDL, systolic blood pressure, estimated
glomerular filtration rate (eGFR), and
proliferative retinopathy. Persistent albu-
minuria was not included in the model
as we did not find any significant associ-
ation between persistent albuminuria
and anti-apoB100 or p5 and due to the
high association with eGFR. Values are
presented as mean (SD), median (inter-
quartile range [IQR]), or number of indi-
viduals (percentages). P values <0.05
were considered significant. All calcula-
tions were performed using SPSS Statis-
tics version 25 (IBM Corp., Armonk, NY).

RESULTS

The Dialong Study
Clinical and demographic characteris-
tics of the study population and previ-
ously reported CTCA data (24,25) are
summarized in Supplementary Table 1.
The group with type 1 diabetes had
significantly higher CAC score, and
women with diabetes had significant
lower CAC score than men (24). The
group with type 1 diabetes had a sig-
nificantly lower rate of normal coron-
ary arteries than the control group
(14.1% vs. 47.6%; P < 0.001) and a
higher rate of obstructive CAD meas-
ured by CTCA and previous coronary
events. CTCA also showed significantly
higher rates of total plaque volume
and calcified plaque volume in the
group with type 1 diabetes compared
with the control group.

Levels of IgM Against MGO-apoB100
and MGO-p5 and Coronary Artery
Stenosis in the Dialong Study
Clinical and demographic characteristics
of the subjects in the group with type 1
diabetes with no coronary artery sten-
osis compared with those with signifi-
cant stenosis (>50%) measured by
CTCA are presented in Table 1. There
were significantly higher levels of IgM
autoantibodies against MGO-apoB100
and MGO-p5 in subjects with no coron-
ary artery stenosis compared with those
with significant stenoses (>50%) meas-
ured by CTCA: 96.2 AU (71–126.7) ver-
sus 54 AU (36.1–85.2) (P ¼ 0.003)
for anti–MGO-apoB100; and 77.4 AU
(58–106) versus 36.9 AU (28.9–57.4) for
anti–MGO-p5 (P ¼ 0.005), respectively
(Fig. 1). The intermediate group with
nonsignificant stenoses also had lower
antibody levels than the group with
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normal coronary arteries (P < 0.05)
(Fig. 1). There were no significant find-
ings when comparing IgG autoantibody
levels and degree of stenosis on CTCA
imaging (data not shown). Levels of IgM
autoantibodies against MGO-apoB100
and MGO-p5 were negatively associated
with the degree of coronary artery sten-
osis (r ¼ �0.18; P ¼ 0.04) and (r ¼
�0.27; P < 0.001), respectively, and
MGO-p5 with calcium score (r ¼ �0.27;
P ¼ 0.006) in subjects with type 1 dia-
betes, whereas IgG for MGO-apoB100
or MGO-p5 did not associate to either
degree of coronary stenosis or calcium
score (Table 2).

IgM autoantibodies against MGO-
apoB100 were significantly associated
with the presence of >50% coronary ar-
tery stenosis (no stenosis vs. >50% sten-
osis) nonadjusted (odds ratio unadjusted
[ORunadj] 0.5 [95% CI 0.3–0.9]; P ¼ 0.03)
in type 1 diabetes. This association be-
came stronger when adjusting for age,
sex, HbA1c, blood pressure, presence of
proliferative retinopathy, LDL-c, and
eGFR (OR adjusted [ORadj] 0.21 [95% CI
0.06–0.6]; P ¼ 0.01).

Also, MGO-p5 IgM was significantly asso-
ciated with coronary stenosis (no stenosis
vs. >50% stenosis) nonadjusted (ORunadj
0.6 [95% CI 0.3–0.99]; P ¼ 0.04) as well as

after adjustment for age, sex, HbA1c, pres-
ence of proliferative retinopathy, LDL-c, and
eGFR (ORadj 0.22 [95% CI 0.06–0.75]; P ¼
0.02) (Supplementary Table 2).

Levels of IgM Against MGO-p5 and
Coronary Artery Stenosis in the Oslo
Study
Clinical and demographic characteristics
of the Oslo study population have previ-
ously been reported (26).

By IVUS, 14.8% of all arterial seg-
ments (out of 3,263 total) had a normal
intima thickness <0.3 mm. Mean PAV
was 33.3% (10.9%). There was a signifi-
cant association between IgM levels of
autoantibodies against MGO-modified
apoB100 p5 and PAV (Spearman correl-
ation: rs ¼ �0.49; P ¼ 0.038). This associ-
ation was still significant after adjustments
for age, sex, and HbA1c (adjusted r2 ¼
0.58 in linear regression analysis)
(Supplementary Table 3).

Levels of IgM Against MGO-apoB100
and p5 and Retinopathy in the
Dialong and Oslo Studies
Individuals with type 1 diabetes with
PDR had lower levels of IgM MGO-
apoB100 (median [IQR] 53.7 [33.8–82.3]
vs. 66 [49.6–114.4] AU; P ¼ 0.03) and
IgM MGO-p5 (36.2 [26.6–73.7] vs. 55.9

Table 1—Clinical characteristics of the population with diabetes without or with CAD in the Dialong study

No CAD (n ¼ 14) Case subjects with CAD (n ¼ 71) P value

Demographics
Age, years 61.4 ± 6.5 62.1 ± 7.2 0.71
Sex, male 9 (64.3) 36 (50.7) 0.36
BMI, kg/m2 25.5 ± 9.5 25.9 ± 9.2 0.75
Daily smoker 0 4 (5.7) 0.67
Statins 2 (15.4) 34 (47.9) 0.03
ACEi/ARB 5 (35.7) 30 (42.9) 0.77
LDL-c, mmol/L 2.95 (0.85) 2.86 (0.99) 0.99
Systolic blood pressure, mmHg 135 ± 14 147 ± 21 0.05
Diastolic blood pressure, mmHg 75 ± 9.1 75.7 ± 9.0 0.80
eGFR (MDRD), mL/min/1.73 m2 80.5 ± 15.6 85 ± 19.2 0.42

Diabetes-related factors
HbA1c, % 6.8 ± 1.1 7.3 ± 0.8 0.1
HbA1c, mmol/mol 51 ± 12 56 ± 9
Diabetes duration, years 48.4 ± 4.0 50.6 ± 4.8 0.18
Persistent albuminuria 2 (14) 11 (15.7) 0.99
Retinopathy: none or background/proliferative 8 (57)/6 (42.9) 41 (59.4)/28 (40.6) 0.17/0.16
Calcium score >100 3 (21.4) 39 (54.9) 0.034

Autoantibodies MGO-apoB100, p5†
MGO-apoB100 IgM, AU† 96.2 (71–126.8) 54 (36.1–85.4) 0.003
MGO-apoB100 IgG, AU† 70.8 (55.4–101.1) 58.9 (34.4–75.2) 0.06
MGO-p5 IgM, AU† 77.4 (58–106) 36.9 (28.9–57.4) 0.005
MGO-p5 IgG, AU† 71.3 (48.9–90.6) 65.1 (43.6–82.5) 0.14

Data are mean ± SD, n (%), or median (IQR). P values indicate differences between case subjects with CAD (n ¼ 71) and case subjects with-
out CAD (n ¼ 14). ACEi, ACE inhibitor; ARB, angiotensin receptor blocker. †Absorbance units of individual samples as percentage to control
plasma pool.

Figure 1—IgM autoantibodies against MGO-apoB100 and MGO-p5 are associated with stenosis
of coronary arteries in subjects with type 1 diabetes. Data are presented as median (IQR). Anti-
body levels are given as AU, absorbance units in percentage compared to control plasma pool.
*P< 0.05 (Kruskal-Wallis test).
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[34.2–91.4] AU; P ¼ 0.04) than individu-
als without retinopathy or background
retinopathy in the Dialong study (Fig. 2).
In the Oslo study, 18 individuals were
classified with proliferative retinopathy
and 9 with background or no retinop-
athy. Those with proliferative retinop-
athy had lower numerical values of IgM
MGO-apoB100 (89.7 [39] vs. 102.3 [27]
AU; P ¼ 0.4) and MGO-p5 (74.9 [21] vs.
92.5 [31] AU; P ¼ 0.17), but the differ-
ences between the groups were not sig-
nificant. In the Dialong study, IgM
autoantibodies against MGO-apoB100
were significantly associated with the
presence of proliferative retinopathy
(background/no retinopathy vs. prolif-
erative retinopathy) (ORunadj 0.98 [95%
CI 0.97–0.99]; P ¼ 0.04) in type 1 dia-
betes. This association remained when ad-
justed for blood pressure, LDL-c, eGFR,
HbA1c, age, and sex (ORadj 0.98 [95% CI
0.97–0.99]; P ¼ 0.028). Also, MGO-p5
IgM was significantly associated with pro-
liferative retinopathy (background/no ret-
inopathy vs. proliferative retinopathy)
(ORunadj 0.16 [95% CI 0.03–0.95]; P ¼
0.04) nonadjusted and when adjusted

for blood pressure, LDL-c, eGFR, age,
and sex (ORadj 0.11 [95% CI 0.01–0.85];
P ¼ 0.034). Supplementary Table 4
shows risk factors associated with
stages of retinopathy.

Associations of Autoantibodies
Against MGO-apoB100 and MGO-p5
With Cardiovascular Risk Factors in
the Dialong Study
IgM MGO-apoB100 autoantibodies were
significantly associated with systolic blood
pressure and HbA1c. IgM MGO-apoB100
autoantibodies did not associate with
plasma lipid levels (Supplementary Table
5). The levels of anti–MGO-p5 were
significantly higher in females than in
males: median 62.4 AU (IQR 38.4–
96.4) versus 47.9 AU (IQR 25.9–79.7)
(P ¼ 0.034). IgM MGO-p5 was signifi-
cantly associated with eGFR and LDL,
but did not show significant associa-
tions with HbA1c (Supplementary Table
6) in the group with type 1 diabetes.
In the control group, significant associ-
ations were found between IgM
MGO-apoB100 and systolic blood pres-
sure and between levels of IgM against
MGO-p5 and age in the control group,

but no associations were observed for
LDL or HbA1c (Supplementary Tables 5
and 6). We did not find any significant
differences in autoantibody levels be-
tween statin and nonstatin users (data
not shown). None of the participants
used other drugs with immunomodula-
tory effects that could affect the auto-
antibody levels.

Levels of Autoantibodies Against
MGO-apoB100 in Type 1 Diabetes
and the Control Group in the Dialong
Study
IgG MGO-apoB100 was significantly
lower in type 1 diabetes compared with
control subjects, whereas there were no
differences in IgM autoantibody levels
between the group with type 1 diabetes
and the control group (Supplementary
Table 1). When combining subjects with
type 1 diabetes and control subjects
without diabetes, we observed lower
autoantibodies against MGO-apoB100
for both IgM and IgG for those who
had significant stenosis versus no stenosis
on CTCA: MGO-apoB100 IgM values,
median 57.5 (IQR 44.2–88.9) versus 72.9
(IQR 51.1–103.9) AU (P ¼ 0.03) and for

Table 2—Correlations of IgM and IgG against MGO-apoB100 and MGO-p5 with coronary artery stenosis and calcium score in
the group with type 1 diabetes in the Dialong study

IgM MGO-apoB100 r value IgG MGO-apoB100 r value IgM MGO-p5 r value IgG MGO-p5 r value

Coronary artery stenosis (%) �0.18* �0.12 �0.26† �0.11

Calcium score (Agatston units) �0.16 �0.15 �0.27† �0.10

*P < 0.05. †P < 0.01.

Figure 2—Levels of anti–MGO-apoB100 (A) and anti–MGO-p5 (B) in type 1 diabetes with no/background retinopathy (n ¼ 49) and proliferative ret-
inopathy (n ¼ 34). The values are presented as median (IQR). Absorbance was measured at 405 nm and is presented as absorbance units in per-
centage compared to control plasma pool. *P< 0.05 (Kruskal-Wallis test).
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MGO-apoB100 IgG, 53.2.3 (IQR 36.1–
84.5) vs. 76.1 (IQR 47.9–91.8) AU (P ¼
0.005).

CONCLUSIONS

In the current study, we show that indi-
viduals with long-term type 1 diabetes
and high plasma levels of IgM against
MGO-modified LDL protein apoB100 and
apoB100 p5 are characterized by 88%
and 78%, respectively, reduced risk of
having coronary artery disease and also
that high autoantibody levels were asso-
ciated with less proliferative retinopathy
in the Dialong study. There was a non-
significant tendency to lower levels of
anti–MGO-apoB100 and MGO-p5 in the
group with diabetes versus the control
group. Our findings suggest a possible
protective role of MGO-apoB100 IgM
and MGO-p5 IgM against vascular com-
plications in autoimmune diabetes.
There are several possibilities for how

these autoantibodies could play a pro-
tective role in the vasculature of type 1
diabetes. An increased atherogenicity of
the lipids due to MGO modification may
explain some of the elevated cardiovas-
cular risk in diabetes (9). Previous studies
have shown that MGO-induced modifica-
tion of LDL alters the three-dimensional
structure of the apoB100 protein, making
the LDL particles more prone to bind to
the vessel wall matrix (9). The p5 peptide
sequence of apoB100 is suggested to be
involved in the binding of the matrix of
the vessel wall (R. Khamis, personal com-
munication). Furthermore, modified LDL
particles are highly proinflammatory and
can act as a ligand for macrophage pat-
tern recognition receptors, including Toll-
like receptors, and modified LDLs can also
be engulfed by macrophages, causing cel-
lular cholesterol accumulation amplifying
Toll-like receptor signaling when stimu-
lated (27). Autoantibodies against AGE-
modified proteins and molecules may
have a function by facilitating the removal
of antigens or by blocking the binding of
AGE epitopes to the AGE receptor or
binding of MGO–LDL to matrix molecules
in the vessel wall. They may also induce
impairment of inflammasome-mediated
innate immune response in macrophages
(28,29). Lastly, IgM antibodies may retard
atherosclerosis by blocking the scavenger
receptor–mediated uptake of modified
LDL into macrophages (30).

In addition, we found lower levels of
MGO-apoB100 IgM and MGO-p5 IgM in
individuals with proliferative retinop-
athy. However, most individuals with
diabetes over 45 years’ disease duration
have some background retinopathy.
Nevertheless, our findings may impli-
cate a protective role of autoantibodies
in severe microvascular complications
represented as proliferative retinopathy
that clinically matters the most. This is
in accordance with data from the Joslin
study, which found that absence of pro-
liferative retinopathy in subjects with
type 1 diabetes and chronic kidney dis-
ease were associated with a decreased
prevalence of CVD, suggesting common
protective factors for PDR and CVD (31).
Furthermore, data from the ACCORD tri-
al and Finnish Diabetic Nephropathy
Study (FinnDiane) suggest tight inter-
connections between micro- and mac-
rovascular disease progression in both
type 1 and type 2 diabetes (32,33).

The levels of MGO-p5 IgM were found
to be significantly higher in female than
in male subjects. Women were also char-
acterized by less severe coronary disease
as assessed by the CAC score (24). This is
in accordance with previous findings of
IgM against MGO-apoB100 in type 2 dia-
betes (14) and may reflect differences in
the immune response during atheroscler-
osis in men and women, resulting in dif-
ferent disease phenotypes (34).

We did observe a significant inverse
correlation between HbA1c and IgM anti–-
MGO-apoB100 in the group with dia-
betes, but not in the control group. This
relates to similar findings in a study of pa-
tients with type 2 diabetes and control
subjects in whom glycated apoB100 was
positively associated with HbA1c and
fasting glucose concentration (35). We
did not find any correlation between
LDL-c and anti–MGO-apoB100 IgM or IgG,
but this was observed for anti–MGO-p5
IgM in type 1 diabetes, supporting a
link between LDL-c and anti–MGO-p5
in diabetes (36).

While IgM antibodies against both
MGO-apoB100 and MGO-p5 were asso-
ciated with coronary artery stenosis in
subjects with type 1 diabetes, similar
associations were not present for IgG
against the same antigens in the group
with type 1 diabetes. This is in accord-
ance with our previous studies, in which
IgM, but not IgG, against MGO-apoB100
was associated with lower CAC in type

2 diabetes (14). In addition, IgM, but
not IgG, against the apoB100-derived
peptide MGO-p220 was associated with
increased risk for cardiovascular events
(15). Previous studies by other groups
have also found differences between
IgM and IgG antibodies against oxidized
LDL and an association with CVD (20,37).
The DCCT/EDIC study found high levels
of IgG immune complexes for AGE–LDL
to be associated with CVD (19). Previous
data from mouse models have reported
decreased IgG titer, increased formation
of immune complex formation with
modified LDL, and larger atherosclerotic
lesions in the absence of circulating IgM
(38). These studies support that both cir-
culating IgM and IgM immune complexes
may be players in the complex develop-
ment of atherosclerosis. Another pos-
sible explanation of the differences in
IgM versus IgG associations with CVD
could be that IgM antibodies against
MGO-apoB100 and MGO-p5 are T-cell in-
dependent, whereas most IgG subtypes
are T-cell dependent and may reflect dif-
ferent pathways in atherosclerosis devel-
opment (39).

The limitations of this study are: 1)
the cross-sectional design, which makes
this study hypothesis-generating and,
thus, conclusions of causality cannot be
drawn; and 2) the sample size, which in-
creases the risk for false-negative find-
ings and limits the possibility to adjust
for all possible confounders. Multiple
testing rounds in a relatively small popu-
lation may weaken the statistical signifi-
cance, so the results must be interpreted
with caution. However, the lack of associ-
ation of IgG against MGO-apoB100 or
MGO-p5 to CVD presented in this study
is in accordance with previous studies
from our group, which have investigated
apoB100 autoantibodies in larger cohorts
of type 2 diabetes. The strengths of the
current study are: 1) the control group,
consisting of spouses/friends of the pa-
tients; 2) the strong associations found
for IgM MGO-apoB100 and macro- and
microvascular disease in type 1 diabetes
even after adjusting for confounders;
and 3) a confirmation of the results in a
replication cohort of type 1 diabetes
showing the same association between
anti–IgM-MGO-p5 and coronary athero-
sclerosis, the latter assessed by invasive
angiography with IVUS as a gold-stand-
ard measurement.
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In summary, we demonstrate that high
levels of IgM antibodies against MGO-
apoB100 and MGO-p5 are associated
with absence of coronary artery disease
and proliferative retinopathy in patients
with long-term type 1 diabetes. These ob-
servations propose a potential role of an
immune response against AGE-modified
self-antigens in vascular complications of
autoimmune diabetes and suggest that
IgM antibodies against MGO-apoB100 and
MGO-p5 may have a protective function
and are potential biological treatments of
macro- and microvascular complications in
type 1 diabetes.
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