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OBJECTIVE

To determine whether biomarkers of inflammation and endothelial dysfunction are
associated with the development of kidney dysfunction and the time frame of their
association.

RESEARCH DESIGN AND METHODS

Biomarkers were measured at four time points during 28 years of treatment and
follow-up in patients with type 1 diabetes in the Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) cohort.
In addition to traditional biomarkers of inflammation (C-reactive protein and fibrino-
gen), we measured interleukin-6 (IL-6) and soluble tumor necrosis factor receptors
1 and 2 (sTNFR-1/2), markers of endothelial dysfunction (soluble intracellular adhesion
molecule-1,vascularcell adhesionmolecule-1, andE-selectin [sE-selectin]), andfibrinolysis
(total and active plasminogen activator inhibitor-1 [PAI-1]). Renal outcomeswere defined
as progression to incident chronic kidney disease (stage 3 or more severe) or macro-
albuminuria (albumin excretion rate ‡300 mg/24 h). Prospective multivariate event-
time analyses were used to determine the association of each biomarker with each
subsequent event within prespecified intervals (3-year and 10-year windows).

RESULTS

Multivariate event-time models indicated that several markers of inflammation
(sTNFR-1/2), endothelial dysfunction (sE-selectin), and clotting/fibrinolysis (fibrino-
gen and PAI-1) are significantly associated with subsequent development of kidney
dysfunction. Although somemarkers showed variations in the associations between
the follow-up windows examined, the results indicate that biomarkers (sTNFR-1/2,
sE-selectin, PAI-1, and fibrinogen) are associated with progression to chronic kidney
disease in both the 3-year and the 10-year windows.

CONCLUSIONS

Plasma markers of inflammation, endothelial dysfunction, and clotting/fibrinolysis
are associated with progression to kidney dysfunction in type 1 diabetes during both
short-term and long-term follow-up.
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Although the pathological mechanisms
associated with the development and pro-
gression of kidney disease in patients with
diabetes are not well understood, both en-
dothelial dysfunction and inflammation
appear to play important pathogenic roles
(1). The EURODIAB Prospective Complica-
tions Study has provided strong support-
ing evidence for the clinical significance of
biomarkers of inflammation and endo-
thelial dysfunction as predictors of a vari-
ety of diabetes complications, including
albuminuria, retinopathy, and cardiovas-
cular disease. Schramand colleagues (2,3)
found that the combination of increased
levels of C-reactive protein (CRP), inter-
leukin-6 (IL-6), and soluble tumor necrosis
factor (sTNF) is associated with albumin-
uria, retinopathy, and cardiovascular dis-
ease. The same group also reported that
plasma levels of markers of endothelial
dysfunction (soluble vascular cell adhe-
sion molecule-1 [sVCAM-1] and soluble
E-selectin [sE-selectin]) were strongly
and independently associated with in-
flammation markers, suggesting that en-
dothelial dysfunction and inflammatory
activity are closely related in the patho-
genesis of complications classically asso-
ciated with type 1 diabetes.
In a previous cross-sectional study of a

subgroup of patients with samples taken
between 8 and 16 years after enrollment
in the Diabetes Control and Complica-
tions Trial (DCCT), we assessed the cross-
sectional association of risk factors of
endothelial dysfunction and inflamma-
tion, including CRP, fibrinogen, soluble
intracellular adhesion molecule-1 (sICAM-
1), sVCAM-1, sE-selectin, and fibrinolytic
markers with prevalent diabetic nephrop-
athy. After adjusting for conventional
risk factors (age, sex, DCCT treatment
group, diabetes duration, HbA1c, systolic
blood pressure, waist-to-hip ratio, total
andHDL cholesterol, and smoking status),
sE-selectin remained strongly associated
with concurrent abnormal albuminuria (1).
Similarly, in a subsequent study, we ex-
amined the ability of these biomarkers
measured at DCCT baseline to predict
the development of nephropathy during
an average of 14.5 years of follow-up (i.e.,
average of 6.5 years during DCCT and
8 years as part of the Epidemiology of
Diabetes Interventions and Complica-
tions [EDIC] follow-up). Results of these
analyses showed that higher levels of
sE-selectin and sTNF receptors 1 and
2 (sTNFR-1/2) are strongly associated

with long-term progression to macroal-
buminuria (MA) (4).

The objective of the current prospec-
tive evaluation is to expand our previous
observations and determine whether
markers of inflammation and endothelial
dysfunction are associated with the sub-
sequent development of kidney dysfunc-
tion in two follow-up windows (up to
3 years andup to10years) andwith varying
levels of baseline kidney function. Charac-
terization of the time frame in which these
biomarkers are associatedwith progression
to kidney dysfunction will aid in the devel-
opment and design of future clinical stud-
ies. In addition to the traditional markers of
inflammation (CRP, IL-6, and fibrinogen),
we measured sTNFR-1/2 as well as sICAM-
1, sVCAM-1, and sE-selectin, markers of
endothelial dysfunction.Additionalmodels
assessed the possible association of both
total and active plasminogen activator
inhibitor-1 (PAI-1), an important risk factor
in thrombosis and atherosclerosis (5).

RESEARCH DESIGN AND METHODS

The DCCT (1983–1993) was a randomized
controlled trial of 1,441 patients age
13–39 years who had type 1 diabetes
for 1–15 years at study entry (6). Partici-
pants were randomly assigned from two
study cohorts. Participants in the primary
prevention cohort had no retinopathy on
thebasis of fundusphotography, diabetes
for 1–5 years, and no microalbuminuria
(,40 mg/24 h). Participants in the sec-
ondary intervention cohort had mild to
moderatenonproliferativediabetic retinop-
athy (at least one microaneurysm in either
eye), diabetes for 1–15 years, and an albu-
min excretion rate (AER) ,200 mg/24 h.
None of the participants had hyperten-
sion ($140/90 mmHg) or dyslipidemia
(total cholesterol .200 mg/dL and/or
LDL .160 mg/dL) at baseline. At the
baseline visit of DCCT, each participant
underwent a physical examination, med-
ical history, and routine laboratory analy-
sis that included serum creatinine, lipid
profile, and HbA1c (6).

The participants were randomly as-
signed to either intensive or conventional
insulin therapy and followed for an aver-
age of 6.5 years before the study was
halted in 1993, 1 year ahead of its sched-
uled end because of the consistent bene-
ficial impact of intensive therapy on
diabetes complications (6). After the
completion of DCCT, intensive diabe-
tes therapy was taught to the original

conventional treatment group and rec-
ommended for all participants, and diabe-
tes care was transferred from DCCT study
staff to the participants’ own health care
providers. In 1994, ;95% of the DCCT
participants were enrolled in the EDIC ob-
servational follow-up study. The goal of
EDIC was to assess the development and
progression of more-advanced complica-
tions in the type 1 diabetes population,
including cardiovascular disease (7). AER
and creatinine clearance were deter-
mined in 4-h urine collection specimens
obtained annually during DCCT; esti-
mated glomerular filtration rate (eGFR)
was calculated on the basis of annual se-
rum creatinine levels, and AER was mea-
sured every other year during EDIC (7,8).

The current study was performed to
determinewhethermarkers of inflamma-
tion, endothelial dysfunction, and fibrino-
lysis taken at four study timepoints (DCCT
baseline, DCCT closeout, EDIC years 4–6,
and EDIC years 8–11)would be associated
with the development of kidney dysfunc-
tion within two follow-up windows (i.e.,
up to 3 years [short term], up to 10 years
[long term]). The outcomes of interest
were incident MA and chronic kidney
disease (CKD) stage 3 or worse. During
DCCT, 1,396 of the 1,441 randomized par-
ticipants (96.9%) had biomarker data at
either the baseline (n = 1,345) or the
closeout (n = 1,353) visit. Of the 1,425
surviving DCCT participants, 1,375 (96%)
joined EDIC. In addition, 886 of these
individuals agreed to participate in a bio-
marker substudy and had blood collected
during EDIC. Of the 1,396 participants
with at least one available measure,
830 had data at all four biomarker mea-
surements. Thus, the analysis cohort
comprised 4,378 paired biomarker and
disease outcome measurements taken
in 1,396 participants. The 886 substudy
participants with available biomarker
data during EDIC did not differ signifi-
cantly from the 510 with only DCCT data
with respect to DCCT treatment arm,
primary prevention cohort, and age; how-
ever, women were less likely to be in-
cluded in the sample than men (P ,
0.05) (data not shown). Additional clinical
characteristics of these participants have
been reported previously (9–13).

Samples and Biomarker Assays
Fasting serum samples obtained during
DCCT/EDIC were sent to a central labo-
ratory for standard lipid analysis, with
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excess samples sent to the Medical Uni-
versity of South Carolina (MUSC) where
they were aliquoted and stored at270°C
to minimize refreezing effects. A new fro-
zen aliquot was used for each new test
performed. The institutional review boards
at MUSC and all participating DCCT/EDIC
centers approved the sample collection
procedures. Written informed consent
was obtained from all participants.
Serum levels of CRP, total and active

PAI-1, sICAM-1, sVCAM-1, sE-selectin, IL-6,
and sTNFR-1/2 were assayed by using the
SignaturePLUS Protein Array Imaging and
Analysis System (Aushon BioSystems),
and ArrayVision software was used for
data analysis. Coefficients of variation
were 2.6% for CRP, 3.4% for total PAI,
5.9% for active PAI-1, 3% for sICAM-1,
4% for sVCAM-1, 4% for sE-selectin, 7.5%
for IL-6, 5.9% for sTNFR-1, and 2.7% for
sTNFR-2. Plasma concentrations of fibrin-
ogen were determined by immunonephl-
ometry (catalog number 86086; DiaSorin,
Stillwater, MN) with a Beckman IMMAGE
800 analyzer.

Outcomes
The two primary outcomes for each par-
ticipant were characterized from the
baseline DCCT visit (1983–1989) until
year 18 of the EDIC study (2010–2012).
Levels of eGFR defined progression to
CKD, and AER values defined progression
to MA. Although AER is associated with
progression to CKD, with increases in AER
generally preceding declines in measured
eGFR; in some patients, renal failure oc-
curs with a normal AER. Thus, each out-
come was analyzed independently of the
progression of the other. Each participant
had eGFR values calculated annually from
serum creatinine levels by using the
Chronic KidneyDisease Epidemiology Col-
laboration equation (14). During both
DCCT and EDIC, CKD stage 3 or worse
was defined as any two consecutive
eGFR measures ,60 mL/min/1.73 m2,
and time to CKD was defined as the
date of the first of two consecutive low
eGFR values. Incident MA was defined as
an AER$300 mg/24 h at any time during
the study. Outcomes were independently
determined after each of the four bio-
marker measurements and assessed
from the day of the biomarker measure-
ment up to the observation of an event or
date of censoring. Censoring was de-
fined as the day before the next avail-
able biomarker measurement or the end

of available follow-up data. However,
when a measurement was missing, the
time to event from the previous measure
was limited to 120 months of follow-up
(maximum follow-up between two mea-
sures given complete follow-up data).
Therefore, the 510 participants with
only DCCT baseline and/or closeout bio-
marker data available who chose not to
participate in the MUSC program project
grant substudy had follow-up data cen-
sored 120 months after the last available
DCCT biomarker measurement (hence
the lower number of participants with
later study time points). By using the
10-year follow-up window, 166 of the
1,396 participants (11.9%) progressed to
either CKD (n = 74) or MA (n = 143), 51 of
the 166 (30.7%) progressed to both CKD
and MA, 23 (31.1%) progressed to CKD
without MA, and 92 (64.3%) progressed
to MA without CKD. When the follow-up
window was limited to 3 years, 68 of the
1,396 (4.9%) participants progressed to
either CKD (n = 25) or MA (n = 44), and
19 of the 68 (27.9%) progressed to both.
Inadditiontotheprimaryoutcomes,21 par-
ticipants progressed to end-stage renal
disease (eGFR ,10 mL/min/1.73 m2 or
renal dialysis/transplantation) within a
10-year window of the prior biomarker
measurement (data not shown).

Statistical Analysis
Trends in demographic, clinical, and bio-
markermeasurements over timewere as-
sessed by using methods of maximum
likelihood through mixed-effects regres-
sion models (Table 1). Concentrations of
markers were measured longitudinally
during DCCT and EDIC and used to deter-
mine whether increased levels in these
measures were associated with risk of
progression to kidney dysfunction. Before
analysis, all biomarker levels were as-
sessed for normality and transformed
when necessary. After data normaliza-
tion, all biomarkers were standardized
(z scores), and the results represent the
association between a change of 1 SD in
each biomarker and the risk of progres-
sion to kidney dysfunction before the
next measurement or the end of follow-
up/censoring. Covariates for the analysis
were obtained from clinical measures
taken at baseline as well as concurrently
with each biomarker measurement (i.e.,
at the beginning of each follow-up win-
dow)whenever possible, andwhen a clin-
ical characteristic was unavailable at the

time of biomarker measurement, the
temporally nearestmeasurewas included
(usually within 12 months before or after
the biomarker measurement).

Prospective multivariate event-time
analysis was used to account for the
within-participant correlation as a result
of the repeated biomarker measure-
ments. Each study participant had from
one to four ordered biomarker measure-
ments during DCCT and the first 18 years
of the EDIC follow-up study (DCCT base-
line, DCCT closeout [average 6.5 years,
maximum 10 years], and two measure-
ments during EDIC). The primary hypoth-
esis that biomarkers measured during
DCCT and EDIC are associated with pro-
gression to kidney disease was assessed
byusingmarginal Cox proportional event-
time models for clustered data (15). This
modeling strategy allowed for multiple
follow-up windows for each participant
to be included in one model, whereas ro-
bust variance estimates (sandwich esti-
mates) were used to account for the
clustering of measurements by partici-
pant. Data were structured to allow
eachmeasured biomarker and associated
follow-up event status to bemodeled as a
single observation while accounting for
the clustering of multiple biomarker
measures for each participant. Each bio-
marker follow-up window began on the
day of the measure and ended the day
before the next measure or at the time
of an event or censoring. After the occur-
rence of an incident event, measures
taken after progression to that event
were removed from the analysis. We
evaluated the association of biomarker
levels on subsequent events taken dur-
ing follow-up windows of up to 3 and
10 years to determine whether associa-
tions between biomarkers and outcomes
changed depending on assessment win-
dow length. Next, composite biomarker
scores were created to assess the com-
bined impact of multiple biomarkers act-
ing on the same pathway. Specifically,
four scores were created by combining
standardized individual biomarkers: acute
phase reactants (fibrinogen and CRP),
cytokines/adipokines (sTNFR-1/2, active
PAI-1, total PAI-1, and IL-6), thrombosis
(fibrinogen, active PAI-1, and total PAI-1),
and endothelial dysfunction (sICAM-1,
inverse of sVCAM-1, and sE-selectin). The
inverse z score of sVCAM-1 was used be-
cause of its consistent inverse relation-
ship with the outcomes of interest (4).
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Associations were reported as hazard
ratio (HRs) and 95% CIs. Because of the
efficacy of DCCT treatment on reduction
and control of blood glucose (16) and the
potent effect of HbA1c levels on renal out-
comes, initial models were adjusted for
concurrent HbA1c. Expanded models ex-
plored the influence of additional clinical
characteristics on the basis of univariate
associations and known clinical associ-
ations with the overarching goal of
identifying a parsimonious and clinically
interpretable model in the presence
of a relatively small number of events.
All statistical analyses were performed
with SAS 9.4 software (SAS Institute,
Cary, NC). No corrections for multiple
testing/comparisons were applied.

RESULTS

Demographics and Clinical
Characteristics
Demographic and clinical measures taken
concurrently with biomarker measure-
ments are shown in Table 1. At DCCT
study enrollment, the mean age of partic-
ipants with available data was 27.0 (SD
7.1) years, with a mean duration of dia-
betes of 5.6 (4.1) years. Seven hundred
thirty-one (52.9%) participants with avail-
able samples were male, 696 (49.9%)

were randomly assigned to the intensive-
therapy groups, and 704 (50.5%)
were assigned to the primary prevention
cohort. At the time of the final biomarker
sample collection (EDIC years 8–11), the
mean age was 43.6 (6.9) years, and the
mean duration of diabetes was 21.8 (4.9)
years. During the study period, the 1,396
included participants contributed 4,378
biomarker measurements, with a median
of 6.1 (interquartile range [IQR] 4.7–8.7)
years between each measurement. Bio-
marker measurements taken across the
four time pointswere assessed for changes
over the duration of the DCCT and EDIC
follow-upperiod (Supplementary Table 1).
Although levels of sTNFr-1, fibrinogen, and
CRP increased during the study (P ,
0.001), sTNFr-2 and total PAI-1 levels re-
mained stable over time (P = 0.764 and
0.760, respectively). Levels of sE-selectin
showed a clear decreasing trend over
time (P, 0.001), whereas the remaining
biomarker levels had inconsistent pat-
terns of change over time.

Clinical Correlates
Univariate associations between baseline
demographic characteristics (participant-
specific covariates: DCCT treatment as-
signment, baseline disease cohort, and
sex) as well as clinical characteristics taken

concurrently with biomarker and outcome
measurements during the subsequent
follow-up window (observation-specific
covariates) are presented in Table 2. In-
creased current and study-weighted
mean HbA1c levels, total and LDL choles-
terol, triglyceride levels, and blood pres-
sure levels concurrent with biomarker
measurements were significantly associ-
ated with an increased risk of progres-
sion to CKD stage 3 and MA during the
follow-up windows. Males were more
likely than females to progress to MA
(HR 2.1 [95% CI 1.5–3.0]; P , 0.001) but
not to CKD. Participants who reported
taking ACE inhibitor or angiotensin II re-
ceptor blocker (ARB) medication at the
start of each follow-up window were
likely to have increased kidney dysfunc-
tion and, thus, were significantly more
likely to experience a kidney event than
those who did not report taking the med-
ications (P , 0.05). This positive associa-
tion is likely due to the use of ACE/ARB
medications as a first-step response to
not only hypertension but also low-level
proteinuria and decreases in eGFR before
progression CKD (17,18).

Kidney Dysfunction
Table3depictsmeanbiomarker levelsstrat-
ified bywhether a participant progressed

Table 1—Participant demographic and clinical levels taken at each measurement time point

Characteristic
DCCT baseline
(n = 1,346)

DCCT closeout
(n = 1,354) EDIC years 4–6 (n = 816) EDIC years 8–11 (n = 830) P value

Age (years) 27.0 (7.1) 33.2 (7.1) 39.4 (6.9) 43.6 (6.9) d

Male sex 52.9 (712) 52.7 (714) 56.1 (455) 55.4 (456) d

Intensive treatment 49.9 (671) 49.5 (670) 51.7 (419) 51.0 (420) d

Primary prevention cohort 50.9 (685) 50.5 (683) 51.8 (420) 51.4 (423) d

Duration of type 1 diabetes
(years) 5.6 (4.1) 12.0 (4.9) 17.5 (4.8) 21.8 (4.9) d

Study duration (years) d 6.4 (1.8) 12.1 (2.0) 16.3 (2.1) d

Current HbA1c (%) 9.0 (1.6) 8.3 (1.6) 8.1 (1.3) 7.9 (1.3) ,0.001

Current HbA1c (mmol/mol) 75 (17.5) 67 (17.5) 65 (14.2) 63 (14.2) ,0.001

Study-weighted mean HbA1c (%) 9.0 (1.6) 8.2 (1.5) 8.1 (1.1) 8.1 (1.1) ,0.001

AER (mg/24 h)* 11.3 (2.2) 11.6 (3.1) 13.6 (3.8) 15.1 (3.6) ,0.001

eGFR* 125 (1.1) 116 (1.1) 107 (1.2) 101 (1.2) ,0.001

Serum creatinine 0.7 (0.1) 0.7 (0.2) 0.8 (0.2) 0.8 (0.2) ,0.001

LDL cholesterol (mg/dL) 110 (29) 113 (29) 114 (31) 109 (28) 0.047

HDL cholesterol (mg/dL) 51 (12) 51 (13) 56 (15) 55 (15) ,0.001

Triglycerides (mg/dL)* 73 (1.5) 74 (1.6) 75 (1.7) 77 (1.7) 0.002

SBP (mmHg) 115 (11) 116 (12) 120 (14) 121 (14) ,0.001

MBP (mmHg) 87 (8) 88 (9) 90 (10) 90 (10) ,0.001

ACE/ARB taken to date 0.0 (0) 0.1 (1) 19.2 (156) 39.6 (326) ,0.001

Smoker (current) 18.7 (251) 20.1 (272) 16.7 (135) 14.3 (118) 0.005

Data are mean (SD) or % (n). P values shown are for trends over time by using methods of maximum likelihood throughmixed-effects regression models.
MBP, mean blood pressure; SBP, systolic blood pressure. *Presented as geometric means.
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to kidney dysfunction (i.e., CKD stage 3 or
worse or MA) before the next biomarker
measurement or the end of study follow-
up. Ninety-four of 1,396 participants
(6.7%) progressed to CKD stage 3 or
worse during DCCT or during the first
10–18 years of EDIC follow-up (21–28
years of follow-up time since enrollment
in the DCCT study); the median progres-
sion time was 19.3 (IQR 14.3–22.2) years
since DCCT baseline. Progression to CKD
stage 3 or worse occurred on average

5.3 (IQR 2.9–8.5) years after the last
available biomarker measurement, and
three CKD events of stage 3 or worse per
1,000 person-years of follow-up was cal-
culated. Seventy-four participants pro-
gressed to CKD within a 10-year window
since the last available measurement, and
25 progressed within a 3-year window.
By using a 10-year window, increased
levels of some markers of inflammation
(cytokines) and endothelial dysfunction
(sTNFr-1/2 and sE-selectin) were associated

with an increased risk of progression toCKD
(Table 4). When selecting a short-term
follow-up (3 years) to monitor outcomes,
the risk of progression to CKD associated
with increases in the same markers of
inflammation and endothelial dysfunc-
tion remained strong. Increased levels of
markers of thrombosis (fibrinogen and
total PAI-1) also were associated with
an increased risk of progression to CKD.
sTNFr-1/2 levels as well as sE-selectin,
fibrinogen, and PAI-1 were similarly

Table 3—Biomarker means taken before follow-up windows with and without clinical events

CKD MA

Event (n = 74) No event (n = 4,313) Event (n = 143) No event (n = 4,244)

sTNFR-1 2.10 (1.94–2.28) 1.50 (1.47–1.54) 1.67 (1.57–1.79) 1.48 (1.45–1.51)

sTNFR-2 1.82 (1.70–1.94) 1.38 (1.35–1.40) 1.51 (1.43–1.59) 1.36 (1.34–1.39)

sE-selectin 45.3 (39.9–51.3) 44.6 (42.8–46.4) 51.8 (46.6–57.5) 44.0 (42.3–45.9)

PAI-1 active 8.64 (7.27–10.26) 7.88 (7.61–8.16) 9.44 (8.25–10.80) 7.75 (7.48–8.03)

PAI-1 total 158.2 (140.8–177.8) 153.4 (148.8–158.1) 166.3 (151.3–182.7) 151.9 (147.3–156.6)

sICAM-1 293.8 (273.9–315.0) 306.9 (300.8–313.0) 309.8 (292.7–327.9) 306.4 (300.4–312.5)

sVCAM-1 879.6 (797.8–969.9) 945.4 (917.1–974.5) 893.4 (820.3–973.0) 948.2 (920.1–977.2)

IL-6 7.03 (5.96–8.29) 6.60 (6.35–6.85) 7.36 (6.46–8.38) 6.56 (6.31–6.83)

Fibrinogen 253.4 (233.9–274.5) 220.5 (217.0–224.0) 230.0 (215.3–245.8) 220.6 (217.1–224.1)

CRP 0.21 (0.16–0.28) 0.21 (0.19–0.22) 0.19 (0.15–0.24) 0.21 (0.20–0.23)

Data are geometric mean (95% CI). Event count across up to four measurements in 1,396 participants.

Table 2—Univariate associations of clinical and demographic characteristics as well as biomarkers with each study outcome
between available biomarker measurements

Events

CKD (n = 74) MA (n = 143)

Characteristic HR (95% CI) x2 P value HR (95% CI) x2 P value

Age (years) 1.07 (1.04–1.10) 16.8 ,0.001 0.99 (0.97–1.01) 1.1 0.286

Male sex* 1.22 (0.77–1.93) 0.7 0.396 2.11 (1.48–3.01) 16.8 ,0.001

Intensive treatment* 0.48 (0.30–0.77) 9.0 0.003 0.36 (0.25–0.52) 30.2 ,0.001

Primary prevention cohort* 0.99 (0.63–1.56) 0.0 0.962 1.68 (1.20–2.36) 9.1 0.003

Duration of type 1 diabetes (years) 1.06 (1.03–1.09) 15.6 ,0.001 1.04 (1.01–1.07) 8.8 0.003

Study duration (years) 1.16 (1.11–1.22) 39.7 ,0.001 1.04 (0.99–1.08) 2.7 0.097

BMI 1.04 (0.99–1.08) 2.7 0.102 1.01 (0.97–1.05) 0.2 0.639

Current HbA1c (%) 1.55 (1.38–1.75) 52.9 ,0.001 1.73 (1.60–1.87) 184.0 ,0.001

Study-weighted mean HbA1c (%) 2.00 (1.74–2.29) 98.4 ,0.001 1.84 (1.68–2.01) 177.2 ,0.001

AER (50 mg/24 h) 1.04 (1.03–1.04) 82.9 ,0.001 1.73 (1.44–2.08) 34.8 ,0.001

eGFR (10-unit decrease) 2.20 (1.91–2.54) 116.5 ,0.001 1.16 (1.01–1.34) 4.4 0.036

Cholesterol (10 mg/dL) 1.20 (1.14–1.26) 54.4 ,0.001 1.08 (1.03–1.13) 10.1 0.002

LDL cholesterol (10 mg/dL) 1.18 (1.08–1.28) 15.2 ,0.001 1.05 (1.00–1.11) 3.7 0.055

HDL cholesterol (10 mg/dL) 0.94 (0.80–1.11) 0.5 0.495 0.85 (0.74–0.98) 5.1 0.024

Triglycerides (10 mg/dL) 1.06 (1.05–1.07) 110.6 ,0.001 1.05 (1.04–1.06) 146.7 ,0.001

SBP (10 mmHg) 1.98 (1.68–2.33) 67.8 ,0.001 1.25 (1.10–1.42) 11.3 ,0.001

DBP (10 mmHg) 2.41 (1.73–3.36) 26.7 ,0.001 1.57 (1.29–1.91) 19.8 ,0.001

Any ACE/ARB taken to date 5.39 (3.23–9.00) 41.5 ,0.001 2.65 (1.56–4.50) 13.0 ,0.001

Current smoker 1.33 (0.77–2.32) 1.0 0.308 1.72 (1.19–2.49) 8.4 0.004

A total of 4,378 measurements were taken in 1,396 participants, with a median time between measurements of 6.1 years. DBP, diastolic blood pressure;
SBP, systolic blood pressure. *Time invariant characteristics; all other characteristics are measured at time points corresponding to each biomarker
measurement.
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associated with CKD progression for both
the 10-year and the 3-year windows, de-
spite the reduced power for the 3-year
window.
One hundred sixty-one of the 1,396

participants (11.5%) progressed to MA
during DCCT or the first 18 years of EDIC
follow-up; the median progression time
was 11.7 (IQR 6.3–16.1) years since
DCCT baseline. MA occurred on average
5.1 (IQR 2.7–6.3) years after the last
available biomarker measurement, and
5.5 MA events per 1,000 person-years of
follow-up occurred. One hundred forty-
three participants progressed to MA
within a 10-year window since the last
available measurement, and 44 pro-
gressed within a 3-year window. Similar
to CKD, sTNFR-2, sE-selectin, and PAI-1
were associated with progression to MA
during the 10-year follow-upwindow, but

the association was less marked within
the 3-year window.

CONCLUSIONS

The primary objective of this study was to
determinewhether biomarkers of inflam-
mation and endothelial dysfunction are
associated with an increased risk to de-
velop incident CKD or MA and the time
frame in which the association was sig-
nificant. The choice of biomarkers was
based on previously reported results
(1,4,19–27) on inflammatory, thrombosis,
and endothelial dysfunction biomarkers
and how they relate to progression of di-
abetes complications. We have examined
the long-term association of inflamma-
tory markers, adhesion molecules, and
clotting/fibrinolysis biomarkers on the
development of MA by using the levels
of biomarkers obtained at DCCT baseline

and closeout (4). The current results show
that both sE-selectin and sTNFR-1/2 are
associated with the long-term develop-
ment of MA. Higher levels of these bio-
markers indicated the development of
MA in participants who were completely
free of clinically detectible kidney disease
(i.e., with normal albuminuria and nor-
mal eGFR) at baseline. Identification of
biomarkers associated with long-term
disease progression is important to un-
derstanding the underlying mechanisms
of disease development and may allow
the identification of patients more likely
to benefit from targeted therapeutic
measures.

Although albuminuria is one of the
more commonly used parameters to de-
tect early damage of kidney function in
diabetes, a few patients with diabetes
may develop nephropathy without MA

Table 4—Associations between biomarker measures and time to progression to kidney dysfunction during two window lengths

10-Year window 3-Year window

Events HR (95% CI)* HR (95% CI)† Events HR (95% CI)* HR (95% CI)†

CKD
sTNFR-1 64 1.29 (1.16–1.45) 1.36 (1.23–1.49) 23 1.61 (1.43–1.82) 1.56 (1.40–1.74)
sTNFR-2 74 1.55 (1.38–1.74) 1.63 (1.47–1.82) 25 1.77 (1.52–2.06) 1.97 (1.70–2.29)
sE-selectin 61 1.31 (1.14–1.50) 1.23 (1.08–1.40) 23 1.42 (1.19–1.70) 1.38 (1.18–1.61)
PAI-1 active 74 1.23 (1.06–1.43) 1.15 (0.95–1.39) 25 1.30 (1.03–1.65) 1.18 (0.87–1.61)
PAI-1 total 74 1.23 (1.02–1.49) 1.14 (0.94–1.39) 25 1.55 (1.23–1.94) 1.52 (1.24–1.87)
sICAM-1 74 1.09 (0.86–1.37) 1.02 (0.79–1.31) 25 0.84 (0.53–1.32) 0.88 (0.56–1.38)
sVCAM-1 63 0.82 (0.60–1.12) 0.88 (0.65–1.17) 23 0.74 (0.42–1.30) 0.76 (0.41–1.40)
IL-6 61 0.85 (0.66–1.09) 0.91 (0.75–1.10) 21 1.11 (0.90–1.37) 1.13 (0.96–1.33)
Fibrinogen 46 1.96 (1.36–2.83) 1.74 (1.24–2.45) 18 2.59 (1.50–4.47) 2.13 (1.29–3.51)
CRP 64 0.93 (0.76–1.15) 0.88 (0.67–1.15) 23 1.06 (0.77–1.47) 0.99 (0.63–1.56)
Composite scores‡
Acute-phase reagents 46 1.34 (1.05–1.72) 1.25 (0.99–1.57) 18 1.51 (1.09–2.10) 1.56 (1.19–2.04)
Cytokines/adipokines 61 1.53 (1.27–1.85) 1.70 (1.34–2.15) 21 3.58 (2.45–5.23) 3.25 (2.20–4.81)
Thrombosis 46 1.92 (1.37–2.70) 1.77 (1.20–2.61) 18 2.91 (1.86–4.54) 2.45 (1.50–4.01)
Endothelial dysfunction 60 1.82 (0.78–4.24) 1.59 (1.06–2.38) 23 2.28 (1.21–4.28) 2.16 (1.27–3.68)

MA
sTNFR-1 116 1.09 (0.97–1.23) 1.08 (0.97–1.20) 39 1.19 (1.02–1.38) 1.10 (0.83–1.44)
sTNFR-2 143 1.31 (1.18–1.46) 1.25 (1.10–1.42) 44 1.32 (1.15–1.52) 1.19 (0.97–1.46)
sE-selectin 117 1.20 (1.07–1.35) 1.17 (1.04–1.33) 40 1.10 (0.92–1.33) 0.96 (0.70–1.32)
PAI-1 active 141 1.22 (1.07–1.38) 1.10 (0.96–1.27) 43 1.13 (0.90–1.42) 0.97 (0.70–1.34)
PAI-1 total 143 1.22 (1.06–1.41) 1.17 (1.00–1.36) 44 1.27 (0.99–1.63) 1.22 (0.93–1.61)
sICAM-1 143 1.16 (0.97–1.40) 1.19 (0.99–1.42) 44 1.02 (0.71–1.46) 1.07 (0.78–1.47)
sVCAM-1 100 0.85 (0.67–1.09) 0.93 (0.76–1.15) 36 1.03 (0.70–1.53) 1.11 (0.85–1.45)
IL-6 113 0.96 (0.84–1.08) 1.02 (0.93–1.13) 38 0.97 (0.72–1.30) 1.05 (0.84–1.32)
Fibrinogen 70 1.01 (0.80–1.27) 1.01 (0.79–1.30) 26 0.72 (0.46–1.12) 0.62 (0.38–1.03)
CRP 115 0.95 (0.79–1.14) 0.95 (0.77–1.18) 38 0.88 (0.63–1.23) 0.83 (0.48–1.43)
Composite scores‡
Acute-phase reagents 70 0.84 (0.63–1.11) 0.86 (0.60–1.24) 26 0.57 (0.31–1.05) 0.41 (0.18–0.92)
Cytokines/adipokines 113 1.26 (1.06–1.50) 1.30 (1.04–1.63) 38 1.47 (0.99–2.16) 1.28 (0.75–2.20)
Thrombosis 70 1.53 (1.12–2.08) 1.26 (0.89–1.78) 26 0.96 (0.57–1.62) 0.87 (0.41–1.86)
Endothelial dysfunction 99 1.61 (1.19–2.19) 1.47 (1.06–2.04) 36 1.08 (0.60–1.95) 0.83 (0.48–1.45)

Boldface indicates significance at P, 0.05. *Initial model adjusted for concurrent HbA1c %. †Covariate-adjusted model also adjusted for sex, concurrent
duration of type1 diabetes, cholesterol (CKD), triglycerides (MA), and blood pressure. Time toMAwas also adjusted for AER valuesmeasured concurrently
with biomarkers. ‡Composite scores were created by combining the standardized individual biomarkers as follows: acute-phase reactants (fibrinogen
and CRP), cytokines/adipokines (sTNFR-1/2, active PAI-1, total PAI-1, and IL-6), thrombosis (fibrinogen, active PAI-1, and total PAI-1), and endothelial
dysfunction (sICAM-1, inverse of sVCAM-1, and sE-selectin). The inverse z score of sVCAM-1 was used because of its consistent inverse relationship with
the outcomes of interest.
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(16); furthermore, albuminuria may rep-
resent a mixture of glomerular and tubu-
lar damage and may not be completely
representative of classical diabetic ne-
phropathy. Therefore, determination of
whether the same biomarkers associated
with incident cases of MA also are asso-
ciatedwith progressive reduction of eGFR
and whether the time frame for this re-
lationship is similar was important. Also
important was the determination of
whether biomarkers associated with
long-term development of CKD in partic-
ipants free of apparent clinical renal dis-
ease maintained their association when
measured closer to the development of
CKD and with varying stages of disease.
Biomarkers associateddiabetes complica-
tions in a close temporal relationshipwith
the event could be useful in clinical trials
for the recruitmentof patientsmore likely
to have the event during the trial, thus
increasing the number of events and,
therefore, enhancing the power of the
study and validity of the conclusions.
The results in the whole subset of

participants studied indicate, as seen in
Supplementary Table 1, that the levels
of CRP, fibrinogen, sTNFR-1, and active
PAI-1 increased over time, whereas
sE-selectin levels decreased over time.
Some of the other biomarkers did not
show a sustained trend with increasing
age. These results also show that the
overall levels of the biomarkers were in-
creased in participants who developed
impaired eGFR and MA compared with
those who maintained normal kidney
function. The only exceptions were IL-6,
which did not show an appreciable dif-
ference between the two groups, and
VCAM-1, which was lower in participants
who developed nephropathy.
As shown in Table 4, some differences

existed between the association of the
biomarkers according to the outcome
chosen to assess kidney dysfunction and
the follow-up window examined. sE-
selectin was associated with both long-
term and short term development of
decreased eGFR but was only associated
with long-term development of MA.
Other adhesions molecules, like ICAM-1
and VCAM-1, were not associated with
the development of nephropathy in this
cohort. sTNFR-1/2 and total PAI-1, like
sE-selectin, were short- and long-term
predictors of reduced eGFR. Total PAI-1,
like sE-selectin, was not associated with
the development ofMAwithin the 3-year

(short-term) window. sTNFR-1/2 were, in
contrast, strongly associatedwith reduced
eGFR within both the 3- and 10-year
windows.

A high percentage of participants who
developed MA had normal eGFR, and
those with reduced eGFR did not neces-
sarily have MA. The physiopathology of
these renal outcomes may be different,
although they likely have common path-
ways, such as inflammation.MA is related
to increased glomerular permeability and
decreased tubular reabsorption of pro-
teins and is likely strongly influenced by
treatment with ACE inhibitors and ARBs.
Reduction of eGFR is related to kidney
mesangial cell expansion and fibrosis
and subsequent deterioration of kidney
function. Therefore, although albumin-
uria is useful to the identification of early
stages of diabetic kidney disease, it does
not necessarily identify early stages of re-
duced eGFR, and both end points should
be watched closely in diabetes to gain
more clear and precise information about
progression of kidney disease in diabetes.

Overall, the results suggest that high
sTNFR-1/2 levels are associated with
short-term progression of kidney dys-
function and may aid in the recruitment
of participants for trials in which themain
end point is the development of CKD.
Both sTNFR-1/2 and sE-selectin are useful
biomarkers for identifying patients at
increased risk for MA earlier in life and
can be used to institute therapeutic
measures to prevent the development
of overt nephropathy.

Although this study population is well
defined and followed for a significant
amount of time, some limitations temper
the results. Because the numberof events
in this cohort was relatively small, primar-
ily in the 3-year follow-up window, the
lack of statistical significance may have
resulted from insufficient power. In addi-
tion, participant AER values were mea-
sured annually during DCCT but only
every other year during EDIC, creating a
challenge to measuring persistent MA in
the presence of treatment with ACE/ARB
medications. Furthermore, one-third of
the DCCT study participants did not par-
ticipate in the MUSC program project
grant biomarkers study, which examined
levels during the EDIC, and only had levels
available for follow-up windows early in
the study. This analysis does not provide
added clinical utility for disease predic-
tion beyond the traditional risk factors,

and further classification analysis, includ-
ing prediction models, should be con-
ducted. Future analytic directions include
classification models with traditional risk
factors and evaluation of improvement in
classification accuracy with inclusion of
these biomarkers. A better determination
of whether the association of the bio-
markers associated with MA reflect glo-
merular disease or tubular disease would
be interesting. Unfortunately, the cur-
rent data do not allow us to answer this
question.

Most of the biomarkers shown by us
and others to correlate with renal function
deterioration in patients with diabetes
seem to have long-term predictive value.
However, only a limited number of these
markers can predict the onset of chronic
disease closer to the development of the
outcomes considered in this study. Of
these markers, sTNFR-1 and sTNFR2
seem to be the most useful for inclusion
in clinical trials of relatively short duration.
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