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OBJECTIVE

Inflammation and oxidative stress play an important role in the pathogenesis of
lower-extremity artery disease (LEAD). We assessed the prognostic values of
inflammatory and redox status biomarkers on the risk of LEAD in individuals with
type 2 diabetes.

RESEARCH DESIGN AND METHODS

Plasma concentrations of tumor necrosis factor-a receptor 1 (TNFR1), angiopoietin-
like 2, ischemia-modified albumin (IMA), fluorescent advanced glycation end
products, protein carbonyls, and total reductive capacity of plasmaweremeasured
at baseline in the SURDIAGENE (Survie, Diabete de type 2 et Genetique) cohort.
Major LEAD was defined as the occurrence during follow-up of peripheral re-
vascularization or lower-limb amputation.

RESULTS

Among 1,412 participants at baseline (men 58.2%, mean [SD] age 64.7 [10.6] years),
112 (7.9%) developed major LEAD during 5.6 years of follow-up. High plasma
concentrations of TNFR1 (hazard ratio [95% CI] for second vs. first tertile 1.12
[0.62–2.03; P = 0.71] and third vs. first tertile 2.16 [1.19–3.92; P = 0.01]) and of IMA
(2.42 [1.38–4.23; P = 0.002] and 2.04 [1.17–3.57; P = 0.01], respectively) were
independently associated with an increased risk of major LEAD. Plasma concen-
trations of TNFR1 but not IMA yielded incremental information, over traditional
risk factors, for the risk of major LEAD as follows: C-statistic change (0.036 [95% CI
0.013–0.059]; P = 0.002), integrated discrimination improvement (0.012 [0.005–
0.022]; P < 0.001), continuous net reclassification improvement (NRI) (0.583 [0.294–
0.847]; P < 0.001), and categorical NRI (0.171 [0.027–0.317]; P = 0.02).

CONCLUSIONS

Independent associations exist between high plasma TNFR1 or IMA concentrations
and increased 5.6-year risk of major LEAD in people with type 2 diabetes. TNFR1
allows incremental prognostic information, suggesting its use as a biomarker for
LEAD.
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Lower-extremity artery disease (LEAD) is
one of the major clinical manifestations
of atherosclerosis around the world (1).
Its prevalence is two- to threefold higher
in individuals with type 2 diabetes than
in those without diabetes (2,3). LEAD is
a leading cause of limb loss and is asso-
ciatedwithworse cardiovascular outcomes
in patients with type 2 diabetes (4–7). It is
also responsible for a worsening of quality
of life and a high economic burden (8,9).
Low-grade inflammation and oxidative

stress play an important role in the de-
velopment of atherosclerosis and its
presentations in various arterial beds,
including the lower-limb arteries (10–13).
Several studies have evaluated the asso-
ciation between circulating inflammatory
or redox biomarkers with chronic kidney
disease (CKD) and major adverse cardio-
vascular events (MACEs), but few have
reliably tested these candidates on the
risk of LEAD in individuals with type 2
diabetes. Our team has assessed a broad
spectrum set of inflammatory and redox
biomarkers to test their ability to predict
kidney and vascular complications in the
Survie, Diabete de Type 2 et Genetique
(SURDIAGENE) type 2 diabetes cohort
(14–17). Hence, plasma concentrations of
tumor necrosis factor-a receptor 1 (TNFR1)
and angiopoietin-like 2 (ANGPTL2), two
proinflammatory factors, have been asso-
ciated with an increased risk of MACEs,
CKD, and death (14–16). However, the
prediction of MACEs has not been en-
hanced by measuring circulating levels of
redox status surrogates, including ischemia-
modified albumin (IMA), fluorescent ad-
vanced glycation end products (F-AGEs),
protein carbonyls, and total reductive ca-
pacity of plasma (TRCP) (17). The aims of
the current investigation were to 1) eval-
uate the relationship between circulating
levels of TNFR1, ANGPTL2, IMA, F-AGEs,
protein carbonyls, and TRCP and the in-
cidence ofmajor LEAD and 2) test whether
these biomarkers improve the prediction
ofmajor LEAD over conventional vascular
risk factors in the SURDIAGENE cohort.

RESEARCH DESIGN AND METHODS

Participants
SURDIAGENE is a French single-center
prospective cohort designed to identify
genetic and biochemical determinants
of vascular complications in individuals
with type 2 diabetes (18). Adults with an
established diagnosis of type 2 diabetes
for at least 2 years were recruited in

2002–2012 and followed every 2 years
from 2007 to 31 December 2015. Non-
diabetic kidney disease and short follow-
up duration (,1 month) were the main
exclusion criteria. The SURDIAGENE study
protocol was approved by the Poitiers
University Hospital Ethics Committee
(CPP Ouest 3), Poitiers, France, and all
participants gave written informed con-
sent before enrollment.

Definition of Clinical Parameters at
Baseline
History of macrovascular disease was
defined as the presence at baseline of
at least one of the following: myocardial
infarction, stable angina, stroke, transient
ischemic attack, coronary, or carotid artery
revascularization. Estimated glomerular
filtration rate (eGFR) was determined
using the Chronic Kidney Disease Epide-
miology Collaboration equation. CKD was
defined at baseline as eGFR,60 mL/min/
1.73 m2. Diabetic retinopathy was staged
as absent, nonproliferative, preprolifera-
tive, or proliferative.

Definition of End Points
The primary end point of major LEAD was
defined as the first occurrence during
follow-up of lower-limb amputation (mi-
nor: toes or mediotarse; major: transtibial
or transfemoral) or requirement of a pe-
ripheral revascularization procedure (an-
gioplasty, surgery), whichever came first.
Requirements of peripheral revasculariza-
tion procedure and lower-limb amputation
were considered separately as second-
ary end points. An independent commit-
tee adjudicated each end point.

Laboratory Procedures
Blood and second morning urine samples
were obtained after an overnight fast
and stored at280°C until use in the CHU
Poitiers biobanking facility (CRB0033-
00068). HbA1c was assessed using a high-
performance liquid chromatography
method (ADAMS A1c HA-8160 ana-
lyzer; Menarini, Florence, Italy). Serum
and urine creatinine and urinary albumin
were measured by nephelometry on a
Modular P system (Roche Diagnostics,
Mannheim, Germany). Plasma concen-
trations of triglycerides and total and
HDL cholesterol were measured using
enzymatic methods.

Plasma concentrations of TNFR1 (EKF
Diagnostics, Dublin, Ireland) and human
ANGPTL2 (Cloud-Clone Corp., Houston,
TX) were measured using ELISA kits.

Samples were tested in duplicate, and
the mean of the two measurements was
considered. The intra- and interassay
coefficients of variation were, respec-
tively, 1.8–5.3% and 3.6–6.8% for TNFR1
and ,10% and ,15% for ANGPTL2.
The results of both biomarkers are ex-
pressed in nanograms per milliliter.
Plasma C-reactive protein (CRP) was
measured at baseline using an immu-
noturbidimetric assay (Roche/Hitachi cobas
c systems; Roche Diagnostics). Coefficients
of variance were 2.07 and 2.85% for CRP
concentrations at 8.01 and 36.9 mg/L,
respectively.

The comprehensive biological process
used to measure the redox biomarkers
were recently reported (17). Briefly, plasma
IMA index, an early marker of ische-
mia, was assessed by spectrophotometry.
The measurement was based on the de-
creased capacity of IMA to bind cobalt,
and the results are expressed as arbitrary
units (AU). Plasma F-AGE concentrations
were assessed using a spectrofluorometer
(FLUOstar Omega; BMG Labtech), and
the results are expressed as 1023 AU.
Plasma concentrations of protein car-
bonyls, reflecting the degree of carbon-
ylation in plasma, were determined by
ELISA (OxiSelect Protein Carbonyl ELISA
Kit; Cell Biolabs), and the results are
expressed as millimoles per milligram.
TRCP, a marker of the antioxidant capacity
of plasma, was measured using the Folin-
Ciocalteu method. Gallic acid (Sigma) was
used as a standard, and the results are
expressed as gallic acid equivalents.

Analyses and Statistical Methods
Continuous variables are expressed as
mean (SD) or as median (25th, 75th per-
centiles) for those with skewed distribu-
tion. Categorical variables are expressed
as the number of participants with a cor-
responding percentage. Participants were
categorized into three equally sized
groups corresponding to increasing ter-
tiles (T1, T2, and T3) of each biomarker
(Supplementary Table 1). Participant
characteristics at baseline by the inci-
dence of major LEAD during follow-up
were compared using x2 test, ANOVA,
or Wilcoxon rank sum test.

A complete case method was used to
handle missing data. Thus, 56 participants
with at least one missing value were
omitted from the current study, leaving
a complete case study sample size of
1,412 (Supplementary Fig. 1).
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Restrictive cubic splines regression
analyses were performed (using quan-
tiles as knots, and medians as reference
values) to assess nonlinearity in the re-
lationship between each biomarker and
the primary end point. Kaplan-Meier
curves were plotted to evaluate the
primary end point–free survival rates
by biomarker tertiles at baseline and
compared using the log-rank test. Cox
proportional hazards regression models
were fitted to estimate hazard ratios
(HRs) with associated 95% CIs for end
points during follow-up for T2 and T3
of each biomarker compared with T1.
Analyses were adjusted for sex and age
(model 1) and for all potential confound-
ing covariates at baseline as follows:
model 1 plus BMI, duration of diabetes,
HbA1c, systolic and diastolic blood pres-
sure, urinary albumin-to-creatinine ratio
(ACR), eGFR, diabetic retinopathy stages,
plasma concentrations of total and HDL
cholesterol and triglycerides, history of
macrovascular disease, current smoking,
and use of insulin therapy and antihy-
pertensive, statin, fibrate, and antiplate-
let drugs (model 2). The Schoenfeld
residuals method was used to check the
proportional hazards assumption for the
association between primary end point
and each biomarker. Harrell C-statistic
(19), integrated discrimination improve-
ment (IDI), and net reclassification im-
provement (NRI) were performed for
participants with no major LEAD at base-
line to compare discrimination and classi-
fication of the primary end point, assessed
using survival methodology, between two
prognostic models: model 2 versus model
2 plus plasma concentrations of relevant
(independently associated with major
LEAD) biomarkers.
We conducted a series of sensitivity

analyses to 1) use the competing risk
model of Fine and Gray to estimate the
subdistribution HRs for major LEAD while
accounting for the competing risk of
cardiovascular death (20); 2) evaluate
associations between plasma biomarker
levels and the primary end point in
participants without a history of major
LEAD, macrovascular disease, or CKD at
baseline; and 3) assess associations be-
tween biomarkers and an alternative
primary end point defined as the first
occurrenceduring follow-upofoneof the
following: minor lower-limb amputation
with peripheral revascularization, major
lower-limb amputation, or requirement

of a peripheral revascularization proce-
dure. Finally, we evaluated the prognos-
tic value of plasma CRP concentrations
on the risk of major LEAD in the subset
of participants for whom CRP data were
available at baseline.

Statistics were performed using SAS
9.4 (SAS Institute, www.sas.com) and
Stata 13 (StataCorp, www.stata.com)
software. Two-sided P , 0.05 was con-
sidered significant.

RESULTS

Characteristics of Participants at
Baseline According to Incidence of
Major LEAD During Follow-up
We investigated 1,412 participants
(58.2% men, mean [SD] age 64.7 [10.6]
years, median [25th, 75th percentiles]
duration of diabetes 13 [6, 21] years at
baseline). New cases of major LEAD oc-
curred in 112 (7.9%) participants during a
median follow-up durationof 5.6 [3.0, 8.6]
years. The incidence rate of major LEAD
was 1.4 per 100 person-years. Participants
who developed a major LEAD during
follow-up, compared with those who did
not, were significantly older; were more
frequently men; had a longer duration of
diabetes and higher systolic blood pres-
sure and ACR; had a lower BMI, eGFR,
and HDL cholesterol level; were less
likely to use a fibrate drug but more
likely to use statin, antihypertensive,
and antiplatelet drugs; and had more
prevalent diabetic retinopathy, lower-
limb amputation, and peripheral revas-
cularization at baseline (Table 1).

Risk of Primary End Point by Plasma
Concentrations of Inflammatory and
Oxidative Stress Biomarkers at Baseline
Participants who developed amajor LEAD
during follow-up, compared with those
who did not, had higher plasma concen-
trations of TNFR1, ANGPTL2, IMA, and
protein carbonyls (Table 1). The relation-
ship between plasma concentrations of
each biomarker at baseline and the pri-
mary end point were not linear (P ,
0.0001 for all) (Supplementary Fig. 2).
The Kaplan-Meier estimate of the 6-year
cumulative incidence of major LEAD dur-
ing follow-up by tertiles of each bio-
marker at baseline are plotted in Fig. 1.
The biomarkers were higher in T1 than
in the T2 and T3 of TNFR1 (4.2%, 4.7%,
and 17.7%, respectively; P , 0.0001),
ANGPTL2 (4.4%, 6.8%, and 13.9%; P ,
0.0001), IMA (4.3%, 10.5%, and 9.7%;

P = 0.002), and protein carbonyls (7.4%,
6.0%, and 10.4%; P = 0.03). No significant
association was observed between major
LEAD and F-AGE or TRCP tertiles (Fig. 1
and Table 2). Cox proportional hazards
regression model 1 confirmed the asso-
ciations between TNFR1, ANGPTL2, and
IMA tertiles and major LEAD (Table 2).
However, only TNFR1 and IMA tertiles re-
mained significantly associated with the
risk of major LEAD in the fully adjusted
model 2. Similar results were observed
after including both TNFR1 and IMA
tertiles together in model 2 (TNFR1:
T2 vs. T1 1.15 [0.63–2.10; P = 0.64],
T3 vs. T1 2.28 [1.25–4.15; P = 0.007];
IMA: T2 vs. T1 2.52 [1.44–4.42; P =
0.001], T3 vs. T1 2.09 [1.20–3.66; P =
0.009]). No evidence for interaction was
observed between plasma concentra-
tions of TNFR1 and IMA on the risk of
major LEAD (P for interaction = 0.30).

The findings were reliable after ad-
justing for cardiovascular death as a
competing risk (Supplementary Table 2)
and after considering participants with
no baseline history of major LEAD (n =
1,290), CKD (n = 1,016), or macrovascular
disease (n = 905, except for the absence
of significant IMA-LEAD association in
this subset of participants) (Supplemen-
tary Table 3). The use of the alternative
primary outcome did not materially alter
the results (Supplementary Table 4).

Plasma concentrations of CRP were
measured at baseline in 291 (20.6%) par-
ticipants. Participants with available CRP
measurements at baseline, compared with
others, had slightly higher BMI and HbA1c
and lower systolic blood pressure, HDL
cholesterol, and total-cholesterol andwere
less likely to use a fibrate drug but more
likely to use antihypertensive and anti-
platelet drugs (Supplementary Table 5).
Among participants for whom CRP mea-
surements were available at baseline,
major LEAD occurred during follow-up in
31 (10.6%). Plasma CRP concentrations
were higher in participants who expe-
rienced major LEAD than in those who
did not (8.5 [5.4–22.5] vs. 4.7 [2.0–12.6]
mg/L; P = 0.001), with a nonlinear re-
lationship (P for nonlinearity , 0.0001)
(Supplementary Fig. 3). The Kaplan-Meier
estimate of the 6-year cumulative inci-
dence of major LEAD during follow-
up was higher in CRP T2 (15.0%) and T3
(18.1%) than in T1 (3.2%; P = 0.02) (Supple-
mentary Fig. 4). HRs (95% CIs) for major
LEAD increased with growing CRP tertiles
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(T2 vs. T1 5.52 [1.38–22.09; P = 0.02],
T3 vs. T1 7.14 [1.82–27.96; P = 0.005])
in the fully adjusted model. A signifi-
cant interaction was observed between
TNFR1 and CRP on the risk of major LEAD
(P for interaction = 0.03).

Additive Value of Plasma
Concentrations of TNFR1 or IMA at
Baseline in Discrimination and
Classification of Major LEAD During
Follow-up
The addition of plasma concentrations
of TNFR1 to traditional risk factors (as
in model 2) improved the C-statistic
(0.036 [95% CI 0.013–0.059]; P = 0.002),
IDI (0.012 [0.005–0.022]; P , 0.001),
continuous NRI (0.583 [0.294–0.847];
P , 0.001), and categorical NRI (0.171

[0.027–0.317]; P = 0.02) for the 5.6-
year risk of major LEAD during follow-
up. Plasma concentrations of IMA at
baseline did not enhance discrimination
or classification of the investigated risk
(Table 3). No further improvement was
observed by the addition of both plasma
concentrations of TNFR1 and IMA to-
gether into model 2 (data not shown).
Plasma CRP concentrations enhanced
the C-statistic (0.071 [0.008–0.135];
P = 0.03), IDI (1.031 [0.789–1.90]; P ,
0.001), and continuous NRI (0.291
[0.205–0.385]; P , 0.001) for the risk of
major LEAD during follow-up. A greater
improvement in the C-statistic was ob-
served when both TNFR1 and CRP were
introduced together in the final model
(0.086 [0.020–0.151]; P = 0.01).

Risk of Secondary End Points by Plasma
Concentrations of Inflammatory and
Oxidative Stress Biomarkers at Baseline
Peripheral revascularization and lower-
limb amputation occurred during follow-
up in 79 (5.6%) and 58 (4.1%) participants,
respectively. Their incidence rates were
1.0 and 0.7 per 100 person-years, respec-
tively. The risk of peripheral revascular-
ization was significantly higher in TNFR1
and IMA T1, whereas the risk of lower-
limb amputation was greater in TNFR1
and ANGPTL2 T1 than in T2 and T3 (Sup-
plementary Table 6).

CONCLUSIONS

In the current study, we evaluated the
relationship between plasma concentra-
tions of inflammatory and redox status

Table 1—Characteristics of participants at baseline according to the incidence of major LEAD during follow-up

Overall

Major LEAD

P valueNo Yes

Number of participants 1,412 1,300 112

Clinical parameters
Male sex 822 (58.2) 733 (56.4) 89 (79.5) ,0.0001
Age (years) 64.7 (10.6) 64.5 (10.8) 66.9 (8.9) 0.02
Duration of diabetes (years) 13 (6, 21) 12 (6, 20) 16 (10, 24) 0.0009
BMI (kg/m2) 31.3 (6.3) 31.4 (6.4) 29.7 (5.0) 0.005
Systolic blood pressure (mmHg) 132 (18) 132 (17) 138 (20) 0.0004
Diastolic blood pressure (mmHg) 72 (11) 72 (11) 73 (12) 0.83

Biological parameters
HbA1c (%) 7.8 (1.5) 7.8 (1.5) 7.6 (1.5) 0.25
HbA1c (mmol/mol) 62 (17) 62 (17) 60 (16) 0.25
Urinary ACR (mg/mmol) 3 (1, 14) 3 (1, 12) 13 (2, 131) ,0.0001
eGFR (mL/min/1.73 m2) 73 (24) 74 (24) 62 (28) ,0.0001
Serum total cholesterol (mmol/L) 4.79 (1.15) 4.79 (1.14) 4.81 (1.24) 0.89
Serum HDL cholesterol (mmol/L) 1.21 (0.41) 1.21 (0.42) 1.13 (0.35) 0.03
Serum triglycerides (mmol/L) 1.57 (1.12, 2.30) 1.57 (1.12, 2.30) 1.69 (1.14, 2.27) 0.71

Medical history
Current smoking 152 (10.8) 135 (10.4) 17 (15.2) 0.15
Diabetic retinopathy 624 (44) 544 (42) 80 (71) ,0.0001
Macrovascular disease 507 (36) 459 (35) 48 (43) 0.12
Major LEAD 122 (9) 83 (6) 39 (35) ,0.0001
Lower-limb amputation 69 (5) 43 (3) 26 (23) ,0.0001
Peripheral revascularization 69 (5) 50 (4) 19 (17) ,0.0001

History of treatment
Antihypertensives 1,172 (83) 1,067 (82) 105 (94) 0.0009
Statins 638 (45) 576 (44) 62 (55) 0.03
Fibrates 160 (11) 154 (12) 6 (5) 0.04
Antiplatelet drugs 593 (42) 532 (41) 61 (54) 0.007
Insulin 846 (60) 771 (59) 75 (67) 0.13

Plasma concentrations of biomarkers
TNFR1 (ng/mL) 1.8 (1.5, 2.3) 1.8 (1.5, 2.3) 2.3 (1.8, 3.1) ,0.0001
ANGPTL2 (ng/mL) 15 (11, 21) 15 (11, 20) 19 (13, 28) ,0.0001
IMA (AU) 0.51 (0.33, 0.63) 0.51 (0.32, 0.63) 0.58 (0.48, 0.68) ,0.0001
F-AGE (1023 AU) 111 (93, 132) 111 (93, 132) 117 (94, 141) 0.24
Protein carbonyls (mmol/mg) 28 (26, 31) 28 (26, 31) 29 (26, 33) 0.02
TRCP (gallic acid equivalents) 120 (103, 145) 120 (103, 145) 122 (103, 159) 0.45

Categorical variables are n (%). Continuous variables are expressed as mean (SD), except for variables with skewed distribution, which are
presented as median (25th, 75th percentiles): duration of diabetes, urinary ACR, triglycerides, TNFR1, ANGPTL2, IMA, F-AGE, and TRCP.
Comparisons of qualitative and quantitative parameters were performed using x2 test and ANOVA, respectively. Wilcoxon rank sum test was
used for comparisons of variables with skewed distribution. P , 0.05 was significant.
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biomarkers and the risk of major LEAD
in a prospective cohort of individuals with
type 2 diabetes.We observed associations
between plasma concentrations of TNFR1
and IMA at baseline and excess risk of
major LEAD during follow-up but no in-
dependent associations between major
LEAD and circulating levels of ANGPTL2,
F-AGE, protein carbonyls, or TRCP.

Participants in TNFR1 T1 had a twofold
increased risk of major LEAD compared
with those in T3. This finding was derived
from an analysis of the whole cohort and
remained significant in the subset of
participants with no history of major
LEAD at baseline. This association was
independent on potential confounders,
including key cardiovascular risk factors.

Similar results were observed with either
peripheral revascularization or lower-
limb amputation considered individually
as secondary end points. Furthermore,
plasma concentrations of TNFR1 pro-
vided additive prognostic information,
beyond conventional risk factors, on
the risk of major LEAD. They improved
C-statistics, IDI, and NRI.

Figure 1—Major LEAD during follow-up by plasma concentrations of inflammatory and oxidative stress biomarkers at baseline. Survival without
major LEAD in T3 (dotted line) and T2 (dashed line) comparedwith T1 (solid line) of TNFR1 (P, 0.0001) (A), ANGPTL2 (P, 0.0001) (B), IMA (P = 0.002)
(C), F-AGE (P = 0.07) (D), protein carbonyls (P = 0.03) (E), and TRCP (P = 0.48) (F).
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As far aswe know, this study is the first
to report reliable evidence for the prog-
nostic value of plasma TNFR1 concen-
trations on the risk of major LEAD in

individuals with type 2 diabetes. Few
cross-sectional studies have investigated
the association between LEAD and TNF-a
or its two soluble receptors TNFR1 and

TNFR2 in the general population. Two
small studies, including one in an overall
sample of 100 participants, showed higher
circulating TNF-a, TNFR1, and TNFR2 con-
centrations in individuals with LEAD than
in control subjects (21,22). The Framingham
Offspring Study, a larger community-
based cohort, showed an association
between TNFR2 and LEAD defined as
an ankle-brachial index,0.9, intermit-
tent claudication, and/or lower-extremity
revascularization (23). In the type 2 di-
abetes setting, higher circulating TNFR1
concentrations have been reported to
be mainly associated with an increased
risk of kidney disease, cardiovascular
events, or mortality (14,16,24), but no
investigation to our knowledge has
studied the risk of LEAD. The current
findings unlikely were driven by kidney
or cardiovascular disease, yet the TNFR1-
LEAD association remained significant af-
ter adjustment for renal parameters and
cardiovascular risk factors as well as in
participants with no history of kidney or
macrovascular disease at baseline. Fur-
thermore, we did not observe evidence
of a competing risk of cardiovascular
death in this association.

No etiological conclusions can be
drawn from the current findings, but
the findings are consistent with previous
studies supporting the implication of sys-
temic inflammation in peripheral artery
disease (25–27). TNF proinflammatory
activities promote atherosclerosis by in-
creasing endothelial cell permeability,
inducing the expression of surface leu-
kocyte adhesion molecules, and en-
hancing the production of cytokines
(28,29). Furthermore, TNF decreases
the activity of adipocyte-derived lipopro-
tein lipase and increases the produc-
tion of hepatic VLDLs in response to
acute endotoxin exposure (30,31). In-
creased TNF-a activity also may reflect
oxidative stress (32) and was correlated
with pulse wave velocity, an established
surrogate for arterial stiffness (33), which
plays an important role in the pathophys-
iology of LEAD (34).

High plasma CRP concentrations were
associated with an increased risk of major
LEAD and provided additive prognostic
information over traditional risk factors.
Plasma CRP concentrations significantly
interacted with TNFR1 levels on their
associationswithmajor LEAD, suggesting
that these relationships are related to
the inflammatory background. However,

Table 2—Risk for major LEAD during follow-up according to plasma
concentrations of inflammatory and oxidative stress biomarkers at baseline

Major LEAD Model 1 Model 2

No, n Yes, n (%) HR (95% CI) P value HR (95% CI) P value

All 1,300 112 (7.9)

TNFR1
T1 448 23 (4.9) Ref. Ref.
T2 447 24 (5.1) 1.25 (0.70–2.24) 0.45 1.12 (0.62–2.03) 0.71
T3 405 65 (13.8) 3.86 (2.34–6.38) ,0.0001 2.16 (1.19–3.92) 0.01

ANGPTL2
T1 449 22 (4.7) Ref. Ref.
T2 439 32 (6.8) 1.52 (0.87–2.65) 0.14 1.31 (0.74–2.32) 0.36
T3 412 58 (12.3) 2.75 (1.64–4.63) ,0.0001 1.59 (0.88–2.85) 0.12

IMA
T1 453 18 (3.8) Ref. Ref.
T2 428 43 (9.1) 2.49 (1.43–4.32) 0.001 2.42 (1.38–4.23) 0.002

LEAD 419 51 (10.9) 2.33 (1.36–4.00) 0.002 2.04 (1.17–3.57) 0.01

F-AGE
T1 437 34 (7.2) Ref. Ref.
T2 433 38 (8.1) 1.26 (0.79–2.02) 0.34 1.10 (0.68–1.80) 0.70
T3 430 40 (8.5) 1.58 (0.99–2.54) 0.05 1.15 (0.69–1.92) 0.59

Protein carbonyls
T1 436 35 (7.4) Ref. Ref.
T2 443 28 (5.9) 0.75 (0.45–1.25) 0.27 0.66 (0.40–1.12) 0.12
T3 421 49 (10.4) 1.37 (0.88–2.14) 0.16 1.16 (0.73–1.83) 0.53

TRCP
T1 433 38 (8.1) Ref. Ref.
T2 437 34 (7.2) 0.92 (0.58–1.47) 0.74 0.92 (0.57–1.48) 0.73
T3 430 40 (8.5) 1.23 (0.78–1.93) 0.38 1.08 (0.67–1.75) 0.74

HRs and 95% CIs for the T2 and T3 compared with T1. Analyses adjusted for baseline age and sex
(model 1) and for model 1 plus BMI; duration of diabetes; HbA1c; systolic and diastolic blood
pressure; urinary ACR; eGFR; diabetic retinopathy stages; plasma concentrations of total and
HDL cholesterol and triglycerides; use of insulin therapy and antihypertensive, statin, fibrate,
and antiplatelet drugs; and history of current smoking and macrovascular disease (model 2).
P , 0.05 was significant. Ref., reference.

Table 3—Discrimination and classification assessments for risk of major LEAD
during follow-up according to traditional risk factors without and with plasma
concentrations of TNFR1 or IMA at baseline

Risk of LEAD P value

C-statistic (95% CI) for model 2 0.753 (0.688–0.817)

Change in C-statistic (95% CI) for model 2 + TNFR1 0.036 (0.013–0.059) 0.002

Change in C-statistic (95% CI) for model 2 + IMA 0.007 (20.009 to 0.022) 0.38

IDI (95% CI) for TNFR1 0.012 (0.005–0.022) ,0.001

Continuous NRI (95% CI) for TNFR1 0.583 (0.294–0.847) ,0.001

Categorical NRI (95% CI) for TNFR1 0.171 (0.027–0.317) 0.02

IDI (95% CI) for IMA 0.001 (20.006 to 0.009) 0.63

Continuous NRI (95% CI) for IMA 0.239 (20.043 to 0.508) 0.11

Categorical NRI (95% CI) for IMA 0.055 (20.021 to 0.134) 0.18

IDI and continuous and categorical (5% and 10% risk thresholds) NRI tests were performed for
model 2 plus baseline plasma concentrations of TNFR1 or IMA compared with model 2 alone.
Model 2: age; sex; BMI; duration of diabetes; HbA1c; systolic and diastolic blood pressure; urinary
ACR; eGFR; diabetic retinopathy stages; plasma concentrations of total and HDL cholesterol
and triglycerides; use of insulin therapy and antihypertensive, statin, fibrate, and antiplatelet
drugs; andhistory of current smoking andmacrovascular disease. Plasma concentrations of TNFR1
and IMA were introduced into the model as categorical variables (tertiles). All analyses were
performed in individuals without a baseline history of major LEAD (n = 1,290).
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these findings are limited by the issue
that they were derived from a subset of
291 participants with CRP data available
at baseline.
This study also shows an indepen-

dent association between plasma IMA
concentrations and an increased risk of
major LEAD and peripheral revasculari-
zation but not lower-limb amputation.
The association between circulating IMA
levels and major LEAD remained signif-
icant in participants without LEAD or
CKD at baseline but not in those with
no history ofmacrovascular disease. IMA
reflects ischemia regardless of vascular
bed, and it has been suggested as a
biomarker of acute myocardial ischemia,
skeletal muscle ischemia, and stroke
(35–37). In ischemia, structural changes
take place in the N-terminus of the hu-
man albumin, which reduce its bind-
ing capacity (38) possibly as a result of
exposure to reactive oxygen species.
However, the diagnostic and prognostic
values of IMA have not been clearly
established. In the current study, circu-
lating IMA levels did not improve dis-
crimination or classification of major
LEAD risk. In the same line, IMA did
not provide incremental diagnostic in-
formation for cardiovascular events in
the SURDIAGENE type 2 diabetes cohort
or in patients with suspected acute cor-
onary syndrome in the IMAGINE (Ische-
mia Modified Albumin in Diagnosing
Ischemic New Events) multicenter pro-
spective study (17,39).
We also have observed an association

between greater circulating ANGPTL2
levels and an increased risk of lower-
limb amputation. However, plasma con-
centrations of ANGPTL2 did not enhance
the discrimination or classification of limb
loss (data not shown) and were not in-
dependently associated with the risk of
the primary end point. Although with the
absence of strong evidence to support
the usefulness of plasma ANGPTL2 as a
reliable predictor for major LEAD, our ob-
servation is consistent with the role of vas-
cular inflammation in the natural history
of lower-limb amputation. Excess ANGPTL2
may accelerate vascular inflammation
by activating proinflammatory pathways
in endothelial cells and increasing macro-
phage infiltration, leading to endothelial
dysfunction and atherosclerosis progres-
sion (40).
The main strength of this study is the

use of a contemporary prospective

cohort designed to investigate clinical,
biochemical, and genetic determinants
of vascular complications in individuals
with type 2 diabetes. SURDIAGENE con-
tains comprehensive data on clinical and
biochemical parameters at baseline as
well as adjudicated vascular end points
during follow-up. We assessed wide-
ranging biomarkers of such major path-
ways involved in the pathophysiology of
lower-extremity atherosclerosis, includ-
ing inflammation, oxidative stress, and
advanced glycation end products. The
major limitation of the study is that the
SURDIAGENE cohort was conducted in a
single French diabetes department and
may not be representative of all popu-
lations with type 2 diabetes. The findings
can be generalized only for Caucasian
peoplewith type 2 diabetes, not for other
ethnic groups. The study also lacks data
on intermittent claudication and ankle-
brachial index, which can lead to an
underestimated association between
candidate biomarkers and early stages
of LEAD. Furthermore, SURDIAGENE lacks
data on peripheral neuropathy and foot
infection, which can have confounding
effects, especially in the risk of lower-
limb amputation. Nevertheless, similar
associations were observed when we con-
sidered the alternative end point including
lower-limb amputation (transmetatarsal
with need of revascularization, transtibial,
or transfemoral) believed to be a result
of artery disease. The main association
and prognostic value of plasma TNFR1
concentrations were observed not only
for the combined LEAD end point but
also for peripheral revascularization con-
sidered individually as a secondary end
point.

Overall, high plasma concentrations of
TNFR1 and IMA are independently asso-
ciated with an increased 6-year risk of
major LEAD in individuals with type 2
diabetes. TNFR1 yielded incremental
prognostic information on the risk of
major LEAD, suggesting that it is a useful
biomarker for peripheral arterial disease
in this population.
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