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In patients with diabetes, impaired ADAMTS13 (a disintegrin
and metalloprotease with thrombospondin type 1 repeats,
member 13) proteolysis of highly thrombogenic von Willebrand
factor (VWF) multimers may accelerate renal and cardiovascu-
lar complications. Restoring physiological VWF handling might
contribute to ACE inhibitors’ (ACEi) reno- and cardioprotective
effects. To assess how Pro618Ala ADAMTS13 variants and re-
lated proteolytic activity interact with ACEi therapy in pre-
dicting renal and cardiovascular complications, we genotyped
1,163 normoalbuminuric type 2 diabetic patients from BErgamo
NEphrologic DIabetes Complications Trial (BENEDICT). Inter-
action between Pro618Ala and ACEi was significant in predict-
ing both renal and combined renal and cardiovascular events.
The risk for renal or combined events versus reference Ala
carriers on ACEi progressively increased from Pro/Pro homozy-
gotes on ACEi (hazard ratio 2.80 [95% CI 0.849–9.216] and 1.58
[0.737–3.379], respectively) to Pro/Pro homozygotes on non-
ACEi (4.77 [1.484–15.357] and 1.99 [0.944–4.187]) to Ala carriers
on non-ACEi (8.50 [2.416–29.962] and 4.00 [1.739–9.207]). In
a substudy, serum ADAMTS13 activity was significantly lower
in Ala carriers than in Pro/Pro homozygotes and in case subjects
with renal, cardiovascular, or combined events than in diabetic
control subjects without events. ADAMTS13 activity signifi-
cantly and negatively correlated with all outcomes. In patients
with diabetes, ADAMTS13 618Ala variant associated with less
proteolytic activity, higher risk of chronic complications, and
better response to ACEi therapy. Screening for Pro618Ala poly-
morphism may help identify patients with diabetes at highest
risk who may benefit the most from early reno- and cardiopro-
tective therapy. Diabetes 62:3599–3609, 2013

I
n patients with type 2 diabetes, the incidence of
coronary events and ischemic strokes is twice as
high as in subjects without diabetes (1). This excess
risk is even higher in diabetic patients with evidence

of renal involvement as manifested by urinary albumin
excretion (UAE) in the micro- or macroalbuminuric range
(2). Overall, cardiovascular disease and microvascular
complications such as nephropathy, retinopathy, and neu-
ropathy are major causes of illness in this population and
impose an enormous economic burden. Optimized blood
pressure (BP) and metabolic control and inhibition of the
renin-angiotensin system by ACE inhibitors (ACEi) or an-
giotensin receptor blockers may effectively prevent or delay
the onset and progression of all chronic complications of
diabetes (3–6). Despite treatment, however, most patients
are at high risk of events. Thus, better understanding the
pathogenic mechanisms underlying chronic complications
of diabetes and identification of predictors of outcome and
response to treatment are instrumental in optimizing the
use of available or novel therapeutic tools.

Among the several factors associated with the abnormal
metabolic state that accompanies diabetes, endothelial
cell dysfunction and uncontrolled platelet activation have
consistently been found to play a central role in the path-
ogenesis of vascular damage (7–10). Altered vascular han-
dling of von Willebrand factor (VWF) has been suggested to
be a key determinant of the excess platelet activation fre-
quently observed in this population (7). VWF is a multimeric
glycoprotein stored in endothelial Weibel-Palade bodies as
highly thrombogenic ultralarge multimers (ULVWF). Upon
endothelial injury, these multimers are secreted to mediate
platelet adhesion to injured endothelium—the first step in
thrombus formation (11). ULVWF multimers, however, are
only transiently bound to the endothelial surface, since
they are promptly cleaved by the plasma metalloprotease
ADAMTS13 (a disintegrin and metalloprotease with throm-
bospondin type 1 repeats, member 13), produced by liver
stellate cells and endothelial cells (12), and are released in
the circulation as smaller multimers with less thrombogenic
potential (13). This sequence of events is crucial in modu-
lating the thrombotic process (11), as demonstrated by ev-
idence that acquired or genetically determined ADAMTS13
deficiency associates with uncontrolled intravascular throm-
bosis of thrombotic thrombocytopenic purpura (14).

Chronic endothelial dysfunction induced by hypergly-
cemia, oxidative stress, and other factors associated with
diabetes may sustain continued VWF multimer formation
and release into the circulation (9,15,16), in particular in
type 2 diabetic patients with microalbuminuria (8,17) or
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renal lesions (18). VWF levels independently predicted risk
of progression to macroalbuminuria (19) or of cardiovas-
cular events (20). Another consequence of endothelial
dysfunction is impaired ADAMTS13 synthesis and secre-
tion (21). Thus, in addition to enhanced ULVWF release,
concomitant reduction of ADAMTS13 cleaving potential
may also contribute to increase circulating ULVWF and
consequent excess thrombotic risk. Indeed, in experimental
post–ischemic brain stroke (22) and myocardial infarction
(23,24), mice that genetically lack ADAMTS13 develop
larger infarcts in the brain (22) and the heart (23,24)
than wild-type mice. Exacerbated injury in ADAMTS132/2

mice was VWF dependent, since it was not observed
in ADAMTS132/2/VWF2/2 mice (22,23). Thus, defective
ADAMTS13 bioavailability may result in uncontrolled
VWF-mediated thrombosis. This could explain why low
ADAMTS13 levels are associated with renal and cardiovas-
cular events in subjects with diabetes and even in the gen-
eral population (25–27). ADAMTS13 activity and levels can
be genetically determined (14). Actually, the ADAMTS13
gene is highly polymorphic (28,29), and several ADAMTS13
single nucleotide polymorphisms (SNPs) associate with al-
tered protein secretion and activity in vitro (28,29). Among
them, only the Pro457Ser, a SNP common in the Japanese
population but extremely rare in Caucasians, has been
investigated in vivo and was found to associate with de-
creased plasmatic ADAMTS13 activity (30) so far. In
preliminary studies in human embryonic kidney (HEK293T)
cells expressing recombinant ADAMTS13 proteins carrying
the four nonsynonymous SNPs with a .0.05 minor allele
frequency in the European population (rs34024143
[Arg7Trp], rs2301612 [Glu448Gln], rs28647808 [Pro618Ala],
and rs685523 [Ala900Val] [http://www.ncbi.nlm.nih.gov/snp,
CEU population]), we found that protease secretion and
activity were reduced only with the 618Ala with respect to
wild-type protein (Supplementary Figs. 1 and 2). The re-
sidual protease activity of the 618Ala variant was 27%
(74% secretion 3 37% activity). Consistently, analysis in 102
healthy Caucasians showed that serum ADAMTS13 activity
was significantly lower in 618Ala carriers compared with
homozygous carriers of the wild-type Pro618 allele but was
not affected by the other variants, with the exception of the
7Trp variant that was in linkage disequilibrium with the
618Ala (Supplementary Figs. 2 and 3). Altogether, the above
findings converged to indicate that the Pro618Ala is the only
known common SNP that substantially affects ADAMTS13
activity levels, at least in Caucasians, and suggested that,
among the several inborn factors associated with renal and
cardiovascular complications of diabetes (31–34), a geneti-
cally determined reduced ADAMTS13 activity due to the
618Ala variant could play a role. Thus, we hypothesized that
impaired ADAMTS13 production secondary to diabetes-
associated endothelial dysfunction could result in a clini-
cally relevant reduction of ADAMTS13 activity leading to
excess risk of renal and cardiovascular disease, in particu-
lar in those patients who may have an intrinsic ADAMTS13
defect because of their specific Pro618Ala genotype.

To formally test this hypothesis, we investigated whether
and to what extent Pro618Ala ADAMTS13 polymorphism
predicted the risk of renal involvement (defined as new-
onset of microalbuminuria) and cardiovascular events in
the large cohort of normoalbuminuric type 2 diabetic
patients included in the BErgamo NEphrologic DIabetes
Complications Trial (BENEDICT) and randomly allocated
to the ACEi trandolapril or to non-ACEi therapy (4). Since
the trial had already demonstrated that trandolapril—alone

or combined with verapamil—significantly affected the risk
of progression to microalbuminuria, we first evaluated the
interactive role of Pro618Ala and treatment in event pre-
diction. We then tested the impact of the polymorphism
on risk of developing events in patients on either ACEi or
non-ACEi therapy. Finally, in a subgroup of patients we
ran a case-control study to investigate whether the associa-
tion of the Pro618Ala polymorphism with outcomes could be
explained by the effect of the polymorphic variants on
ADAMTS13 plasmatic activity.

RESEARCH DESIGN AND METHODS

The main study and the case-control substudy were both approved by the local
ethics committee, and all study participants provided written informed consent
according to the Declaration of Helsinki guidelines. All data were handled in
respect of patient confidentiality and anonymity.
Main study. We primarily evaluated the interactive role of Pro618Ala
ADAMTS13 polymorphism and ACEi therapy in the prediction of renal events
(new-onset microalbuminuria) in 1,163 of the 1,204 type 2 diabetic patients
included in the BENEDICT phase A study who consented to genetic analyses
(Fig. 1). We secondarily evaluated the role of the above interaction in pre-
dicting major cardiovascular events (fatal or nonfatal stroke; acute myocardial
infarction, unstable angina; coronary, carotid, or peripheral artery revasculari-
zation; or surgical amputation for critical ischemic limbs) and a combined end
point of renal and/or cardiovascular events.

The new-onset of microalbuminuria was defined as a UAE$20 mg and,200
mg/min in at least two of three consecutive overnight urine collections at two
consecutive visits 2 months apart (4,35). All cardiovascular events were ad-
judicated by two cardiologists (Brigitte Kalsh and Piero Ruggenenti) blinded
to patient treatment allocation and genetic results.

Detailed information about the BENEDICT design, treatment arms, and
biochemical measurement has previously been provided (4,35).
Case-control substudy. We evaluated the associations among Pro618Ala,
serum ADAMTS13 activity, and progression to different outcomes in a subset of
the 487 BENEDICT patients enrolled at the Bergamo Center. Within this
subgroup, we identified all cases that during BENEDICT had progressed to
persistent microalbuminuria, major cardiovascular events, or both, respectively.
For each case subject, one diabetic control subject who had not progressed to
any considered event, who was matched by sex, age (610 years vs. case), and
ACEi therapy allocation in the core study, was identified. For each diabetic case
and diabetic control subject, one healthy control subject matched by sex and
age (610 years) was also identified from a population of 250 blood donors.
Genotyping. Genomic DNA was extracted from peripheral blood leukocytes
by a Nucleon BACC2 kit (Amersham). Genotyping for Arg7Trp (exon 1),
Gln448Glu (exon 12), and Ala900Val (exon 21) was performed with the Sanger
direct sequencing method as previously described (36). Genotyping for
Pro618Ala SNP was performed using a TaqMan Pre-Designed SNP Allelic Dis-
crimination assay (assay C_3183368_20) from Applied Biosystems following the
manufacturer’s instructions. Genotyping success rate was 99%. As a quality-
control procedure, we double genotyped a subset of individuals (n = 169) by
Sanger direct sequencing of ADAMTS13 exon 16 on the ABI-3730 Sequencer
analyzer. The concordance rate between the two genotyping methods was 100%.
ADAMTS13 activity evaluation. Serum ADAMTS13 activity was measured at
completion of the BENEDICT core study when all diabetes case and control
subjects were on the same ACEi therapy and in healthy control subjects by using
the residual collagen-binding assay (37). The detection limit of the assay is 6%.
Statistical analyses. Times to renal, major cardiovascular, and combined end
points were the outcomes of interest. For patients who did not reach the end
point, we censored time at the last follow-up visit with available data for renal
end point and at the last follow-up visit for major cardiovascular and combined
end points. The Kaplan-Meier method was used to plot the probability of
achieving the end points according to Pro618Ala polymorphism and the ACEi
treatment. All time-to-event end points were analyzed using Cox proportional
hazard regression models, and results were expressed as hazard ratio (HR) and
95% CI. Multivariable models for the end points included Pro618Ala genotype,
ACEi treatment, and all the baseline covariates that at the univariable Cox
analysis significantly (P , 0.05) associated with the outcome, without ex-
ceeding the limit of one independent variable included in the model for every
at least 10 outcome events available for the analyses (38). The above variables
were also tested in Cox models with genotype 3 ACEi treatment interaction
terms (39). Blood glucose was not considered because of its high collinearity
with HbA1c levels.

To investigate the potentially relevant predictive value of clinical covariates
not significantly associated with the outcome at univariable analysis, we
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performed sensitivity analyses by testing in the multivariable models with
genotype 3 ACEi treatment interaction the addition of each of the following
covariates considered separately: sex, age, smoking, BMI, duration of di-
abetes, HbA1c, triglycerides, creatinine, total cholesterol, LDL cholesterol,
HDL cholesterol, systolic (SBP) and diastolic (DBP) BP, and mean arterial
pressure (MAP), as appropriate. The same approach was used to consider in
the above multivariable model the predictive value of mean SBP and DBP or
median HbA1c calculated on the basis of follow-up values without consid-
ering the baseline.

Tests of the proportional hazards assumption were based on Schoenfeld
residuals. If the global test was significant, we used a detailed variable-by-
variable test based on scaled Schoenfeld residuals and we specified those
variables that varied continuously with respect to time, introducing a time-
varying covariate (variables 3 time interaction) in the models (40).

To test possible follow-up differences among the four groups derived by
genotype 3 ACEi treatment interaction, we used linear mixed-effect models
for DBP, SBP, and HbA1c. Not normally distributed covariates (UAE, HbA1c,
triglycerides, and HDL cholesterol) were log transformed before analysis.
Normality for continuous variables was assessed by means of the Q-Q plot.

The data of baseline characteristics were presented as n (%), means and
SDs, or medians and interquartile ranges (IQRs) as appropriate. Comparisons
between groups were made using one-way ANOVA, Kruskal-Wallis test, x2

test, or paired t test as appropriate. Comparison between groups of UAE at the
final visit was carried out by ANOVA and ANCOVA and by analysis for trend.
Correlation analysis between continuous variables and dichotomous variables
was carried out using the point-biserial correlation coefficient (rpb). All
P values were two-sided. Analyses were carried out using SAS (version 9.1)
and Stata (version 12).

RESULTS

Eight (0.7%) and 193 (16.6%) of 1,163 patients (all Cau-
casians from north Italy) consenting to genetic analyses
carried two or one copy of the 618Ala allele, respectively,
and 962 (82.7%) were Pro/Pro homozygotes (Fig. 1 and
Supplementary Table 1). Genotype distribution was com-
parable with that of a healthy subject population from the
same geographical region and did not deviate from Hardy-
Weinberg equilibrium (Supplementary Table 1). Data from
carriers of two or one Ala allele were pooled for compar-
ative analysis versus Pro/Pro homozygotes.

In the two genotype groups, the baseline characteristics
(Table 1), the proportion of patients allocated to ACEi or
non-ACEi therapy (Fig. 1), and the distribution of concom-
itant medications (Supplementary Table 2) were similar
with the exception of a higher BMI and a lower duration
of diabetes in Ala carriers.
Predictors of outcome and genotype-treatment
interaction. Over a median (interquartile range) follow-
up of 43.6 (16.4–51.8) months, 98 of the 1,163 participants
(8.4%) progressed to renal events (new-onset micro-
albuminuria), 49 (4.2%) to major cardiovascular events, and
144 (12.4%) to combined events, including 3 patients who
progressed to both end points (Fig. 1). At univariable Cox

FIG. 1. Schematic diagram of BENEDICT phase A type 2 diabetic patients screened for the Pro618Ala ADAMTS13. ACEi allocation: Ala carriers vs.
Pro/Pro homozygotes, x2

= 0.715, P = 0.398. Renal event development: Ala carriers, ACEi vs. non-ACEi, x2
= 8.907, P = 0.003; Pro/Pro homo-

zygotes, ACEi vs. non-ACEi, x2
= 5.032, P = 0.025; ACEi, Ala carriers vs. Pro/Pro homozygotes, x2

= 1.961, P = 0.161; non-ACEi, Ala carriers vs.
Pro/Pro homozygotes, x2

= 1.436, P = 0.231. Cardiovascular event development: Ala carriers, ACEi vs. non-ACEi, x2
= 1.057, P = 0.304; Pro/Pro

homozygotes, ACEi vs. non-ACEi, x2
= 0.218, P = 0.641; ACEi, Ala carriers vs. Pro/Pro homozygotes, x2

= 0.114, P = 0.736; non-ACEi, Ala carriers
vs. Pro/Pro homozygotes, x2

= 4.673, P = 0.031. Combined event development: Ala carriers, ACEi vs. non-ACEi, x2
=8.255, P = 0.004; Pro/Pro

homozygotes, ACEi vs. non-ACEi, x2
= 2.109, P = 0.146; ACEi, Ala carriers vs. Pro/Pro homozygotes, x2

= 0.747, P = 0.388; non-ACEi, Ala carriers vs.
Pro/Pro homozygotes, x2

= 4.523, P = 0.033.
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analyses, male sex, smoking, and higher baseline UAE and
HbA1c significantly associated with increased risk, and
ACEi therapy significantly associated with reduced risk of
renal events (Supplementary Table 3). Of the above variables,
baseline UAE and HbA1c and ACEi therapy retained their
independent predictive value also at multivariable analysis
(Supplementary Table 4). Cardiovascular events were pre-
dicted by age and baseline UAE and HDL cholesterol both
at univariable and multivariable analyses (Supplementary
Tables 3 and 4). Univariable and multivariable models
showed that older age and higher baseline UAE and HbA1c
predicted an increased risk and ACEi therapy predicted
a reduced risk of progression to combined events, while

sex, smoking habits, and HDL cholesterol predicted the
outcome only at univariable analysis (Supplementary
Tables 3 and 4).

At multivariable Cox analyses, the Pro618Ala genotype
was found to significantly interact with ACEi therapy in the
prediction of renal events (P = 0.019) or of the combined
end point (P = 0.014), whereas the interaction failed to
achieve the statistical significance (P = 0.191) when car-
diovascular events were considered as a single end point
(Table 2 and Supplementary Table 5).
Patient outcome according to Pro618Ala polymorphism
and ACEi therapy
Renal events. Progression to microalbuminuria was ob-
served in 3 of 105 (2.9%) Ala carriers on ACEi vs. 14 of 96
(14.6%) Ala carriers on non-ACEi (unadjusted HR 0.161
[95% CI 0.046–0.560], P = 0.004) and in 30 of 471 (6.4%) Pro/
Pro homozygotes on ACEi vs. 51 of 491 (10.4%) Pro/Pro
homozygotes on non-ACEi (0.563 [0.359–0.884], P = 0.013]
(Figs. 1 and 2). Results were confirmed after adjustment
for baseline covariates (Ala carriers, ACEi yes vs. ACEi
no, HR 0.12 [95% CI 0.333–0.414], P = 0.001; Pro/Pro
homozygotes, ACEi yes vs. ACEi no, 0.59 [0.370–0.926], P =
0.022) (Table 3). The larger treatment effect in Ala carriers
was confirmed by finding that the ratio between the two
HRs for the comparison ACEi yes vs. ACEi no observed in
Ala carriers and Pro/Pro homozygotes (0.201 [0.125–0.321])
was significantly lower than 1. The proportion of patients
with the end point progressively increased from Ala car-
riers (2.9%) to Pro/Pro homozygotes (6.4%) on ACEi to
Pro/Pro homozygotes (10.4%) and to Ala carriers (14.6%)
on non-ACEi therapy. This was consistent with evidence that
the HR for progression to the event progressively increased
from 2.80 (95% CI 0.849–9.216) to 4.77 (1.484–15.357) and to
8.50 (2.416–29.962) in Pro/Pro homozygotes on ACEi and
Pro/Pro homozygotes and Ala carriers on non-ACEi therapy,
respectively, compared with Ala carriers on ACEi taken as
the reference group (Fig. 3). All of the above analyses were
adjusted for all baseline covariates that at univariable anal-
yses were significantly associated with the event.

Thus, Ala carriers were the patients with the highest risk
of renal events while on non-ACEi therapy but were also
those with the largest benefit from ACEi therapy—benefit
that fully offset the excess risk associated with this
genotype. Pro/Pro homozygotes had a lower risk but also
gained less benefit from treatment. This may explain why,

TABLE 1
Baseline clinical characteristics of patients with type 2 diabetes
of BENEDICT phase A

Ala carriers
Pro/Pro

homozygotes

n 201 962
Age (years) 61.9 (8.0) 62.4 (8.1)
Sex (male), n (%) 11 (55.2) 500 (52.0)
BMI (kg/m2) 29.3 (26.3–33.1) 28.3 (25.8–31.4)*
Diabetes duration (years) 5 (2–10) 6 (3–11)*
Smokers, n (%)
Current 25 (12.4) 117 (12.2)
Former 69 (34.3) 276 (28.7)
Never 107 (53.2) 569 (59.2)

HbA1c (%) 5.33 (4.61–6.73) 5.62 (4.88–6.55)
mmol/mol 35 (27–50) 38 (30–48)

Glucose (mg/dL) 157.5 (44.2) 161.7 (46.9)
SBP (mmHg) 151.2 (15.3) 150.7 (14.1)
DBP (mmHg) 87.8 (7.7) 87.4 (7.7)
MAP (mmHg) 109.0 (9.0) 108.6 (8.3)
Serum creatinine (mg/dL) 0.92 (0.17) 0.90 (0.16)
Triglycerides (mg/dL) 124 (92–174) 125.5 (91–183)
Total cholesterol (mg/dL) 207.8 (35.2) 210.1 (36.9)
HDL cholesterol (mg/dL) 46 (39–55) 45 (38–54)
LDL cholesterol (mg/dL) 161.1 (33.5) 163.2 (36.2)
UAE (mg/min) 5.5 (3.6–9.6) 5.2 (3.6–9.4)

Continuous variables are expressed as means (SD) and compared
using one-way ANOVA or expressed as median (IQR) and com-
pared using Kruskal-Wallis test. Categorical variables [n (%)] com-
pared using x2 test. *P , 0.05 difference between Ala carriers and
Pro/Pro homozygotes.

TABLE 2
Multivariable Cox analysis with genotype–ACEi treatment interaction for renal, cardiovascular, and combined end points

Renal events
(n = 98)

Cardiovascular events
(n = 49)

Combined events
(n = 144)

HR (95% CI) P HR (95% CI) P HR (95% CI) P

Pro618Ala 1.782 (0.978–3.246) 0.059 2.947 (1.259–6.901) 0.013 2.034 (1.234–3.353) 0.005

ACEi therapy 0.586 (0.370–0.926) 0.022 1.173 (0.601–2.291) 0.640 0.808 (0.555–1.176) 0.266
Pro618Ala 3 ACEi therapy 0.201 (0.052–0.769) 0.019 0.418 (0.113–1.546) 0.191 0.318 (0.127–0.796) 0.014

Sex (male) 1.449 (0.869–2.417) 0.155 0.589 (0.309–1.124) 0.109
Smoking habit 1.377 (0.875–2.167) 0.167 1.107 (0.761–1.611) 0.594
HbA1c† 5.038 (2.139–11.867) ,0.0001 3.579 (1.739–7.368) 0.001

UAE† 8.595 (5.581–13.239) ,0.0001 1.816 (1.158–2.849) 0.009 8.876 (4.897–16.088) ,0.0001

Age 1.073 (1.033–1.116) ,0.0001 1.034 (1.011–1.057) 0.004

HDL cholesterol† 0.214 (0.104–0.443) ,0.0001 0.597 (0.296–1.207) 0.151
Sex 3 time 1.036 (1.013–1.061) 0.002

UAE 3 time 0.972 (0.954–0.991) 0.004

In the model for combined events, a time-by-covariate interaction was significant for male sex and UAE, showing that the HRs for male sex
were increasing while the HRs for UAE were decreasing over time. †Log transformed. Boldface indicates significant results at the statistical
analysis.
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independently of treatment allocation, the proportion of
patients with the end point was similar among Ala car-
riers (8.5%) and Pro/Pro homozygotes (8.4%) considered
as a whole (Fig. 1, Supplementary Fig. 4A, and Supple-
mentary Tables 3 and 4).

Similar findings were obtained when albuminuria mea-
sured at the end of the study or at progression to the end
point was considered as a continuous variable. Thus, the
lowest UAE (geometric mean 5.33 mg/min) was observed in
Ala carriers on ACEi, and progressively increasing excretions

were observed in Pro/Pro homozygotes on ACEi (5.49 mg/min)
and in Pro/Pro homozygotes and Ala carriers on non-ACEi
(6.36 mg/min and 7.46 mg/min, respectively; P = 0.0029 for
trend [Fig. 4A]). The trend was significant (P = 0.0002) even
when data were adjusted for albuminuria at baseline.
Thus, Ala carriers were the patients with the highest final
albuminuria while on non-ACEi but were also those with
the lowest final albuminuria while on ACEi. Again, this
explained why final albuminuria in Ala carriers and Pro/Pro
homozygotes (6.25 vs. 5.91 mg/min, respectively; P = 0.421)

FIG. 2. Impact of Pro618Ala polymorphism and ACEi therapy on considered events. Kaplan-Meyer curves show the percentages of Ala carriers or
Pro/Pro homozygotes with or without ACEi therapy progressing to renal (A) or combined renal and/or cardiovascular (B) events throughout the
study period. P values of unadjusted Cox analyses are shown. Boldface P values indicate statistical significance.
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was similar when data were compared independently of
treatment allocation.
Cardiovascular events. Major cardiovascular events
were observed in 5 of 105 (4.8%) Ala carriers on ACEi vs.
8 of 96 (8.3%) Ala carriers on non-ACEi (HR 0.49 [95% CI
0.159–1.513], P = 0.215) and in 19 of 471 (4.0%) Pro/Pro
homozygotes on ACEi vs. 17 of 491 (3.5%) Pro/Pro homo-
zygotes on non-ACEi (1.17 [0.601–2.291], P = 0.640) (Fig. 1,
Supplementary Fig. 5, and Table 3). Thus, ACEi tended to
reduce the risk of events in Ala carriers (an effect that
conceivably failed to achieve the statistical significance
because of the relatively small number of events) but had
no effect in Pro/Pro homozygotes.

Among non–ACEi-treated patients, Ala carriers had a
significantly higher risk of events vs. Pro/Pro homozygotes
(HR 2.95 [95% CI 1.259–6.900], P = 0.013) (Tables 2 and 3
and Supplementary Table 5)—an excess risk that was not
appreciable among patients on ACEi (1.23 [0.456–3.330])
(Table 3). Independently of treatment, the overall risk of
cardiovascular events was higher in Ala carriers than in
Pro/Pro homozygotes (1.95 [1.028–3.713], P = 0.041) (Sup-
plementary Fig. 4B and Supplementary Table 4).
Combined events. Progression to combined events was
observed in 8 of 105 (7.6%) Ala carriers on ACEi vs. 21 of

96 (21.9%) Ala carriers on non-ACEi (unadjusted HR 0.285
[95% CI 0.126–0.644], P = 0.003) and in 49 of 471 (10.4%)
Pro/Pro homozygotes on ACEi vs. 66 of 491 (13.4%) Pro/
Pro homozygotes on non-ACEi therapy (0.722 [0.499–
1.045], P = 0.084) (Figs. 1 and 2B). Similar results were
found after adjustment for baseline covariates (Ala car-
riers, ACEi yes vs. ACEi no, HR 0.26 [95% CI 0.112–0.590],
P = 0.001; Pro/Pro homozygotes, ACEi yes vs. ACEi no,
0.81 [0.555–1.176], P = 0.226) (Table 3). Thus, ACEi sig-
nificantly reduced the risk of events in Ala carriers but
had no effect in Pro/Pro homozygotes. The difference in
treatment effect between the two genotype groups was
confirmed by finding that the ratio between the two HRs
for the comparison ACEi yes versus ACEi no observed in
Ala carriers and Pro/Pro homozygotes (0.32 [0.128–0.792])
was significantly lower than 1.

The proportion of patients with combined events was
the lowest among Ala carriers on ACEi (7.6%) and pro-
gressively increased among Pro/Pro homozygotes on
ACEi (10.4%) and Pro/Pro homozygotes (13.4%) and Ala
carriers (21.9%) on non-ACEi therapy. This was consis-
tent with finding that the HR for progression to the event
progressively increased from 1.58 (95% CI 0.737–3.379)
to 1.99 (0.944–4.187) and to 4.00 (1.739–9.207) in Pro/Pro

TABLE 3
HRs of the comparisons between ACEi-treated and non–ACEi-treated patients within the two genotype groups and HRs of the
comparisons between Ala carriers and Pro/Pro homozygotes in ACEi or non-ACEi arms

ACEi vs. non-ACEi Ala carriers vs. Pro/Pro homozygotes

Ala carriers Pro/Pro homozygotes Non-ACEi ACEi

HR (95% CI) P HR (95% CI) P HR (95% CI) P HR (95% CI) P

Renal events 0.12 (0.333–0.414) 0.001 0.59 (0.370–0.926) 0.022 1.78 (0.978–3.246) 0.059 0.36 (0.108–1.178) 0.091
CVD events 0.49 (0.159–1.513) 0.215 1.17 (0.601–2.291) 0.640 2.95 (1.259–6.900) 0.013 1.23 (0.456–3.330) 0.680
Composite events 0.26 (0.112–0.590) 0.001 0.81 (0.555–1.176) 0.226 2.03 (1.234–3.353) 0.005 0.65 (0.303–1.383) 0.261

CVD, cardiovascular disease.

FIG. 3. HR for considered events according to Pro618Ala genotype and ACEi treatment. HRs (95% CI) for renal and combined renal and/or cardio-
vascular events according to Pro618Ala polymorphism and ACEi therapy compared with Ala carriers on ACEi taken as the reference group are shown.
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homozygotes on ACEi and Pro/Pro homozygotes and Ala
carriers on non-ACEi, respectively, versus Ala carriers
on ACEi taken as the reference group (Fig. 3). Analyses
were adjusted for baseline covariates that at univariable
analyses were significantly associated with the event.

Thus, Ala carriers were the patients with the highest risk
of combined events while on non-ACEi but were also those
with the largest benefit from ACEi—benefit that fully offset
the excess risk associated with this genotype. Pro/Pro
homozygotes had a lower risk but gained no appreciable
benefit from treatment. This explained why the overall
proportion of events among Ala carriers (14.4%) and Pro/Pro

homozygotes (12.0%) was similar (P = 0.333) (Fig. 1, Sup-
plementary Fig. 4C, and Supplementary Tables 3 and 4).
Sensitivity analyses. Multivariable models with geno-
type 3 ACEi interaction terms showed that among all
considered baseline covariates only DBP and MAP signif-
icantly predicted new-onset microalbuminuria and SBP the
combined renal and cardiovascular end point.
BP and metabolic control. Baseline and follow-up SBP,
DBP, and HbA1c (Fig. 4B and C) were similar among the
four subgroups of Ala carriers or Pro/Pro homozygotes ei-
ther on ACEi or on non-ACEi. Consistently, results of mul-
tivariable Cox analyses with genotype-treatment interaction

FIG. 4. UAE rate, BP, and HbA1c according to Pro618Ala polymorphism and ACEi therapy. A: UAE rate (geometric mean and 95% CI) at basal and
final visit. B: Mean SBP and DBP. C: HbA1c throughout the whole observation period. Differences in UAE rate between treatment groups are
adjusted for baseline values by ANCOVA. Differences in BP and HbA1c between different groups are not significant.
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considering renal, cardiovascular, or combined events
did not change after adjustment for baseline (Supplemen-
tary Table 5) or follow-up (Supplementary Table 6) SBP,
DBP, or HbA1c.
Substudy: impact of Pro618Ala polymorphism on
ADAMTS13 activity levels and association between
ADAMTS13 activity and outcomes. Consistently with
preliminary data in healthy subjects (Supplementary Fig.
3A), among diabetic patients with serum ADAMTS13 activity
evaluation Ala carriers had significantly lower ADAMTS13
activity levels than Pro/Pro homozygotes (Supplementary
Fig. 6A). Among Ala carriers, serum ADAMTS13 activity was
significantly higher in those on ACEi therapy than in those
without ACEi, whereas among Pro/Pro homozygotes no
significant difference was observed between the two treat-
ment groups (Supplementary Fig. 6B). Among the 487 di-
abetic patients, the 23 case subjects progressing to persistent
microalbuminuria, the 20 with cardiovascular events, and
the 41 with the combined events had significantly lower
ADAMTS13 activity levels than matched diabetic control
subjects without events and matched nondiabetic control
subjects (Fig. 5A and B). Of relevance, ADAMTS13 activity
levels in diabetic control subjects were similar to those of
nondiabetic control subjects (Fig. 5B).

In the case-control group considered as a whole, the point
biserial correlation coefficient showed that ADAMTS13
levels negatively correlated with renal (rpb = 20.326, P =
0.027), cardiovascular (rpb = 20.351, P = 0.026), and com-
bined (rpb = 20.288, P = 0.009) events.

DISCUSSION

In this outcome analysis of 1,163 normoalbuminuric type 2
diabetic patients prospectively followed in the setting of a
randomized clinical trial (4), we found a strong interaction
between the Pro618Ala ADAMTS13 polymorphism and
ACEi therapy in the prediction of renal events (defined as
the new onset of microalbuminuria) or the combined end
point of renal and/or cardiovascular events. Thus, Ala car-
riers on non-ACEi therapy were the patients at the highest
risk but, at the same time, were those who gained the

largest benefit from ACEi therapy, whereas Pro/Pro homo-
zygotes were at lower risk of events, but treatment effect
was relatively smaller in this population. Actually, when
genotype 3 ACEi treatment interaction was included in the
multivariable model, Pro618Ala predicted renal events.
Consistently, when patients were categorized according to
genotype and treatment, we observed an incremental risk
for renal events from Ala carriers on ACEi therapy—the
subgroup with the lowest risk—to Ala carriers on non-ACEi
therapy, who showed the highest risk. The renoprotective
effect of ACEi therapy in Ala carriers was strong enough
to fully offset the excess risk of renal events associated
with this genotype. Consequently, when genotype3 ACEi
treatment interaction was not included in the model and
thus outcome data were considered independently of ACEi
therapy, the risk of renal events in Ala carriers and Pro/Pro
homozygotes was comparable. A similar trend was ob-
served when cardiovascular events were considered as
outcome. Ala carriers were those at highest risk who,
however, benefited the most from ACEi therapy, whereas
this therapy had no appreciable effect in Pro/Pro homo-
zygotes. In this setting, however, the predisposing effect
of the Pro618Ala polymorphism was so strong that Ala
carriers continued to be at higher risk of events compared
with Pro/Pro homozygotes even when outcome data were
considered independently of treatment. Finally, when renal
and cardiovascular events were considered as a single
combined end point, outcome data were largely driven by
the renal events. Thus, there was an incremental risk of
reaching the combined end point from Ala carriers on ACEi
to Pro/Pro homozygotes on ACEi and then to Pro/Pro
homozygotes and Ala carriers on non-ACEi, respectively.

Finding that metabolic and BP control during the whole
observation period was similar among genotype groups and
that outcome data did not appreciably change when anal-
yses were adjusted for baseline and follow-up HbA1c, SBP,
and DBP can be taken to suggest that in normoalbuminuric
type 2 diabetic patients, the 618Ala variant independently
affects development of renal and cardiovascular complica-
tions and, at the same time, the reno- and cardioprotective
effect of ACEi therapy. Of note, the proportion of patients

FIG. 5. Serum ADAMTS13 activity in case and control subjects. Diabetic case subjects with renal or cardiovascular events were compared with
matched diabetic control subjects without events (A). B: Diabetic case subjects with renal and/or cardiovascular combined events were compared
with matched diabetic control subjects without events and nondiabetic healthy control subjects. Data are expressed as means (SD). Boldface
P values indicate statistical significance.
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on antiplatelet treatment was similar between the consid-
ered groups.

Evidence from prespecified subgroup analyses that
ADAMTS13 activity was lower in Ala carriers than in Pro/
Pro homozygotes as well as in patients with events com-
pared with those without suggested that the excess risk of
renal and cardiovascular events observed in Ala carriers
could be explained by decreased ADAMTS13 activity in
this subgroup. This possibility was consistent with finding
that lower ADAMTS13 activity significantly associated
with an excess risk of all considered outcomes. In this
regard, it is worth mentioning that VWF multimers purified
from type 2 diabetic patients are partially resistant to
ADAMTS13 proteolysis because of oxidative modifications
by peroxynitrite in Met1606 at the ADAMTS13 cleavage
site (41). Thus, impaired cleavage of oxidized VWF may
eventually result in increased endothelial exposure to highly
prothrombotic ULVWF multimers (41), which might sustain
a further excess risk of events in particular in patients with
genetically determined reduced ADAMTS13 activity asso-
ciated with the 618Ala variant. Actually, the multimeric
composition of VWF is a key determinant of its platelet-
tethering function. In turn, platelet activation may contrib-
ute to the microvascular complications of diabetes (7), as
confirmed by finding that thromboxane A2 accelerated
renal disease progression and its inhibitors reduced glo-
merular thrombosis and glomerulosclerosis, thereby pre-
venting proteinuria, in experimental diabetes (42). Along
the same line, aspirin and/or dipyridamole significantly
reduced proteinuria in type 2 diabetic patients with overt
nephropathy (43). Thus, evidence that larger VWF multi-
mers have greater potential for VWF-ligand interaction
and formation of a competent platelet thrombus led to the
hypothesis that excess exposure to ULVWF multimers
resulting in microvascular platelet thrombosis could be
relevant to the onset and progression of diabetic renal
disease (25). On the other hand, the key role of defective
ADAMTS13 activity in the pathogenesis of coronary and
cerebrovascular events is well established (25,26) and has
been convincingly confirmed by recent evidence that re-
combinant ADAMTS13 is cardioprotective in mouse models
of acute myocardial infarction (44).

Why ACEi therapy was particularly effective in Ala car-
riers is purely a matter of speculation. In addition to re-
ducing BP and proteinuria, ACEi have been consistently
found to reduce the oxidative stress and endothelial dys-
function (45,46) associated with the diabetic milieu (47,48).
Such an effect limits endothelial VWF production, as doc-
umented by decreased plasma VWF levels in patients with
IgA nephropathy or chronic hearth failure after ACEi
treatment (49,50). Finding that ADAMT13 activity levels
were higher in Ala carriers with than in those without ACEi
therapy suggests that ACEi might also enhance ADAMTS13
bioavailability. Endothelial cells are a major source of
ADAMTS13 (12), and it is tempting to speculate that by
limiting endothelial dysfunction, ACEi therapy might pre-
vent reduction of ADAMTS13 bioavailablity of diabetes (25).
Such an effect is expected to be particularly relevant in
patients with genetically determined reduced ADAMTS13
activity. Altogether, the above actions might explain at least
part of the renal and cardiovascular protective effects of
ACEi therapy, in particular in diabetic patients with genet-
ically determined reduced ADAMTS13 activity, such as
those carrying the 618Ala allele.

The major limitation of the main study is that data were
generated from post hoc exploratory analyses of a trial

that was originally designed for other purposes. As for any
post hoc observational analysis, data must be considered
as hypothesis generating and study findings need to be
confirmed in ad hoc designed prospective clinical trials.

A strength of our study was the hypothesis-driven selec-
tion of the Pro618Ala ADAMTS13 SNP that was based on
previous evidence that mutations in this gene cause a rare
monogenic disease of microvascular thrombosis (14) and
that the 618Ala variant associates with severely impaired
protein secretion and activity either in vitro (29) and in
vivo (Supplementary Data). This is a qualifying aspect
compared with most previous association studies between
common candidate gene variants and diabetes complica-
tions. This may possibly explain the strong and clinically
relevant interactions we found among Pro618Ala SNP, the
end points, and treatment effect. Availability of a large co-
hort of patients that was representative of the average
Caucasian diabetic population and was prospectively
monitored according to standardized guidelines and gold-
standard techniques further increased the generalizability
and robustness of the study findings. However, whether
our present results can be extended to other ethnicities
needs further scrutiny, since ADAMTS13 SNPs other than
the Pro618Ala may play a role in modulating ADAMTS13
activity in non-Caucasian populations (30).

In summary, here we show that in subjects with type 2
diabetes and normal UAE the Pro618Ala ADAMTS13 poly-
morphism is a major independent predictor of renal and
cardiovascular events as well as of reno- and cardiopro-
tective effects of ACEi therapy. Ala carriers appear to be
those with the highest risk of events and, at the same time,
with the largest benefit from ACEi therapy. Excess risk of
events appears to be associated with defective ADAMTS13
activity. Based on our present data, we speculate that
among the several mechanisms involved in the reno- and
cardioprotective effects of ACEi therapy, increased
ADAMTS13 bioavailability and, conceivably, reduced pa-
tient exposure to the prothrombotic effects of ULVWF
multimers might also play a role. These findings have a wide
generalizability, since patients under evaluation in our pres-
ent study represent at least 90% of the average population of
Caucasians with type 2 diabetes. Hypotheses generated
from our present study may help planning of future trials to
optimize therapy in this context.
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