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Abstract

Background

Diabetes is the leading cause of end-stage renal disease (ESRD) worldwide. Vascular
adhesion protein-1 (VAP-1) participates in inflammation and catalyzes the deamination of
primary amines into aldehydes, hydrogen peroxide, and ammonia, both of which are
involved in the pathogenesis of diabetic complications. We have shown that serum VAP-1
is higher in patients with diabetes and in patients with chronic kidney disease (CKD), and
can predict cardiovascular mortality in subjects with diabetes. In this study, we investigated
if serum VAP-1 can predict ESRD in diabetic subjects.

Methods

In this prospective cohort study, a total of 604 type 2 diabetic subjects were enrolled
between 1996 to 2003 at National Taiwan University Hospital, Taiwan, and were followed
for a median of 12.36 years. The development of ESRD was ascertained by linking our data-
base with the nationally comprehensive Taiwan Society Nephrology registry. Serum VAP-1
concentrations at enroliment were measured by time-resolved immunofluorometric assay.

Results

Subjects with serum VAP-1 in the highest tertile had the highest incidence of ESRD
(p<0.001). Every 1-SD increase in serum VAP-1 was associated with a hazard ratio of 1.55
(95%Cl 1.12—-2.14, p<0.01) for the risk of ESRD, adjusted for smoking, history of cardiovas-
cular disease, body mass index, hypertension, HbA1c, duration of diabetes, total choles-
terol, use of statins, ankle-brachial index, estimated GFR, and proteinuria. We developed a
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risk score comprising serum VAP-1, HbA1c, estimated GFR, and proteinuria, which could
predict ESRD with good performance (area under the ROC curve = 0.9406, 95%CI 0.8871—
0.9941, sensitivity = 77.3%, and specificity = 92.8%). We also developed an algorithm
based on the stage of CKD and a risk score including serum VAP-1, which can stratify
these subjects into 3 categories with an ESRD risk of 0.101%/year, 0.131%/year, and
2.427%lyear, respectively.

Conclusions

In conclusion, serum VAP-1 can predict ESRD and is a useful biomarker to improve risk
stratification in type 2 diabetic subjects.

Introduction

More than 371 million people had diabetes mellitus (DM) in 2012, and this number is pre-
dicted to increase to 559 million in 2030.[1] Diabetes results in increased mortality and mor-
bidity. Although the mortality rate in diabetic subjects has decreased in Taiwan in the past 10
years,[2] the prevalence of diabetic nephropathy and end-stage renal disease (ESRD) is still
increasing.[3] Indeed, diabetes is the leading cause of ESRD worldwide.[4] The risk of ESRD
can be estimated by the chronic kidney disease (CKD) stage; however, the prediction is not
accurate and could be further improved.

Vascular adhesion protein-1 (VAP-1), encoded by the AOC3 gene, is found in the serum,
adipocytes, smooth muscle, and endothelium.[5-8] VAP-1 is rapidly translocated to the mem-
brane of endothelial cells during an inflammatory process.[9, 10] VAP-1 participates in leuko-
cyte trafficking, extravasation, and recruitment steps in inflammation.[11] VAP-1 has an
enzymatic activity and is also called primary amine oxidase or semicarbazide-sensitive amine
oxidase (SSAO), because it can catalyze the breakdown of primary amines and its activity can
be inhibited by semicarbazide.[12] SSAO catalyzes oxidative deamination of primary amines to
produce aldehydes, hydrogen peroxide, and ammonia. Aldehydes enhance non-enzymatic gly-
cation of proteins.[13] Hydrogen peroxide is a source of reactive oxygen species that can cause
cellular damage. Along with aldehyde, hydrogen peroxide can cross-link proteins and form
advanced glycation end-products (AGEs).[14] These toxic end-products of SSAO may lead to
the development of diabetes and diabetic complications such as retinopathy, nephropathy,
neuropathy, and atherosclerosis.[15] In animals, VAP-1 overexpression results in glomerulo-
sclerosis, whereas SSAO inhibition reduces the severity of diabetic nephropathy.[15, 16]

VAP-1 has a soluble form whose concentration could be regulated by tumor necrosis factor.
[8] Many studies, including a report published by our group, have shown that circulating
VAP-1 is increased in diabetic subjects.[17] We have demonstrated that serum VAP-1 can pre-
dict cardiovascular and all-cause mortality in diabetic patients.[18] In addition, in our previous
report, we have shown that serum VAP-1 is associated with the severity of albuminuria posi-
tively and estimated GFR negatively.[19] In this cohort study, we investigated if serum VAP-1
can predict the development of ESRD in diabetic patients. We also explored the use of serum
VAP-1 clinically to estimate the risk of ESRD.

Materials and Methods

Subjects

We performed a prospective cohort study.[ 18] Between July 1996 and June 2003, all subjects
with type 2 diabetes who were regularly followed-up at outpatient clinics at the Division of
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Endocrinology and Metabolism, National Taiwan University Hospital, Taipei, Taiwan, were
invited consecutively to participate in the study. Subjects who had developed ESRD before the
follow-up were excluded from the study. Written informed consent was obtained from each
subject, and the study protocol was reviewed and approved by the Institutional Review Board
of the National Taiwan University Hospital.

Each subject was interviewed and underwent a physical examination by physicians. The his-
tory of cardiovascular disease was confirmed from the medical records at admission. Venous
blood sampling was performed after overnight fasting for the determination of plasma glucose,
hemoglobin Alc (HbAlc), serum total cholesterol, triglyceride, and creatinine by using an
automatic analyzer (Toshiba TBA 120FR; Toshiba Medical Systems Co., Tokyo, Japan). Esti-
mated GFRs were calculated with the Chronic Kidney Disease Epidemiology (CKD-EPI) Col-
laboration equation.[20] The CKD-EPI equation, expressed as a single equation, is as follows:
GFR = 141 x min(Scr/x, 1)* max(Scr/x, 1)"*% x 0.993*5° x 1.018 [if female] x 1.159 [if black];
where Scr is serum creatinine, « is 0.7 for female and 0.9 for male patients, a is -0.329 for
female and -0.411 for male patients, min indicates the minimum of Scr/x or 1, and max indi-
cates the maximum of Scr/x or 1.

Serum samples were stored at -80°C before the measurement of VAP-1. Spot urine samples
were collected to determine the presence of proteinuria by performing reflectance colorimetry
(Arkray AX4280; Japan). The ankle-brachial index (ABI) was measured as the ratio of the sys-
tolic blood pressure of the posterior tibial artery or dorsalis pedis and the brachial artery. An
ABI greater than 1.3 or lesser than 0.9 was defined as abnormal.[21]

To ascertain the status of ESRD, we linked our database with the nationally comprehensive
Taiwan Society Nephrology registry, which receives the data reports of all dialysis patients in
Taiwan every 3 months till May 1, 2011.[22]

Serum VAP-1 measurement

Serum VAP-1 and its SSAO activity are quite stable. When stored properly at -70°C, it has
been shown to remain intact even after 2 years.[23] Serum VAP-1 was measured using a time-
resolved immunofluorometric assay as stated previously.[17-19, 24] Briefly, the assay utilized a
biotin-conjugated monoclonal anti-human VAP-1 antibody (Biotie Therapies Corp., Finland)
as a capture antibody on a streptavidin-coated microtiter plate. Bound serum VAP-1 was
detected using a different europium-conjugated anti-human VAP-1 antibody (Biotie Therapies
Corp.). The time-resolved fluorescence was measured using a fluorometer (Victor> Multilabel
Counter; PerkinElmer Finland Oy) at 615 nm. Serum VAP-1 concentration was quantified on
the basis of a reference sample of highly purified human serum VAP-1 (Biovian Ltd). The R* of
the standard curves was 0.997-1.000. The intraassay coefficients of variation were 3.7%, 5.2%,
and 8.9% for quality control samples with concentrations of 1000, 500, and 100 ng/ml, respec-
tively. The inter-batch coefficients of variation from quality control samples were 4.4-10.2%.

Statistical analysis

Categorical variables were summarized as the percentage of patients in the subgroup. The dis-
tributions of continuous variables were examined by the Shapiro-Wilk test. Continuous vari-
ables distributed normally were presented as means and standard deviations (SD). Continuous
variables with skewed distribution were analyzed after logarithmic transformation and were
presented as medians (interquartile ranges). Student’s t-tests, Chi-square tests, and analysis of
variance were used to access the differences in clinical characteristics between subjects who
developed ESRD and those who did not develop ESRD, and among different subgroups by
serum VAP-1 tertile. ESRD in subgroups was estimated by the Kaplan-Meier method and was
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tested by log-rank test. Multivariate Cox proportional hazard models were applied to estimate
the hazard ratios (HRs) of predictors for ESRD. Variables significantly associated with ESRD
in univariate Cox proportional hazard models, as well as the clinically important variables,
were included in multivariate analyses. We constructed risk scores by using the regression coef-
ficients in the multivariate Cox proportional hazard models. In addition, an algorithm was
developed by dividing the subjects into 2 groups according to their CKD stage. We then con-
structed another risk score to further divide subjects with CKD stage 3-5 into 2 groups. We
also calculated the incidence of progression to ESRD for subjects in different subgroups. Area
under the ROC curve was used to assess the ability of serum VAP-1 and the risk scores to pre-
dict the ESRD during follow-up. They ranged from 0.5 (no predictive ability) to 1 (perfect pre-
dictive ability). Both risk scores were validated by the leave-one-out methods.[25] A two-tailed
p-value below 0.05 was considered significant. Stata/SE 11.0 for Windows (StataCorp LP, TX)
was used for statistical analyses.

Results

We recruited 604 patients with type 2 diabetes. During a median follow-up period of 12.36
years (interquartile range 11.50-13.99 years), 22 patients developed ESRD. Subjects who devel-
oped ESRD showed a higher serum VAP-1 concentrations (median, 941 ng/ml vs. 689 ng/ml,
p<0.0001, Table 1). As shown in Table 2, patients with serum VAP-1 in the highest tertile had
a higher incidence of ESRD and proteinuria, and lowest percentage of subjects who smoked.
Most of them were female patients. They were more likely to have older age, longer duration of
diabetes, lower estimated GFR, and higher plasma glucose, HbA ¢, and total cholesterol levels
than patients with serum VAP-1 in the second tertile and first tertile.

Fig 1 shows that subjects with serum VAP-1 in the highest tertile had the highest inci-
dence of ESRD (p < 0.001), as shown by Kaplan-Meier survival curves. The area under the
ROC for serum VAP-1 to predict ESRD was 0.8214 (95% CI 0.73048-0.91229). As shown in
model 1 and 2 in Table 3, higher serum VAP-1 levels were associated with increased risk of
ESRD (HR of every 1 SD increase in serum VAP-1 = 1.55,95% CI 1.12-2.14, p < 0.05), after
adjusting for smoking, history of cardiovascular disease, BMI, hypertension, HbA1lc, dura-
tion of DM, total cholesterol levels, use of statins, abnormal ABI, estimated GFR, and
proteinuria.

Subsequently, we constructed a risk score to predict ESRD by using variables significantly
predicted ESRD in Table 3. At that time, the potency of statins was weaker and the threshold of
cholesterol concentrations to start statins was higher. Therefore, the use of statins was a marker
of hypercholesterolemia. Indeed, subjects who used statins had higher plasma total cholesterol
concentrations (245 vs. 200 mg/dl, p < 0.001). Therefore, the risk score composed of serum
VAP-1, HbAlc, estimated GFR and proteinuria, but did not include the use of statins. As
shown in Fig 2, subjects with risk scores greater than the 90™ percentile showed higher risk for
ESRD (p < 0.001). The performance of the risk score to predict ESRD was good. The area
under the ROC for the risk score to predict ESRD was 0.9406 (95% CI 0.8871-0.9941). The
sensitivity was 77.3%, and the specificity was 92.8%. We validated the risk score internally by
the leave-one-out method, which showed that the sensitivity and specificity were 86.4% (95%
CI 65.1-97.1%) and 89.9% (95% CI 87.1-92.3%), respectively. Table 4 summarized the area
under the ROC for different variables to predict ESRD. The risk score and the linear combina-
tion of estimated GFR and proteinuria showed significantly higher area under the ROC than
serum VAP-1 alone, estimated GFR alone, and proteinuria alone (all p<0.05). Besides, the area
under the ROC of the risk score was higher than that of the combination of estimated GFR and
proteinuria (0.9406 vs. 0.9225, p = 0.0260).
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Table 1. Baseline characteristics of subjects with type 2 diabetes stratified by end-stage renal disease (ESRD).

N (%)
Follow-up period (years)
Age (years)
Men (%)
Smoking (%)
History of cardiovascular disease (%)
SBP (mmHg)
DBP (mmHg)
Hypertension drugs (%)
Hypertension (%)
Duration of diabetes (years)
Fasting plasma glucose, mmol/l (mg/dl)
Postprandial plasma glucose, mmol/I (mg/dl)
HbA1c (%)(mmol/mol)
Total cholesterol, mmol/l (mg/dl)
Statins (%)
Triglyceride, mmol/l (mg/dl)
BMI (kg/m?)

24-27 (%)

>27 (%)
Creatinine, pmol/l (mg/dl)
Estimated GFR (mL/min per 1.73 m?)
Proteinuria (%)
ABI < 0.9 or >1.3 (%)
Serum VAP-1 (ng/ml)

By tertile

Middle, 622-779 (%)
Highest, >779 (%)

ESRD not developed ESRD developed P-value
582 (96.4) 22(3.6)
13.11 (12.28-14.03) 6.29 (3.72-8.86) <0.001
61.7+9.7 63.0+£7.8 0.5
491 40.9 0.4
16.7 22.7 0.5
10.5 31.8 0.002
134 £ 17 139+ 14 0.2
79+9 81+10 0.3
32.7 59.1 0.01
59.5 81.8 0.04
8 (3-14) 15.5 (9-25) 0.001
8.3 +2.5 (150 + 45) 8.8+2.6 (159 + 47) 0.3
11.9+4.1 (215 74) 11.9+ 4.4 (216 + 80) 0.9
7.6 £1.4 (60 * 15.3) 8.9%1.6 (74 £17.5) <0.001
5.20 £ 1.03 (201 * 40) 5.77 £ 1.11 (223 £ 43) 0.01
3.44 13.64 0.01
1.50 (1.06-2.21), 133 (94-196) 2.13 (1.33-2.72), 189 (118-241) 0.04
24.6+3.3 25.6 £3.3 0.15
31.2 31.8 0.2
20.8 36.4
79.6 £ 27 (0.9 £ 0.3) 150 +70 (1.7 £ 0.8) <0.001
78.8+19.4 459 +22.1 <0.001
141 86.4 <0.01
6.53 27.3 <0.01
689 (582-819) 941 (849-1024) <0.001
<0.01
34.9 13.6
31.1 81.8

Mean + SD or median values (interquartile ranges) are shown.

Abbreviations: ABI, ankle-brachial index; BMI, body mass index; DBP, diastolic blood pressure; GFR, glomerular filtration rate; SBP, systolic blood

pressure; HbA1c: glycated hemoglobin.

doi:10.1371/journal.pone.0147981.t001

Because the CKD stage is an important predictor for ESRD, we developed an algorithm that
considered the stage of CKD. As shown in Fig 3A, subjects without CKD or with CKD stage 1
and 2 had a risk of ESRD of 0.101%/year. Serum VAP-1 can predict ESRD in subjects with
CKD stage 3-5 (HR of every 1 SD increase in serum VAP-1 = 1.54, 95% CI 1.053-2.26,

p < 0.05). A risk score was constructed for subjects with CKD stage 3-5, composed of serum
VAP-1, HbAlc, estimated GFR, and proteinuria. The risk score re-classified half of the subjects
with CKD stage 3-5 into the low-risk group (0.131%/year). Subjects with CKD stage 3-5 and
high-risk scores had a higher risk of ESRD (2.427%/year) than those in the other 2 subgroups
(Fig 3B). In subjects with CKD stage 3-5, the area under the ROC of the risk score was signifi-
cantly higher than serum VAP-1 alone (p = 0.0113), estimated GFR alone (p = 0.0545), and
proteinuria alone (p<0.0001) (Table 4). However, although the area under the ROC of the
combination of estimated GFR and proteinuria was numerically higher than that of serum
VAP-1 alone, it did not reach statistical significance (0.8719 vs. 0.7855, p = 0.1565). Similarly,
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Table 2. Baseline characteristics stratified by serum vascular adhesion protein-1 (VAP-1) tertile in subjects with type 2 diabetes.

Serum VAP-1 tertile (ng/ml)

N
ESRD (%)
Follow-up period (years)
Age (years)
Men (%)
Smoking (%)
History of cardiovascular disease (%)
SBP (mmHg)
DBP (mmHg)
Hypertension drugs (%)
Hypertension (%)
Duration of diabetes (years)
Fasting plasma glucose (mmol/l)
Postprandial plasma glucose (mmol/l)
HbA1c (%) (mmol/mol)
Total cholesterol (mmol/l)
Statins (%)
Triglyceride (mmol/l)
BMI (kg/m?)
24-27 (%)
>27 (%)
Creatinine (umol/l)
Estimated GFR (mL/min per 1.73 m?)
Proteinuria (%)
ABI < 0.9 or> 1.3 (%)

<624

201
0.5
13.02(10.53-14.02)
59.5+ 9.4
56.7
21.9
12.9
134 + 16
795+ 9.4
29.9
59.7
5 (2-11)
7.7111.97
11.23 £ 3.63
7.1%1.3 (54 14.2)
5.08 % 1.00
1.99
1.51 (1.07-2.27)
24.6+3.0
33.33
17.91
79.6 (70.7-97.2)
82.4+18
10.3
5.53

Mean + SD or median values (interquartile ranges) are shown.
* p < 0.05 vs. first tertile (serum VAP-1 <624 ng/ml)
1 p < 0.05 vs. second tertile (serum VAP-1 624—777 ng/ml)

Abbreviations: ABI, ankle-brachial index; BMI, body mass index; DBP, diastolic blood pressure; GFR, glomerular filtration rate; SBP, systolic blood

pressure; HbA1c: glycated hemoglobin

doi:10.1371/journal.pone.0147981.t002

624-777

202
1.49
13.17 (12.60-14.01)
61.8+9.5*
48.0
17.3
8.9
135 + 14
782+8.8
35.1
61.9
8.5* (4-13)
8.31%2.34*
11.28 + 3.49
7.7 £1.3% (61 £14.2)
5.27 £0.99
5.94
1.63 (1.17-2.25)
247132
33.17
22.28
79.6 (70.7-88.4)
78.8+19
11.2
8.25

>777

201
8.96*"

13.06" (11.78-13.84)
63.8 £9.5*1
41.8*

11.4*%

11.9
135+ 19
78187
35.8
59.2
11*T (6-18)
8.97 £2.99+*1
13.08 + 4.80*"
8.2 1.6 (66 +17.5)*1
5.33 + 1.09*
3.48
1.45 (0.97-2.15)
245+37
27.36
28.88
79.6*1 (70.7-106.1)
71.6 £23*T
28.6*T
8.04

P-value

<0.001
0.02
<0.001
0.01
0.02
0.4
0.99
0.2
0.4
0.8
<0.001
<0.001
<0.001
<0.001
0.049
0.11
0.47
0.7
0.4

0.003
<0.001
<0.01
0.5

the risk score was numerically higher than that of the linear combination of estimated GFR
and proteinuria, but it did not reach statistical significance (0.9053 vs. 0.8719, p = 0.1846).

Discussion

To the best of our knowledge, this is the first study showing that serum VAP-1 can predict the

development of ESRD in subjects with type 2 diabetes. We constructed a risk score with

HbAIc, estimated GFR, proteinuria, and serum VAP-1, which predicted ESRD with good per-
formance. We also developed an algorithm that can stratify the risk of ESRD by using informa-
tion of the CKD stage and another risk score.

DM results in macro- and micro-vascular complications. Low-grade inflammation may be

one of the mechanisms for diabetic complications.[26] Hyperglycemia induces excessive pro-

duction of reactive oxygen species, which activates various pathways such as the polyol path-
way, formation of AGEs, protein kinase C pathway, and hexosamine pathway. These pathways
then activate and propagate inflammatory processes, which can result in end-organ damage.
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Fig 1. Kaplan-Meier survival curves by tertile of serum VAP-1 concentrations. Dotted line = subjects with serum VAP-1 in the first tertile; dashed
line = subjects with serum VAP-1 in the second tertile; solid line = subjects with serum VAP-1 in the third tertile. P < 0.001 among the subgroups by tertile.

doi:10.1371/journal.pone.0147981.g001

For example, C-reactive protein has been shown to cause vascular injury by inducing the
expression of various adhesion molecules, decreasing endothelial nitric oxide production, and
increasing reactive oxygen species.[27] Indeed, many inflammatory markers, including C-reac-
tive protein, have been reported to predict the development of diabetic complications in
human subjects.[28, 29]

Elevated serum VAP-1 is associated with acute and chronic hyperglycemia in human sub-
jects, as shown in our previous report.[17] Serum VAP-1 is increased 30 min after oral inges-
tion of glucose water during an oral glucose tolerance test. Subjects with DM have higher
serum VAP-1 than subjects without DM. The higher the HbA1c, the higher the serum VAP-1
concentrations. Endothelial VAP-1 plays a role in leukocyte adhesion, transmigration, and
recruitment.[11] In addition, its SSAO activity catalyzes the generation of toxic end-products,
including aldehyde, hydrogen peroxide, and ammonia. Aldehydes, in the presence of oxidative
stress and hyperglycemia, results in the generation of AGEs.[26] AGEs can regulate gene tran-
scription, modify proteins and extracellular matrix, and induce inflammation, through AGE
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Table 3. Hazard ratios (95% confidence intervals) of end-stage renal disease in subjects with type 2 diabetes.

Every 1 SD increase in serum VAP-1
Age (year)
Female gender
Smoking
History of cardiovascular disease
BMI (kg/m?)
<24
24-27
>27
P for trend
Hypertension
HbA1c (%)
DM duration (years)
Total cholesterol (mmol/l)
Statins
ABI<09o0r>1.3
Estimated GFR (mL/min per 1.73 m?)
Proteinuria

1 SD of serum VAP-1 = 196.4 ng/ml
* p <0.001

1 p<0.01

1 p<0.05

§0.05<p<0.10

Crude

2.10* (1.69-2.61)
1.01(0.97-1.06)
1.42(0.61-3.32)
1.43(0.53-3.86)

4.26%(1.73-10.53)

1
1.54 (0.54-4.39)
2.61% (0.95-7.20)
.056
2.97% (1.01-8.78)
1.55%(1.27-1.89)
1.08*(1.04-1.12)
1.58%1(1.12-2.22)
4.46%(1.32-15.08)
5.237(2.05-13.38)
0.93%(0.91-0.95)

Model 1
1.52" (1.14-2.03)

1.39" (1.03-1.87)

5.611 (1.57-20.13)

0.94* (0.92-0.97)

Model 2
1.55" (1.12-2.14)

2.03(0.65-6.37)
1.19(0.37-3.92)

1
3.74§(0.88-16.60)
0.96(0.25-3.76)
426
1.27(0.38-4.26)
1.395(1.00-1.95)
1.00(0.95-1.06)
1.00(0.64—1.56)
5.45% (1.34-22.21)
1.57(0.53-4.62)
0.95* (0.92-0.98)

35.94*(10.63-121.54) 8.54* (2.21-32.94) 8.30% (2.09-32.99)

Model 1 included serum VAP-1, HbA1c, use of statins, estimated GFR, and proteinuria.

Model 2 included serum VAP-1, smoking, history of cardiovascular disease, BMI, hypertension, HbA1c, DM duration, total cholesterol, use of statins,
ABI < 0.9 or > 1.3, estimated GFR, and proteinuria.

Abbreviations: ABI, ankle-brachial index; BMI, body mass index; DBP, diastolic blood pressure; GFR, glomerular filtration rate; SBP, systolic blood
pressure; HbA1c: glycated hemoglobin; DM: diabetes mellitus; SD: standard deviation.

doi:10.1371/journal.pone.0147981.1003

itself or through binding to its receptor. Hydrogen peroxide is a source of oxidative stress,
which results in cell damage through many pathways.[30] Indeed, these end-products have
been shown to cause cellular injury, resulting in diabetic complications such as atherosclerosis.
[26, 30] Inhibition of SSAO activity results in reduced production of AGEs, LDL oxidation,
and endothelial injury.[13] Taken together, these results suggest that VAP-1 is involved in the
development of diabetic complications through participation in inflammation and production
of toxic metabolites.

Many studies have demonstrated a significant relationship between pro-inflammatory cyto-
kines and the pathological changes of nephrons, such as increased endothelial permeability,
proliferation of mesangial cells and matrix, and glomerular microcirculation abnormalities.
[29] VAP-1 participates in inflammation; this could be one of the reasons why serum VAP-1
could predict DM nephropathy in the present study. Furthermore, VAP-1 may be involved in
diabetic nephropathy through the generation of toxic SSAO metabolites. We have shown that
serum VAP-1 is a source of systemic oxidative stress and AGEs in humans.[24] In mice, these
SSAOQ end-products accumulate and show the highest concentrations in the kidneys, as mea-
sured by the ingestion of C'*-methylamine.[31] Indeed, mice over-expressing VAP-1 in their
endothelium show increased expression of AGE receptors and develop glomerulosclerosis.[15]
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Fig 2. Kaplan-Meier survival curves by risk score for end-stage renal disease in subjects with type 2 diabetes. Risk score = 0.0020656 * serum VAP-
1(ng/ml) + 0.3110558 * HbA1c(%) - 0.0562534 * estimated GFR(mI/min per 1.73 m?) + 2.142356 if proteinuria was present. Dashed line = risk score larger
than 90™ percentile; solid line = risk score smaller than 90" percentile. P < 0.0001 between high-risk and low-risk subgroups. Performance of the risk score:
area under ROC = 0.9406 (95% CI 0.8871-0.9941), sensitivity = 77.3%, specificity = 92.8%. Internal validation by the leave-one-out method showed that the
sensitivity was 86.4% (95% Cl 65.1-97.1%) and the specificity was 89.9% (95% Cl 87.1-92.3%).

doi:10.1371/journal.pone.0147981.9002

Inhibition of SSAO in diabetic mice reduces the severity of diabetic nephropathy.[13] Endothe-
lial VAP-1/SSAOQ is a source of serum VAP-1/SSAO.[5] In humans, elevated serum VAP-1 is
associated with the amount of micro-albuminuria and extent of reduction in GFR.[19] In the
present study, elevated serum VAP-1 precedes and is associated with the development of
ESRD in diabetic patients. All these data suggest that it is reasonable to develop drugs targeting
SSAO as they may prove to be effective at preventing diabetic nephropathy in humans.

There are several reports that demonstrate an important role for VAP-1 in diabetic compli-
cations other than nephropathy. VAP-1 expression is increased in the vitreous fluid in patients
with proliferative diabetes retinopathy.[32] Serum VAP-1 is also associated with carotid
intima-medial thickness in diabetic macrovascular complications as previously reported by our
group|[24] and confirmed in another report.[33] We have also demonstrated that serum VAP-
1 can predict CV mortality and all-cause mortality in subjects with type 2 diabetes.[18]

PLOS ONE | DOI:10.1371/journal.pone.0147981 February 4, 2016 9/14



@'PLOS ‘ ONE

Serum VAP-1 Predicts ESRD in Diabetes

Table 4. Comparisons of variables in the prediction of end-stage renal disease in subjects with type 2 diabetes.

Predictors

All subjects

Serum VAP-1

Estimated GFR

Proteinuria

Risk score*

Estimated GFR + proteinuriat
In subjects with CKD stage 3-5

Serum VAP-1

Estimated GFR

Proteinuria

Risk scoref

Estimated GFR + proteinuria§

Area under the ROC (95% Cl) P values vs. serum VAP-1 P values vs. risk score

0.8214 (0.7305-0.9123) 0.0002
0.8648 (0.7764—0.9533) 0.4437 0.0353
0.8614 (0.7866-0.9362) 0.3310 0.0006
0.9406 (0.8871-0.9941) 0.0002

0.9225 (0.8626-0.9824) 0.0060 0.0260
0.7855 (0.6745-0.8966) 0.0113
0.8006 (0.6873-0.9139) 0.8592 0.0545
0.8004 (0.7237-0.8772) 0.7468 <0.0001
0.9053 (0.8249-0.9858) 0.0113

0.8719 (0.7951-0.9488) 0.1565 0.1846

* Risk score = 0.0020656 * serum VAP-1(ng/ml) + 0.3110558 * HbA1c(%) - 0.0562534 * estimated GFR(ml/min per 1.73 m?)+ 2.142356 if proteinuria

was present.

1 linear combination = -0.0466015*eGFR_CKD_EPI + 2.681692 if proteinuria was present.
1 Risk score = 0.0020192 * serum VAP-1(ng/ml) + 0.3105567 * HbA1c(%) - 0.0730014 * estimated GFR(mL/min per 1.73 m?) + 2.169204 if proteinuria

was present.

§linear combination = -0.0466015*eGFR_CKD_EPI + 2.681692 if proteinuria was present.

doi:10.1371/journal.pone.0147981.t004

Our findings have a number of clinical implications. Firstly, we propose that 2 strategies can
stratify the risk of ESRD in the future: risk score and algorithm. Both strategies showed better
prediction of ESRD than estimated GFR or proteinuria in subjects with type 2 diabetes. Using
these 2 strategies, physicians can estimate the risk of ESRD more accurately and resources can
be saved and given to patients with higher risk. In addition, more intensive care can be deliv-
ered to the high-risk patients. There are numerous studies looking for predictors for the pro-
gression of CKD or ESRD aside from estimated GFR and proteinuria, including age, sex,
ethnicity, hypertension, diabetes, dyslipidemia, hyperuricemia, hyperphosphatemia, and some
novel biomarkers such as fibroblast growth factor 23 (FGF23), and ceruloplasmin.[34] FGF23
is highly expressed in bone. When FGF23 is secreted, it binds to a complex with aKlotho in
kidney and augments urinary phosphate excretion.[35, 36] Blood FGF23 is elevated in subjects
with CKD or ESRD,[36] and has been shown to predict ESRD independently in subjects with
CKD stage 2-3[37] or CKD stage 4-5.[38] Ceruloplasmin, a copper-carrying metalloenzyme,
can act as an anti-oxidant or a pro-oxidant in different conditions and is an acute phase pro-
tein.[39] Recently, serum ceruloplasmin has been reported to predict progression of diabetic
nephropathy.[40] Besides, increased urinary excretion of ceruloplasmin is also predictive for
the development of microalbuminuria in patients with type 2 diabetes.[41] However, since
blood FGF23 or ceruloplasmin is not measured in this study, comparison for their prediction
ability with serum VAP-1 cannot be done. Another clinical implication of our findings is that
inhibitors of SSAO or an antibody against VAP-1 may reduce the risk or slows down the pro-
gression of diabetic nephropathy.[42]

The strength of this study is the 100% follow-up rate and a long follow-up period. However,
this study has some limitations. First, our population was composed of Chinese Han. Whether
the finding is similar in other ethnic group should be explored. Second, although the elevation
of serum VAP-1 was observed before the development of ESRD, a detailed study on the
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Fig 3. (A) Algorithm for risk of dialysis in subjects with type 2 diabetes. (B) Kaplan-Meier survival curves by risk score and chronic kidney disease (CKD)
stage for end-stage renal disease in subjects with type 2 diabetes. Risk score = 0.0020192 * serum VAP-1(ng/ml) + 0.3105567 * HbA1c(%) - 0.0730014 *
estimated GFR(mL/min per 1.73 m?) + 2.169204 if proteinuria was present. Solid line = risk score larger than 50" percentile; dashed line = risk score smaller
than 50" percentile; dotted line = subjects with type 2 diabetes and CKD stage 1-2. P < 0.0001 among the 3 subgroups. Performance of the risk score in
subjects with CKD stage 3-5: sensitivity = 93.8% (68.8—99.8), specificity = 88.1% (80.2-93.7) by the leave-one-out method.

doi:10.1371/journal.pone.0147981.9003

molecular mechanism by which VAP-1 expression results in diabetic nephropathy should be
investigated in future studies.

In conclusion, we found that serum VAP-1 can predict the development of ESRD in subjects
with type 2 diabetes for the first time. The risk score and the algorithm using serum VAP-1 can
be used to stratify the risk of ESRD in the future.
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