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Growth differentiation factor 15 (GDF-15) is strongly associated with cardiovascular disease (CVD). The aim of our study was to
evaluate plasma and urinary levels of GDF-15 after pediatric renal transplantation (Rtx) and in children with chronic kidney
disease (CKD) and its associations to cardiovascular risk factors. In this cross-sectional study, GDF-15 was measured in plasma
and urine from 53 children with a renal transplant and 83 children with CKD and related to cardiovascular risk factors
(hypertension, obesity, and cholesterol) and kidney function. Forty healthy children served as a control group. Plasma levels of
GDF-15 (median and range) for a Tx (transplantation) cohort, CKD cohort, and healthy controls were, respectively, 865 ng/L
(463-3039 ng/L), 508 ng/L (183-3279 ng/L), and 390 ng/L (306-657 ng/L). The CKD and Tx cohorts both had significantly
higher GDF-15 levels than the control group (p < 0:001). Univariate associations between GDF-15 and hyperuricemia
(p < 0:001), elevated triglycerides (p = 0:028), low HDL (p = 0:038), and obesity (p = 0:028) were found. However, mGFR
(p < 0:001) and hemoglobin (p < 0:001) were the only significant predictors of GDF-15 in an adjusted analysis. Urinary GDF-
15/creatinine ratios were 448 ng/mmol (74–5013 ng/mmol) and 540 ng/mmol (5–14960 ng/mmol) in the Tx cohort and CKD
cohort, respectively. In the CKD cohort, it was weakly correlated to mGFR (r = −0:343, p = 0:002). Plasma levels of GDF-15 are
elevated in children with CKD and after Rtx. The levels were not associated with traditional cardiovascular risk factors but
strongly associated with renal function.

1. Introduction

Growth differentiation factor 15 (GDF-15), also known as
macrophage inhibitory cytokine-1 (MIC-1), is a distant
member of the transforming growth factor-β (TGF-β) super-
family. It was originally identified by Bootcov et al. in 1997 as
one of the macrophages’ regulating factors [1]. The placenta

is the only tissue that expresses large amounts of the protein
under physiological conditions [2], but its expression is
upregulated in various pathological conditions. Elevated
levels of GDF-15 are strongly associated with cardiovascular
disease (CVD) [3], and in large cohorts, GDF-15 has been
shown to be an independent predictor of all-cause mortality
when adjusted for cardiovascular risk factors, CVD, and
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other biomarkers [4, 5]. GDF-15 seems to have both protec-
tive and adverse effects depending on the state of the cells and
the microenvironment [6].

To our knowledge, only one study is published on
GDF-15 after renal transplantation (Rtx) in adults [7]. In that
study, GDF-15 was related to anemia and hepcidin, indicating
its involvement in the pathogenesis of anemia. In addition,
GDF-15 was related to creatinine and estimated glomerular
filtration rate (eGFR). Urinary GDF-15 levels have also been
shown to be elevated and negatively correlated with eGFR in
adults with diabetes [8]. Increasing data exists on GDF-15 in
children, but only one study on children with kidney disease
is published and demonstrates elevated GDF-15 levels in
patients on hemodialysis and peritoneal dialysis [9].

We hypothesized that circulating GDF-15 is associated
with cardiovascular risk factors in children after Rtx and that
plasma and urinary GDF-15 could be used as a biomarker of
CVD risk in children. We also wanted to adjust the relation
between GDF-15 and CVD risk factors for kidney function
as adult studies have indicated a relation between kidney
function and GDF-15.

2. Material and Methods

2.1. Patient Cohorts. Tx cohort: children and adolescents ≤ 18
years of age who underwent Rtx at Oslo University Hospital
between 2000 and 2015. The patients participated in the
HENT (Health after Kidney Transplantation) study and
patients were enrolled in 2015-16. Inclusion criteria for the
HENT study were a functioning graft for at least 1 year and
no ongoing signs of rejection.

CKD cohort: children and adolescents < 18 years of age
with CKD were included in a cross-sectional study, evaluat-
ing biomarkers in CKD and different methods of measuring
glomerular filtration rate (mGFR). The children were in a
stable phase of their CKD and enrolled at the pediatric
departments at Oslo University Hospital and Haukeland
University Hospital [10, 11].

Written informed consent was obtained from patients
and/or their parents prior to start of the study. The study
protocols were approved by the Regional Committee for
Medical and Health Research Ethics (references 2009/1008
and 2009/741), and the study was carried out according to
the Declaration of Helsinki.

2.2. Healthy Control Group. Blood samples from a healthy
group of fasting children aged 5-8 years were used as the
control group for circulating GDF-15 levels. These healthy
children, without any sign of CVD or renal disease, were
included as part of a longitudinal pregnancy follow-up
study of mother and children after pregnancy complica-
tions, i.e., preeclampsia and diabetes mellitus (gestational
and type 1) [12, 13].

2.3. Anthropometrics. Body Mass Index (BMI) was calculated
as kg/m2. Z-scores for weight, height, and BMI were calcu-
lated based on the LMS method, using Norwegian refer-
ences [14], and overweight and obesity was defined
according to BMI cut-off limits proposed by the Interna-

tional Obesity Task Force (isoBMI > 25 for overweight
and isoBMI > 30 for obesity) [15].

2.4. Renal Function. mGFR was measured by using an injec-
tion of Omnipaque® (GE Healthcare, Oslo, Norway; i.e.,
647mg iohexol/mL) with blood sampling after 2 and 5 hours
as described in a previous publication [10]. In the Tx cohort,
2mL of Omnipaque® was given to children under 2 years and
5mL to children over 2 years while the dose was adjusted to
the child’s weight in the CKD cohort (<10 kg, 1mL; 10–20 kg,
2mL; 20–30 kg, 3mL; 30-40 kg, 4mL; and >40 kg, 5mL).

2.5. Blood Pressure. Blood pressure was measured using auto-
matic blood pressure monitors. Hypertension was defined as
systolic blood pressure (SBP) or diastolic blood pressure
(DBP) over the 95th percentile for age, height, and gender
and/or use of antihypertensive medication [16].

2.6. Biochemistry. Venous blood samples were obtained
after an overnight fast. Hemoglobin was measured by
photometry (Sysmex XN). Plasma HDL cholesterol, LDL
cholesterol, total cholesterol, and uric acid were measured
by enzymatic colorimetric methods and plasma triglycer-
ides by an enzymatic photometric method (Cobas®
c702, RocheDiagnostics). The following thresholds were used
as definition for cardiovascular risk factors: P‐HDL < 40
mg/dL (1.03mmol/L), P‐LDL > 130 mg/dL (3.36mmol/L),
P‐cholesterol > 200 mg/dL (5.17mmol/L), and P‐triglycerides
> 150 mg/dL (1.7mmol/L). Uric acid levels were adjusted
with age- and gender-specific normal values, and the 95th

percentile was used as the cut-off value for the definition
of hyperuricemia [17].

2.7. GDF-15. In the two study cohorts, plasma GDF-15 was
measured in duplicate, after one freeze-thaw cycle (two cycles
for the CKD cohort), by a solid phase sandwich enzyme-
linked immunosorbent assay (ELISA) with a human GDF-
15 Quantikine® ELISA kit (Bio-Techne). Urinary GDF-15
was measured in duplicate by the same GDF-15 Quantikine®
ELISA kit and normalized for urine creatinine.

In the control group, GDF-15 was measured in plasma by
an immunoradiometric sandwich assay using a polyclonal,
affinity chromatography-purified goat antihuman GDF-15
IgG antibody (R&D Systems). The analyses were performed
in duplicate at the laboratory where the assay was developed.

According to a recent study [18], there is a good correla-
tion between the two different methods of measuring GDF-
15 in plasma.

2.8. Statistical Analysis. Data are described as either median
and range or geometric means with 95% confidence interval.
Natural logarithmic transformations were performed for
achieving more normally distributed data due to a positively
skewed distribution of plasma GDF-15 levels and urinary
GDF-15/creatinine ratio. For two continuous variables, the
strength of associations was measured using Pearson or
Spearman correlations depending on the distribution of the
data. For continuous variables, the difference between two
groups was analyzed using a Mann-Whitney Wilcoxon test
or a t-test depending on the distribution of the data.
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Multivariate linear regression was chosen for adjusted analy-
sis of associations between LnGDF-15 and potential explan-
atory variables. All statistical analyses were performed in
Statistical Package for Social Sciences (SPSS) version 21.

3. Results

3.1. Patient Characteristics. Fifty-three children (32 boys,
median age 12.2 years, range 2.3–18 years) with a renal trans-
plant were included. The causes of ESRD were congenital
anomalies of the kidney and urinary tract (CAKUT) (n = 23),
hereditary causes (n = 13), glomerulonephritis (n = 8),
acquired (excluding glomerulonephritis) (n = 7), and other
or unknown etiologies (n = 2). The individual GFR mea-
surements were distributed according to different CKD
stages in the following way: 5, 17, 30, and 1 patients in
CKD stages 1, 2, 3 and 4, respectively. Eighty-three children
with CKD (49 boys, median age 10.1 years, range 2.0-17.5
years) were enrolled, 34 from Oslo University Hospital
and 49 from Haukeland University Hospital. The distribu-

tion according to CKD stages was as follows: 27, 24, 19,
and 13 patients in CKD stages 1, 2, 3, and 4–5, respectively.
11%of theTxpatients and34%of theCKDpatients had signif-
icant proteinuria (protein/creatinine ratio > 50 mg/mmol).
The patients’ basal characteristics and demographics are
presented in Table 1.

3.2. Immunosuppression. The majority of patients in the
Tx group received a tacrolimus-based immunosuppression
(n = 47), combined with mycophenolate (n = 29) and pred-
nisolone (n = 48, mean daily dose 0.071mg/kg). CsA was
used in seven patients and nine received everolimus (three
as a monotherapy with prednisolone, five in combination
with a calcineurin inhibitor, and one with mycophenolate).
Azathioprine was used by three patients (in combination
with a calcineurin inhibitor and prednisolone). In the
CKD group, five patients (6%) received immunosuppres-
sive treatment, one tacrolimus and mycophenolate because
of previous limbal transplantation and the remaining four
received tacrolimus, mycophenolate, and/or prednisolone

Table 1: Basal characteristics of the two study cohorts and the control group. Values in median and range.

Tx cohort CKD cohort Healthy controls

N 53 83 40

Age (years) 12.2 (2.3–18.0) 10.1 (2.0–17.5) 6.7 (4.8–8)

Male (n, %) 32 (60%) 49 (59%)

Weight (kg) 39.3 (11.1–90.4) 30.8 (8.96–84.6)

Weight Z-score -0.45 (-2.60–3.10) -0.31 (-3.43–2.66)

Height (cm) 142 (83–184) 137 (74–177)

Height Z-score -1.52 (-4.4–0.5) -0.53 (-4.63–2.04)

BMI (kg/m2) 17.9 (14.2–35.4) 17.0 (12.7–33.2)

BMI Z-score 0.34 (-1.49–2.97) 0.20 (-3.30–2.75)

Overweight/obesity (n, %) 12/5 (23/9) 11/3 (13/4)

Age at Rtx1 (years) 4.4 (0.8–15.8) —

Time from Rtx1 (years) 5.0 (1.0–15.5) —

Preemptive Rtx1 (n, %) 25 (47%) —

Total dialysis (months) 9.5 (0.25–39.5) —

Rtx1/Rtx2 51/2 —

LD/DD (n, %) 48/5 (91%) —

mGFR (mL/min/1.73m2)a 56 (24–111) 73 (14–143)

Hemoglobin (g/dL) 12.2 (7.1–14.8) 12.5 (8.7–15.5)

HbA1c (%) 5.2 (4.2–7.8) —

Protein/creatinine ratio (mg/mmol) 16 (6–193) 27 (3–1084)

<15mg/mmol (n, %) 24 (46%) 26 (31%)

15–50mg/mmol (n, %) 22 (42%) 29 (35%)

>50mg/mmol (n, %) 6 (11%) 28 (34%)

Etiology of ESRD/CKD

CAKUT 23 (43%) 27 (33%)

Hereditary 13 (25%) 23 (28%)

Glomerulonephritis 8 (15%) 9 (11%)

Acquired 7 (13%) 10 (12%)

Vesiculoureter reflux — 7 (8%)

Miscellaneous/unknown 2 (4%) 7 (8%)
aFor two patients in the Tx cohort, the mGFR is missing because of low GFR, replaced with eGFR.
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as a treatment for glomerular diseases (two glomerulonephrit-
ides, steroid-resistant nephrotic syndrome, and Henoch-
Schonlein purpura).

3.3. Plasma GDF-15 Levels in Children with Renal Failure.
The respective plasma GDF-15 levels (median and range)
for the Tx cohort, CKD cohort, and the control group were
865ng/L (463-3039 ng/L), 508 ng/L (183-3279 ng/L), and
390ng/L (306-657 ng/L) (Table 2). As shown in Figure 1,
the Tx cohort had significantly higher plasma GDF-15 levels

than both the CKD cohort (p < 0:001) and the control group
(p < 0:001). Figure 1 shows as well the distribution of plasma
GDF-15 according to the different CKD stages. Plasma GDF-
15 levels were also significantly higher in the CKD cohort
than the control group (p < 0:001). There were no significant
differences in plasma GDF-15 levels between genders in
either study group.

3.4. Plasma GDF-15 Levels and Cardiovascular Risk Factors.
23% and 9% of the patients in the Tx cohort had overweight

Table 2: Plasma and urinary levels of GDF-15 in the two study cohorts (median and range).

Tx cohort CKD cohort Healthy controls

Plasma GDF-15 (ng/L) 865 (463–3039) 508 (183–3279) 390 (306–657)

Urinary GDF-15 (ng/L) 2740 (449–9183) 2263 (41–28760) NA

Urinary GDF-15/creatinine ratio (ng/mmol) 448 (74–5013) 540 (5–14960) NA
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Figure 1: Comparison of plasma GDF-15 levels (mean ± SD) in the Tx cohort, CKD cohort, and healthy controls. Distribution of plasma
GDF-15 values (mean ± SD) according to CKD stages in the Tx cohort (b) and CKD cohort (c). Shown in natural logarithmic (Ln)
transformation due to skewed distribution.

Table 3: Prevalence of cardiovascular risk factors in the Tx cohort and univariate relations to GDF-15.

N (%) Geometric mean (ng/L) 95% CI p value

Weight

Normal weight 36 (68%) 937 796-1103
0.028∗

ANOVA
Overweight 12 (23%) 857 639-1150

Obesity 5 (9%) 1647 1288-2107

Blood pressure
Hypertension 27 (49%) 967 799-1170

0.981
No hypertension 26 (51%) 970 794-1186

HDL
<40mg/dL 11 (21%) 1277 889-1832

0.038∗
≥40mg/dL 41 (79%) 907 786-1047

LDL
>130mg/dL 5 (9%) 1103 667-1825

0.536
≤130mg/dL 48 (91%) 956 828-1103

Cholesterol
>200mg/dL 9 (17%) 952 821-1104

0.462
≤200mg/dL 43 (83%) 1088 718-1646

TG
>150mg/dL 33 (62%) 1085 914-1288

0.028∗
≤150mg/dL 20 (38%) 803 655-986

Uric acid
Hyperuricemia 22 (42%) 1288 668-938 <0.001∗

No hyperuricemia 31 (58%) 792 1096-1512
∗Two-sided p value less than 0.05.
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and obesity, respectively. 51% had hypertension and up to
62% had some kind of dyslipidemia (Table 3). In univariate
analyses, plasma levels of GDF-15 were significantly higher
in obese patients (p = 0:028), in patients with high levels of
triglycerides (p = 0:028), and in patients with low levels of
HDL cholesterol (p = 0:038). 42% had hyperuricemia and
those had significantly higher plasma levels (p < 0:001), and
uric acid was significantly correlated with plasma GDF-15
(r = 0:451, p = 0:001) and mGFR (r = ‐0:604, p < 0:001). For
the other cardiovascular risk factors, there were no significant
differences in GDF-15 levels. Only one patient had diabetes
mellitus type 1 with a slightly elevated HbA1c (7.8%). Hemo-
lytic uremic syndrome (HUS) was the cause of ESRD in this
patient, and the patient developed diabetes as a result of pan-
creas infarcts during the initial presentation of HUS. The rest
of the patients in the Tx cohort had normal HbA1c (Table 1).

3.5. Plasma GDF-15 Levels and Renal Function. Plasma GDF-
15 levels had a significant negative correlation with mGFR in
both the Tx cohort (r = ‐0:600, p < 0:001) and the CKD
cohort (r = ‐0:622, p < 0:001). The distribution is similar in
both groups as shown in Figure 2, and the correlation was
also significant when the two groups are merged (r = ‐0:616,
p < 0:001). There was no statistically significant difference in
mGFR between the Tx cohort and the CKD cohort
(p = 0:140). Hemoglobin was negatively correlated to plasma
GDF-15 levels inbothgroupsand for the twogroupscombined
(r = ‐0:580, p < 0:001). There were no significant correlations
between plasma GDF-15 levels and age in either the two
groups separately or the combined group.

In a multivariate model where the two groups were
merged for gaining statistical power, mGFR, hemoglobin,
and the study group were significant predictors of plasma
GDF-15 (Table 4). In a subanalysis for the Tx cohort where
cardiovascular risk factors (hypertension, triglycerides, and
cholesterol) were taken in as possible explanatory factors in
addition to mGFR, age, and sex, mGFR was the only signifi-
cant predictor (p < 0:001). Due to multicollinearity, uric acid
was not included in the multivariate analysis.

3.6. Urinary GDF-15. There was not a significant difference
in urinary GDF-15/creatinine ratio between the Tx cohort
and the CKD cohort (Table 2). No significant associations
were found with cardiovascular risk factors in either group.
In the CKD cohort, there was a significant correlation
between urinary GDF-15/creatinine ratio and mGFR
(r = ‐0:343, p = 0:002). In the Tx cohort, urine was only avail-
able from 50/53 patients and there was no significant correla-
tion between the GDF-15/creatinine ratio and mGFR in this
group (r = 0:077, p = 0:597). The urinary GDF-15/creatinine
ratio correlated positively with plasma GDF-15 levels in the
Tx cohort (r = 0:408, p = 0:003) and the CKD cohort
(r = 0:422, p < 0:001).

4. Discussion

In this study, we found that plasma levels of GDF-15 are sig-
nificantly elevated in children with a renal transplant and in
children with chronic kidney diseases compared to healthy
children and that plasma GDF-15 levels are strongly associ-
ated with kidney function.

To our knowledge, this is the first time GDF-15 has been
related to kidney function in a pediatric cohort although an
association between renal function and plasma GDF-15 has
been found in adults [7, 19]. The knowledge of associations
between GDF-15 and renal disease has been increasing.
GDF-15 has been suggested as an independent risk factor
of mortality in adults with end stage renal disease (ESRD)
[19, 20] and for progression of kidney disease [21]. Elevated
circulating GDF-15 has been related to incident kidney dis-
ease, and it is suggested that it might be useful in predicting
the progression of chronic kidney disease, years before clini-
cal onset of the disease [22]. Studies in healthy males and in
adults with diabetic nephropathy have shown a faster decline
of GFR in patients with high levels of GDF-15 [19, 23]. The
role of GDF-15 in decreasing renal function is poorly under-
stood, but in murine models, GDF-15 plays a significant role
in the proliferation of acid-secreting intercalated cells in the
collecting duct [24] and is an early mediator after induced
kidney injury [25].

GDF-15 is a member of the TGF-β superfamily, and
TGF-β is a mediator of fibrosis and inflammation [26].
TGF-β is an important profibrotic factor in the kidneys and
plays a role in endothelial-to-mesenchymal transition that
is suggested to be important in chronic allograft tubular atro-
phy/interstitial fibrosis [27]. GDF-15 has also been associated
with fibrosis in diseases of other organ systems such as
dilated cardiomyopathy [28], systemic sclerosis [29], and
chronic liver disease [30]. Two recent studies have shown
GDF-15 to be associated with biopsy-proven fibrosis in the
kidneys, the first in patients with IgA nephropathy [31] and
the other in idiopathic membranous nephropathy [32].
GDF-15 might therefore also be a marker or a causative fac-
tor of kidney fibrosis that is responsible for decreased renal
function in our pediatric cohorts.

Nair et al. found a significant correlation between intrar-
enal tubulointerstitial expression of GDF-15 mRNA and cir-
culating GDF-15 in 24 patients with CKD [21] which implies
that it is produced in the kidneys and might have a
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pathophysiological role in the progression of CKD and/or the
development of interstitial fibrosis. If it is excreted in urine, it
could be a valuable, noninvasive marker of kidney function
or kidney fibrosis. We found, however, only a weak correla-
tion between urinary GDF-15 and renal function in our
CKD cohort and no significant correlation in the Tx cohort.
We therefore cannot postulate urinary GDF-15 as a bio-
marker of either renal function or renal fibrosis. Due to the
correlation between GDF-15 and renal function in the pres-
ent study and strong associations between circulating
GDF-15 and fibrosis in other organ systems, we consider
the relationship between GDF-15 (urinary and circulating)
and renal fibrosis to be worth further exploration.

Serum GDF-15 levels are elevated in disorders of ineffec-
tive erythropoiesis such as thalassemia [33], and GDF-15 is a
possible mediator of anemia through hepcidin in adult renal
transplant recipients [7]. Hepcidin plays an important role
in iron metabolism as it negatively regulates plasma iron
levels by binding to ferroportin which induces internaliza-
tion of iron into the reticuloendothelial system. Hepcidin
levels are elevated in kidney failure due to decreased renal
clearance and inflammatory upregulation which results in
reduced availability of plasma iron and anemia [34]. We
found strong correlations between plasma GDF-15 and
hemoglobin that supports the relationship of GDF-15 to
erythropoiesis, but hepcidin levels were not measured in
our patients. Hemoglobin and mGFR are interrelated in
CKD and our study revealed hemoglobin and mGFR to be
equally strong predictors of plasma GDF-15, but this cross-
sectional study does not allow us to determine the causal fac-
tor in this relationship.

In the adult population, plasma GDF-15 has been
associated with progression and prognosis of CVD [3]
and may be a potential tool for risk stratification of
CVD [35]. We therefore hypothesized that it would be
associated to cardiovascular risk factors in our Tx cohort.
The prevalence of cardiovascular risk factors in our group
of renal transplanted children is high, and we found sig-
nificant univariate associations between GDF-15, hyperuri-
cemia, elevated triglycerides, low HDL, and obesity. We
found, however, that renal function is a major determinant
of plasma GDF-15 in children with reduced kidney func-
tion. mGFR and hemoglobin were the only significant pre-

dictors of GDF-15 in adjusted analysis. Thus, we conclude
that while plasma GDF-15 is associated (in unadjusted
analyses) with cardiovascular risk factors in renal trans-
planted children, it is not useful as a biomarker for cardio-
vascular disease in this group because of the very strong
association with renal function.

There are some limitations to our study. Plasma GDF-15
was measured by a different method in the healthy control
group. There has however been published a study that com-
pares different methods to measure GDF-15, and it shows a
good correlation between the two methods [18]. We are
therefore confident that the comparison is reliable. In addi-
tion, the study groups are small and heterogeneous with
regard to age and underlying diseases. A small sample
increases the probability of a type 2 error, but when we have
a significant finding, this is less relevant. On the other hand is
the Tx group representative for the whole Norwegian popu-
lation as patients were recruited from the whole country with
a high participation rate.

In conclusion, circulating GDF-15 levels are elevated in
children after kidney transplantation and in children with
decreased renal function. While we found significant uni-
variate associations between GDF-15 and risk factors for
CVD as elevated triglycerides, low HDL and obesity,
mGFR, and hemoglobin were the only significant predictors
of GDF-15 in an adjusted analysis. We found that GDF-15
is associated with renal function in children, and this strong
association does not make plasma GDF-15 a useful bio-
marker for CVD in this population. Whether GDF-15
might be useful in evaluation of kidney fibrosis should be
evaluated further. Evaluation of fibrosis in transplant biop-
sies and possible associations with circulating GDF-15
could be a field of future research at centers where routine
surveillance biopsies are performed.
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Table 4: Multiple linear regression model for plasma GDF-15 (Tx and CKD cohorts).

Dependent variable GDF-15
Risk factor Unstandardized B p value 95% CI for B

Age (years) 0.005 0.613 (-0.015, 0.026)

Sex 0.085 0.286 (-0.072, 0.243)

mGFR (mL/min/1.73m2) -0.009 <0.001 (-0.012, -0.006)

Hemoglobin (g/dL) -0.162 <0.001 (-0.219, -0.115)

Hypertension 0.004 0.956 (-0.152, 0.161)

BMI Z-score -0.096 0.445 (-0.344, 0.152)

Height Z-score -0.146 0.120 (-0.330, 0.036)

Weight Z-score 0.113 0.454 (-0.185, 0.411)

CKD vs. Tx 0.262 0.005 (0.008, 0.445)
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Aims. Early detection of patients at high risk for progressive acute kidney injury (AKI) after cardiac surgery remains a major
challenge. We aim to evaluate the utility of urinary matrix metalloproteinase-7 (uMMP-7) and other reported biomarkers for
predicting AKI progression during postoperative hospital stay. Methods. We conducted a prospective, multicenter cohort study
in 121 adult patients with stage 1 or 2 AKI after cardiac surgery. uMMP-7 and other well-reported biomarkers (uIL-18, uNGAL,
and UACR) were measured at time of AKI clinical diagnosis. The primary outcome is the progression of AKI after cardiac
surgery, defined as worsening of AKI stage (stage 1 to either stage 2 or stage 3 or from stage 2 to stage 3). Results. A
level of uMMP‐7 > 7:8 μg/g Cr at time of AKI diagnosis conveyed an 8-fold risk of AKI progression as compared to those
with uMMP‐7 < 2:7μg/g after adjusting for clinical risk factors. The performance of uMMP-7 for predicting progressive
AKI was good with an AUC of 0.80. The combination of uMMP-7 and IL-18 produces the greatest AUC for predicting
progressive AKI. Addition of uMMP-7 to the clinical risk factor model significantly improved risk reclassification for AKI
progression. Conclusions. uMMP-7, measured at time of AKI clinical diagnosis, is a novel biomarker for predicting the
progression of AKI after cardiac surgery. Adding uMMP-7 to the clinical risk factor model may be used as a noninvasive
approach to identify a subpopulation that is at high risk for progressive AKI after cardiac surgery.

1. Introduction

Acute kidney injury (AKI) is common in patients who are
receiving cardiac surgery by cardiopulmonary bypass, with
high morbidity (ranging 30-40%) [1] and mortality (ranging
10-20%) [2]. The episodes and severity of AKI were linked to
all kinds of poor outcomes and increased risk of future
chronic kidney disease (CKD) and even end-stage kidney
disease [3].

Most patients who develop AKI after cardiac surgery
experience a mild form of AKI (e.g., Kidney Disease Improv-
ing Global Outcomes (KDIGO) stage 1). However, about
10%–15% of patients with initial mild AKI after surgery will
progress to a more severe stage (KDIGO stage 2 or 3) or even
require dialysis during their postoperative hospital stay [4, 5].
Recent studies have consistently shown that risk of mortality

exponentially increased with increasing stages of AKI [6, 7].
Early identification of patients at high risk for progressive
AKI after cardiac surgery would help physicians to improve
monitoring and care of postoperative patients, guide patient
counseling and decision-making, and facilitate participation
in interventional trials of AKI [5].

During the past decade, there has been increasing interest
on searching new biomarkers for AKI development and
prognosis in the setting of cardiac surgery. Several bio-
markers, such as NGAL (neutrophil gelatinase-associated
lipocalin) and IL-18 (interleukin-18), were found to predict
AKI development before the clinical diagnosis was reached
[8]. Furthermore, the biomarker level can also predict
in-hospital outcomes, such as receiving renal replacement
therapy, long hospital stays, and in-hospital mortality. A few
studies also showed that biomarkers measured at the early
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stage of established AKI predicted the progression of AKI
after cardiac surgery but yielded modest performance in
general [4, 5].

Matrix metalloproteinase-7 (MMP-7) is one of the smal-
lest secreted matrix metalloproteinases, predominantly local-
ized in renal tubular epithelium, and can be easily excreted
into urine [9]. Little or no MMP-7 expression is detected in
the normal kidney. However, its expression is markedly
induced in human and animal models of kidney injury,
which is primary controlled transcriptionally by β-catenin,
the principal downstream mediator of canonical Wnt signal-
ing [10]. We have previously shown that urinary matrix
metalloproteinase-7 (uMMP-7) levels faithfully reflect renal
Wnt/β-catenin activity, and the signal pathway is activated
in AKI induced by ischemia-reperfusion injury or renal
toxicity [10, 11].

Based on the above basic finding, we have recently vali-
dated that the postoperative uMMP-7 level predicts subse-
quent development of AKI and poor outcomes in patients
who receive cardiac surgery [9]. Whether uMMP-7 can also
serve as a biomarker forecasting the progression of AKI
remains unknown. We therefore hypothesize that uMMP-7
might serve as a biomarker for predicting the progression
of AKI which developed after cardiac surgery, and the
combination of uMMP-7 and other reported biomarkers
can further improve the prediction for AKI progression after
cardiac surgery.

Here, we conducted a prospective, multicenter cohort
study in 121 adult patients with stage 1 or 2 AKI after cardiac
surgery to evaluate the utility of uMMP-7 and other reported
biomarkers for predicting AKI progression during postoper-
ative hospital stay.

2. Methods

2.1. Patients and Study Design. As previously described [9],
we prospectively enrolled 398 adult patients who undergo
elective cardiac surgery at six academic medical centers in
China between September of 2013 and September of 2014.
Of all 398 patients, only patients who developed initial stage
1 or stage 2 AKI (KDIGO criteria 2012 [12]) and with all
tested biomarkers available at time of initial AKI diagnosis
were included in this study. Patients were excluded if their
initial AKI diagnosis was stage 3 since they would not
progress further. The study was approved by the Institute
Review Board of the National Clinical Research Center
for Kidney Disease, and all participants provided written
informed consent.

2.2. Procedure. We collected spot urine and blood samples
before operation and at frequent intervals for 5 days after
surgery. Urine sample collection and processing have been
previously reported [9]. uMMP-7 and other reported bio-
markers (urinary NGAL (uNGAL), urinary IL-18 (uIL-18)),
as well as the urinary albumin to creatinine ratio (UACR),
were measured at the day of initial AKI diagnosis. Serum
creatinine was measured at least daily post operation and
recorded for every patient throughout the hospital stay.

2.3. Biomarker Measurement. All of the biomarkers were
measured in our central lab using a standard protocol to
reduce the intra- or interassay variability. All the samples
were labeled using study identification numbers without per-
sonal identifiers or clinical conditions. Urinary and MMP-7
levels were measured by an ELISA kit (DMP700; R&D Sys-
tems, Minneapolis, MN) according to the manufacturer’s
instructions. Other reported biomarkers of renal injury, such
as uNGAL, uIL-18, and UACR, were measured by available
commercial ELISA kits according to the manufacturer’s
instruction.

2.4. Outcome Definitions. The primary outcome was the pro-
gression of AKI, defined as worsening of the KDIGO stage
(from stage 1 to either stage 2 or stage 3 or from stage 2 to
stage 3). Patients treated with acute dialysis at any point
during hospitalization were defined as stage 3. Additional
clinical outcomes were needed for acute dialysis, in-hospital
mortality. Patients who died without progression were
excluded from the primary analysis because death may have
been a competing risk for progression for these patients.

2.5. Statistical Analyses. We performed the analyses with
SPSS software (version 17.0). To compare continuous var-
iables, we used a two-sample t-test or a Mann–Whitney
U test. To compare categorical variables, we used the
chi-squared or Fisher exact test. All tests were two-tailed,
and P < 0:05 was considered significant.

As previously described [7], we categorized uMMP-7 ter-
tile essentially as a continuous variable and then performed
logistic regression on created variables. We determined the
adjusted odds ratios (OR) of AKI progression with multiple
logistic regression analysis. Due to the limited events, we
adjusted for major risk factors for AKI progression after sur-
gery, i.e., baseline estimated GFR, preoperative NYHA class,
and cardiopulmonary bypass time, as well as percent change
in serum creatinine from the baseline to the time of initial
AKI diagnosis. uMMP-7 was also modeled as a continuous
variable (log-transformed).

To compare the performance of uMMP-7 and other bio-
markers, a conventional area under the receiver-operating
characteristic (ROC) curve (AUC) was generated. To evalu-
ate the utility of the biomarkers on risk classification, we
determined the category-free net reclassification improve-
ment (NRI) and the integrated discrimination improvement
(IDI), as previously described [13, 14].

The performance of uMMP-7 for predicting AKI
progression was internally validated by a bootstrap method
with 1000 replications [15].

3. Results

3.1. Cohort Characteristics. A total of 121 patients who devel-
oped initial stage 1 or 2 AKI after cardiac surgery and with all
tested biomarkers available at time of AKI were included in
the final analysis.

Among 121 patients with AKI, 116 (95.8%) patients
developed AKI within 72 hours post operation. A total of
28 patients (23.1%) progressed to a higher stage of AKI
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during their postoperative hospital stay (20 individuals pro-
gressed to stage 2 and 8 patients progressed to stage 3), 5 of
28 (17.9%) progressors received acute dialysis; 4 of 28
(14.3%) had AKI progression and subsequently died during
their hospitalization, 93 patients (76.9%) persisted in stage
1 or 2 AKI, and none of them died or received acute dialysis
during their postoperative hospital stay.

Table 1 shows the preoperative characteristics of 121
patients who developed or did not develop progressive AKI
after cardiac surgery. There was no statistical difference in
proportion of patients using RAS inhibitors or diuretics
before surgery between those with or without AKI progres-
sion. Compared with those without AKI progression,
patients with progressive AKI had lower preoperative eGFR
and longer CPB time.

Table 2 compares postoperative characteristic and out-
comes of patients with or without AKI progression. Patients
with progressive AKI had a higher serum creatinine levels on
the day of AKI diagnosis as compared to those without pro-
gressive AKI. Change of serum creatinine from the baseline
(preoperative level) at the time of AKI diagnosis was also
greater in patients with AKI progression. Levels of uMMP-
7 and 3 previously reported urinary biomarkers (uIL-18,
uNGAL, and UACR) were significantly higher in patients
with progressive AKI as compared to those without. Patients
with AKI progression had more adverse outcomes, such as
receiving acute dialysis and in-hospital death, as compared
with those without AKI progression (Table 2).

3.2. The Performance of uMMP-7 and Other Urinary
Biomarkers for Predicting the Progression of AKI. The median

of uMMP-7 and other biomarkers were significantly higher
in patients with AKI progression compared to nonprogres-
sors. There were graded responses across the tertiles of
uMMP-7 level and the risk of AKI progression in the uni-
variate model and remained statistically significant after
adjusting for major clinical risk factors (Table 3). In the
adjusted model, patients with the highest tertile of uMMP-7
(>7.8 μg/g Cr) had a 7.8-fold higher risk of AKI progression
as compared with those with the lowest tertile of uMMP-7
(<2.7μg/g Cr). When uMMP-7 was modeled as a continuous
variable, higher levels of uMMP-7 were also associated with
increased risk of progressive AKI in a multivariate model
(OR per SD, 3.0; 95% CI, 1.4-6.2, P = 0:002).

uMMP-7 presented good performance for predicting
progressive AKI after surgery, with an AUC of 0.80, greater
than those of well-reported biomarkers (uIL-18, AUC 0.76;
UACR, AUC 0.77; and uNGAL, AUC 0.65) (Figure 1(a)).
The combination of uMMP-7 with uL-18 or UACR further
improved the performance for predicting the progression of
AKI, with AUCs of 0.84 (uMMP-7 and uIL-18) and 0.82
(uMMP-7 and UACR) (Figure 1(b)).

The performance of uMMP-7 was further confirmed by
the bootstrap internal validation, in which the average AUC
for predicting AKI progression (0.80; 95% CI 0.78-0.81)
was comparable to that in the test cohort. Using the raw
data without urinary creatinine correction, uMMP-7 also
presented a comparable AUC (0.79, 95% CI 0.68-0.88) for
predicting AKI progression.

3.3. The Improvement of the Risk Classification with the
Injury Biomarkers to the Clinical Model. The addition of

Table 1: Preoperative characteristics of patients with and without AKI progressiona.

Variables
AKI progression

P
Yes (n = 28) No (n = 93)

Age (y) 49:3 ± 10:9 51:2 ± 11:2 0.42

Male, n (%) 20 (71.4) 44 (47.3) 0.03

Diabetes, n (%) 2 (7.1) 7 (7.5) 0.99

Hypertension, n (%) 8 (28.6) 22 (23.7) 0.62

Congestive heart failure, n (%) 10 (35.7) 50 (53.8) 0.13

Preoperative NYHA class III or IV 5 (17.9) 21 (22.6) 0.78

Preoperative creatinine (μmol/L) 102:1 ± 40:3 80:3 ± 20:8 <0.001
Preoperative eGFR (mL/min/1.73m2)b 76:1 ± 25:3 86:7 ± 18:9 0.02

Preoperative medication, n (%)

RAS inhibitors 12 (42.9) 23 (24.7) 0.09

Diuretics 25 (89.3) 89 (95.7) 0.35

Operative variables

CABG alone, n (%) 1 (3.5) 2 (2.1) 0.55

Valve alone, n (%) 20 (71.4) 66 (70.9) 0.99

CABG and valve surgery, n (%) 2 (7.1) 5 (5.3) 0.66

CPB time (min) 163:6 ± 60:2 131:4 ± 51:8 0.006

Cross clamp time (min) 90:5 ± 40:6 86:3 ± 33:5 0.59
aAKI progression is defined as worsening of the AKI stage (stage 1 to either stage 2 or stage 3 or from stage 2 to stage 3). bCalculated by CKD-Epidemiology
Collaboration equation 2009. Abbreviation: NYHA: New York Heart Association; eGFR: estimated glomerular filtration rate; RAS: renin-angiotensin system;
CABG: coronary artery bypass grafting; CPB: cardiopulmonary bypass.
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uMMP-7 to the clinical risk factor model significantly
improved risk classification for AKI progression, as
evidenced by the net reclassification index (NRI) and the
integrated discrimination improvement (IDI). Compared to
reported biomarkers, uMMP-7 improved category-free NRI
of 0.92, which was the greatest among those of all tested
biomarkers (Table 4).

4. Discussion

In this prospective, multicenter study of adult patients who
undergone cardiac surgery, we firstly showed that uMMP-7,
measured at time of AKI diagnosis, is a novel biomarker for
predicting the progression of AKI. A level of uMMP‐7 > 7:8
μg/g Cr at time of AKI diagnosis denoted an 8-fold risk of
AKI progression as compared to those with uMMP‐7 < 2:7
μg/g after adjusting for major clinical risk factors. The perfor-
mance of uMMP-7 for predicting progressive AKI post oper-
ation was good with an AUC of 0.80. The combination of

uMMP-7 and IL-18 produced the greatest AUC for predict-
ing progressive AKI. The addition of uMMP-7 to the clinical
risk factor model significantly improved risk reclassification
for AKI progression after cardiac surgery.

In recent years, there were studies demonstrated that
renal injury biomarkers can detect acute kidney injury after
cardiac surgery earlier than the increase of serum creatinine
[8, 9]. Several biomarkers, such as IGF binding protein 7
and tissue inhibitors of metalloproteinase, have been
approved by the US Food and Drug Administration as a
first-of-a-kind test to help determine if surgical patients are
at risk of developing AKI [16]. However, the identification
of biomarkers that predict AKI progression in patients with
established AKI has not been fully highlighted [8]. AKI pro-
gression after cardiac surgery is associated with increased risk
of poor outcomes. In our cohort, patients who initially devel-
oped mild AKI and progressed to higher stages had mortality
of 14% versus 0% in those who presented in original stages
but not progressed, consistent with the previous report [5].

Table 2: Postoperative characteristics and outcomes of patients with and without AKI progressiona.

AKI progression
P

Yes (n = 28) No (n = 93)
Time of AKI

Within 3 days after surgery, n (%) 28 (100.0) 88 (94.6) 0.59

SCr on the day of AKI diagnosis (μmol/L) 184:2 ± 86:2 127:6 ± 35:9 <0.001
Change of SCr on the day of AKI (μmol/L)b 82:1 ± 79:1 46:8 ± 26:8 <0.001
Change of SCr on the day of AKI (%)c 90:7 ± 89:1 60:8 ± 35:4 0.01

Biomarkers on the day of AKI diagnosis

uMMP-7 (μg/g Cr) 10.4 (5.6-25.7) 3.3 (1.3-7.3) <0.001
uIL-18 (ng/g Cr) 305.5 (155.7-596.0) 110.9 (32.9-232.0) <0.001
uNGAL (μg/g Cr) 146.6 (31.4-391.9) 50.8 (19.8-113.6) 0.01

UACR (mg/g Cr) 163.8 (84.1-312.9) 39.8 (16.2-100.7) <0.001
Outcomes

Acute dialysis, n (%) 5 (17.9) 0 (0.0) <0.001
In-hospital death, n (%) 4 (14.3) 0 (0.0) 0.002

aAKI progression is defined as worsening of the AKI stage (stage 1 to either stage 2 or stage 3 or from stage 2 to stage 3). bSerum creatinine level on the day of
AKI diagnosis minus baseline serum creatinine level. cðSCr level on the day of AKI diagnosis‐baseline SCr levelÞ/baseline SCr level∗ 100%. Abbreviation: SCr:
serum creatinine; uMMP-7: urinary matrix metalloproteinase-7; uIL-18: urinary interleukin-18; uNGAL: urinary neutrophil gelatinase-associated lipocalin;
UACR: urinary albumin to creatinine ratio.

Table 3: Multivariate logistic regression analyses of uMMP-7 for predicting AKI progressiona.

uMMP-7 Cut points (μg/g Cr) Progression (%) Unadjusted OR (95% CI) P Adjusted ORb (95% CI) P

Categorical

Low (Tertile 1, n = 40) <2.7 10.0 1.0 (referent) 1.0 (referent)

Medium (Tertile 2, n = 41) 2.7-7.8 12.2 1.3 (0.3-5.0) 0.75 0.8 (0.2-4.2) 0.72

High (Tertile 3, n = 40) >7.8 47.5 8.1 (2.4-27.2) 0.001 7.8 (1.9-36.0) 0.003

Continuous

Per SD increase for lg
transform

— — 3.9 (1.8-8.2) <0.001 3.0 (1.4-6.2) 0.002

aAKI progression is defined as worsening of the AKI stage (stage 1 to either stage 2 or stage 3 or from stage 2 to stage 3). bAdjusted for preoperative eGFR,
preoperative NYHA class, CPB time, and change in postoperative serum creatinine from baseline at the time of AKI diagnosis.
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Figure 1: ROC analyses for predicting AKI progression. (a) The AUCs of urinary biomarkers (uMMP-7, uIL-18, UACR, and uNGAL), at the
time of AKI diagnosis, for predicting AKI progression. (b) The performance of combination of urinary biomarkers, and clinical model alone,
for predicting AKI progression.

Table 4: Risk reclassification of adding uMMP-7 and other biomarkers to the clinical model for predicting AKI progressiona.

Variables
Category-free NRI

(95% CI)
P

Category-free NRI (95% CI)
IDI (95% CI) P

With events P Without events P

Clinical risk factorsb Referent Referent Referent Referent

Clinical risk factors+uMMP-7 0.92 (0.60-1.20) <0.001 0.57 (0.25-0.90) 0.001 0.35 (0.15-0.54) 0.001 0.20 (0.12-0.28) <0.001
Clinical risk factors+uIL-18 0.88 (0.50-1.16) <0.001 0.50 (0.16-0.84) 0.006 0.38 (0.19-0.58) <0.001 0.18 (0.09-0.27) <0.001
Clinical risk factors+uNGAL 0.67 (0.47-0.87) 0.01 0.43 (0.07-0.78) 0.02 0.24 (0.04-0.44) 0.02 0.08 (0.02-0.14) 0.001

Clinical risk factors+UACR 0.88 (0.50-1.16) <0.001 0.48 (0.25-0.80) 0.007 0.40 (0.21-0.62) <0.001 0.18 (0.09-0.27) <0.001
aAKI progression is defined as worsening of the AKI stage (stage 1 to either stage 2 or stage 3 or from stage 2 to stage 3). bComprised of preoperative eGFR, CPB
time, and change in postoperative serum creatinine from baseline at the time of AKI diagnosis. Abbreviation: NRI: net reclassification improvement; IDI:
integrated discrimination improvement; CI: confidence interval.
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It is therefore critical to identify patients at highest risk of
AKI progression so as to guide prognosis and management
decisions. There are several studies that reported that bio-
markers,measured at time ofAKI clinical diagnosis, predicted
AKI development after cardiac surgery [4, 5]. A recent study
tested the ability of 32 biomarkers to predict worsening of
renal function in patients with AKIN stage 1 AKI after cardiac
surgery [4]. They found that uIL-18 was the best predictor of
worsening AKI. In a larger study from the Translational
Research Investigating Biomarker Endpoints-AKI consor-
tium, uIL-18, UACR, and uNGAL measurement at the time
of AKI diagnosis predicted the progression of AKI in adults
after cardiac surgery [5]. In our study, elevation of uMMP-7
is an independent predictor of progressive AKI after cardiac
surgery after adjusting for major preoperative and intraop-
erative risk factors and provides good performance for pre-
dicting AKI progression. Furthermore, adding uMMP-7 to
the clinical risk model significantly improves risk reclassifica-
tion for AKI progression, suggesting that early measurement
of uMMP-7 at time of AKI might be helpful to accurately
identify patients at increased risk for AKI progression, and
may offer clinicians an earlier time window to halt or reverse
ongoing kidney injury.

The potential role of elevated renal MMP-7 in human
AKI progression is waiting for exploration. uMMP-7 is a
marker faithfully reflecting intrarenal Wnt/beta-catenin
activity and dependably mirrors its expression in renal paren-
chyma, particularly in the tubular epithelium [10]. Tubular
MMP-7 expression is significantly induced after renal
ischemia-reperfusion injury [17]. Recent experimental data
found that sustained Wnt/beta-catenin activating after
ischemia-reperfusion injury might drive kidney injury pro-
gression [11], suggesting that uMMP-7 could be selected as
a marker of AKI progression.

To further enhance the ability of biomarkers for predict-
ing AKI progression after cardiac surgery, carefully selecting
and combining biomarkers might be a better approach for
greater use. Urinary IL-18, an inflammation marker of injury,
has been consistently reported as a predictive biomarker for
progressive AKI after cardiac surgery [4, 5]. In our study,
combining uIL-18 and uMMP-7 produced the greatest
AUC (0.84) compared with combining uNGAL or UACR,
supporting a multibiomarker approach which might further
improve the predictive ability of biomarker for AKI progres-
sion after cardiac surgery [8].

Our study has the following strengths. First, it is a multi-
center, prospective cohort study and relied on standardized
AKI staging criteria (KDIGO) that are currently used in the
international renal community. Second, serum creatinine
was measured everyday post cardiac surgery, which allowed
us to precisely define AKI and determine AKI progression.
Third, we simultaneously measured previously reported
biomarkers and assessed the predictive performance of
uMMP-7 with other established biomarker for predicting
AKI progression in the setting of cardiac surgery, which
directly compares the predictive ability of biomarkers alone
or in combination. This study also had limitations. Urinary
creatinine excretion is not at a steady state during AKI; 24 h
urinary excretion of MMP7 would be more meaningful.

The number of primary outcome was relatively small, and
all patients were Chinese adults; validation studies from
other ethnic populations are warranted.

In conclusion, uMMP-7 measured at time of AKI clinical
diagnosis predicts AKI progression. Adding uMMP-7 to the
clinical risk factor model may be used as a noninvasive
approach to identify patients that are at high risk for progres-
sive AKI after cardiac surgery, which may facilitate patient
counseling and optimize management in the setting of
cardiac surgery.
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Chronic kidney disease (CKD) is an irreversible loss of kidney function, and it represents a major global public health burden due to
both its prevalence and its continuously increasing incidence. Mineral bone disorders (MBDs) constitute a hallmark of CKD, and
alongside cardiovascular complications, they underlie a poor prognosis for these patients. Thus, our study focused on novel CKD
biomarker patterns and their impact on the clinical staging of the disease. As a first testing approach, the relative expression
levels of 105 proteins were assessed by the Proteome Profiler Cytokine Array Kit for pooled CKD stage 2–4 serum samples to
establish an overall view regarding the proteins involved in CKD pathogenesis. Among the molecules that displayed significant
dysregulation in the CKD stages, we further explored the involvement of Dickkopf-related protein 1 (Dkk-1), a recognised
inhibitor of the Wnt signalling pathway, and its crosstalk with 1,25OH2D3 (calcitriol) as new players in renal bone and vascular
disease. The serum levels of these two molecules were quantified by an ELISA (76 samples), and the results reveal decreasing
circulating levels of Dkk-1 and calcitriol in advanced CKD stages, with their circulating expression showing a downward trend
as the CKD develops. In the next step, we analysed the inflammation and MBD biomarkers’ expression in CKD (by xMAP
array). Our results show that the molecules involved in orchestrating the inflammatory response, interleukin-6 (IL-6) and
tumour necrosis factor alpha (TNFα), as well as the mineral biomarkers osteoprotegerin (OPG), osteocalcin (OC), osteopontin
(OPN), and fibroblast growth factor 23 (FGF-23), correlate with Dkk-1 and calcitriol, raising the possibility of them being
potential useful CKD biomarkers. These results reveal the impact of different biomarker patterns in CKD staging and severity,
thus opening up novel approaches to be explored in CKD clinical management.

1. Introduction

Chronic kidney disease (CKD) represents a major global dis-
ease that covers all degrees of injured renal function, with a
rising incidence and prevalence of kidney failure resulting
in poor outcomes and high economic costs. According to

the Kidney Disease Improving Global Outcomes (KDIGO)
2017 Clinical Practice Guideline Update for the Diagnosis,
Evaluation, Prevention, and Treatment of Chronic Kidney
Disease: Mineral and Bone Disorder (CKD-MBD), the
disease is defined as “abnormalities of the kidney structure
or function, present for more than 3 months, with
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implications for health” [1]. The characteristic features of
CKD are the progressive and irreversible loss of renal func-
tion, which results in extensive kidney damage, leading
unconditionally to end-stage renal disease (ESRD). Over the
last 10 years, CKD has reached epidemic proportions, with
a constant increase in terms of both prevalence and
incidence, and it has been classified by the Global Burden of
Disease Study as “the 12th most common cause of death,
accounting for 1.1 million deaths worldwide.” Overall, its
poor prognoses ranked CKD as “the 17th leading cause of
global year loss of life and the 3rd largest increase of any
major cause of death” [2, 3].

Cardiovascular disease (CVD) is noted as the main cause
of morbidity and mortality in these patients, while CKD is
considered an accelerator of cardiovascular events and an
independent risk factor for CVD. It was also shown that all
CKD stages are accompanied by an elevated risk of cardio-
vascular complications and a decreased quality of life [4].

The causes of high cardiovascular mortality related to
CKD have been attributed in part to CKD-MBD syndrome,
which generates a unique environment that accelerates
vascular calcification (VC)—the pathological deposition of
calcium phosphate in the vasculature’s medial layer. Even
in the early CKD stages, the systemic mineral metabolism
and bone composition begin to alter; thus, the dysregulation
of mineral metabolism is considered a key player in CKD
pathophysiology.

An imbalance in the kidney-vascular-bone axis, a multi-
faceted active process, is induced by mineral metabolism
disorders and also by local inflammation; nevertheless, the
most extensive mineral disorders are experienced by patients
suffering from CKD [5].

The discovery of Wnt inhibitors, among them Dickkopf-
related protein 1 (Dkk-1), released during renal repair as
crucial components of mineral bone disorder (MBD) patho-
genesis, suggests that additional pathogenic factors need to be
explored [6, 7].

Elucidating the signalling pathways involved in vascular
smooth muscle cell calcification holds the promise of being
able to unravel novel therapeutic approaches counteracting
the progression of MBDs in CKD.

Various factors mediate the VC mechanisms including
disturbances in the serum calcium/phosphate balance, sys-
temic and local inflammation, the receptor activator of
nuclear factor kappa B (RANK)/RANK ligand (RANK-
L)/osteoprotegerin (OPG) triad, aldosterone, microRNAs,
osteogenic transdifferentiation, and the effects of vitamins
[8]. The emerging role of 1,25-dihydroxyvitamin D3 (calci-
triol, 1,25OH2D3) in CKD has been extensively explored,
since vitamin D deficiency/insufficiency is known to be
common among patients with CKD or in those undergoing
dialysis. Vitamin D has pleiotropic effects on the immune,
cardiovascular, and neurological systems, and many extrare-
nal organs have the enzymatic capability to convert 25OHD3
to 1,25OH2D3. It was also hypothesised that serum
1,25OH2D3 and 25OHD expressions tend to positively corre-
late, together with the renal function, as well [9].

Persistent low-grade inflammation is currently consid-
ered an essential part of CKD and as a traditional risk factor

for renal pathology, hugely contributing to the development
of all-cause mortality in these patients [10]. The role of
proinflammatory cytokine overexpression inside the renal
patient’s landscape has drawn considerable attention, and
various studies have explored the potential link between
inflammatory status and renal function decline [11, 12]. A
challenging theory regarding the direct consequence of
inflammation on the progression of both CKD and CVD
was developed based on the supposition of this association
between markers of inflammation and an estimated glomer-
ular filtration rate (eGFR) imbalance [13].

Despite the accessibility to the studies published in the
past few years, the KDIGO Guideline Committee underlines
the lack of strong clinical proof, emphasizing the critical role
of understanding the mechanisms underlying the disease’s
development, yet stressing the need for comprehensive, accu-
rate clinical trials in this direction [14].

Considering the aforementioned aspects, in this study,
the correlation between the severity of CKD and inflamma-
tory factors, MBD biomarkers, and other novel biomarkers
with an impact on CKD’s pathophysiology was investigated
to reveal potential proteome patterns that better characterise
the condition characteristic of each stage of CKD.

2. Materials and Methods

2.1. Patients and Samples

2.1.1. Study Population. We included 56 patients in our
cross-sectional study who were diagnosed with CKD accord-
ing to the KDIGO Guidelines alongside 20 normal controls.
The CKD patients were divided into three groups based on
the CKD staging criteria as follows: 16 patients with CKD
stage 4 (25% female and 75% male; mean age 63 ± 14:8),
26 with CKD stage 3 (31% female and 69% male; mean
age 68 ± 8:5), and 14 with CKD stage 2 (29% female and
71% male; mean age 65 ± 10:3). Written informed consent
was obtained from all subjects prior to their inclusion in
the study according to the Helsinki Declaration and Ethics
Committee that approved this study.

Patients with acute infections, acute heart failure and sig-
nificant heart valvular disease, chronic use of glucocorticoids
and immunosuppressive agents, and knownmalignancy were
excluded from our study. In addition, in order to avoid
the potential bias, patients undergoing vitamin D synthetic
analogue treatment were also excluded.

2.1.2. Clinical and Biochemical Assessment. On the day the
blood samples were collected, clinical and anthropometric
data were gathered: age, sex, weight, height, medical history,
and concomitant treatment. Laboratory tests were performed
on admission, namely, haemoglobin, haematocrit, serum cre-
atinine, urea, uric acid, glucose, total cholesterol, triglycer-
ides, alkaline phosphatase, phosphate, calcium, albumin,
and fibrinogen. The eGFR was calculated based on the
CKD-epidemiology collaboration (EPI) equation. Urinary
protein excretion was determined from a 24h urine sample.

The blood samples were harvested the morning after a
12 h fast. After a standard centrifugation, the serum was ali-
quoted and stored at −80°C pending further analysis.
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2.2. Human Dot-Blot Proteome Profiler. Semiquantitative
immunodetection of serum cytokines, chemokines, growth
factors, angiogenesis markers, and other soluble proteins
was performed using the immuno-dot-blot method in the
Proteome Profiler Human XL Cytokine Array Kit (ARY022B,
R&D Systems, Inc., Abingdon, UK). A number of 105 cap-
tured antibodies, along with reference controls, were spotted
in duplicate on nitrocellulose membranes and incubated
overnight with 100mL of pooled serum samples. Each of
the four pools was obtained by mixing the serum samples
from CKD patients in stages 4, 3, and 2, respectively; the
4th pool was assigned to control sera. The protocol recom-
mended by the manufacturer was followed accordingly. The
membranes were incubated with biotinylated detection
antibodies, streptavidin-horseradish peroxidase (HRP), and
chemoluminescent detection reagents. Chemiluminescence
signals, corresponding to the amount of protein bound, were
detected using the MicroChemi 4.2 System (DNR Bio-
Imaging Systems, Israel), and the intensity of the chemilumi-
nescence signals (pixel densities) was measured using ImageJ
1.42 software (National Institute of Health, Bethesda, MD,
USA). For each measured analyte, the average signal of the
duplicate spots was determined and normalised to the aver-
age signal of the reference spots after being corrected with
the background signal.

2.3. ELISA Immunoassay. Dkk-1 serum levels were assessed
using the Quantikine ELISA Human Dkk-1 Immunoassay
Kit (R&D Systems, Inc., USA) according to the manufac-
turer’s protocol. The quantitative determination of the calci-
triol (1,25OH2D3 (1,25-dihydroxyvitamin D3)) serum levels
was made using the EIAab ELISA General Calcitriol Kit
(Wuhan EIAab Science Co., Ltd., China), and the manufac-
turer’s instructions were followed accordingly. The optical
densities were measured using an Anthos Zenyth 3100
Microplate Multimode Detector.

2.4. Luminex xMAP Array Analysis. The Luminex xMAP
array procedure was performed according to the manufac-
turer’s instructions. The serum levels of the 6-plex analytes
were simultaneously quantified on the Luminex 200 multi-
plexing platform. The Luminex xMAP array technique is
based on proprietary colour-coded microspheres coated with
specific capture antibodies. After the analytes from the serum
samples were captured by the bead cocktail, a biotinylated
detection antibody was added. The reaction mixture was then
incubated with the reporter molecule conjugate (streptavi-
din-phycoerythrin (SA-PE)) to complete the reaction on the
surface of the microspheres. After the reaction steps had been
completed, the microspheres were passed rapidly through a
red laser which excited the internal dyes, thus identifying
each unique microsphere set. The green laser excited PE,
the fluorescent dye on the reporter molecule, which was
directly correlated with the amount of analyte found in the
sample. All the acquired data was processed by high-speed
digital-signal processors and by xPONENT 3.1 software, gen-
erating results expressed in pg/mL.

Cytokine levels and BMD biomarkers were assayed using
the MILLIPLEXMAPHuman Bone Magnetic Bead Panel Kit

(Merck-Millipore, Billerica, MA, USA), which comprises a
cocktail of six analytes: proinflammatory cytokines IL-6
and TNF-α and the MBD biomarkers OPG, osteocalcin
(OCN), osteopontin (OPN), and fibroblast growth factor
23 (FGF-23).

For all the biological specimens, duplicate samples were
used and their average concentrations were taken into con-
sideration for further statistical analysis.

2.5. Statistical Analysis. As a first statistical approach, we
applied the Kolmogorov-Smirnov and D’Agostino and Pear-
son normality tests to all the CKD and control samples under
analysis. The Kolmogorov-Smirnov test was used to evaluate
the normality of the data distribution. The groups presented
with a nonnormal distribution (p < 0:0001); therefore, non-
parametric statistical tests were used for further analysis.
The groups were not homogeneous in terms of age and gen-
der, but according to the results obtained after applying the
Chi-square test, they did not influence the level of the ana-
lysed molecules; age was expressed as the mean ± SD. The
differences between the variables were analysed using the
Kruskal-Wallis test (a one-way analysis of variance) followed
by a Bonferroni post hoc test to compare the results inside the
different CKD stage groups. The Chi-square test for trends
was applied to reveal the differences in molecule expression
between the various CKD stages. The differences between
the nominal variables were analysed using Chi-square tests
(r, p). A value of p < 0:05 was considered statistically signifi-
cant (∗p < 0:05, ∗∗p < 0:01, and ∗∗∗p < 0:001). Spearman’s
correlation analysis was used to evaluate the correlations
between the analysed markers (r, p). GraphPad Prism version
5 software for Windows was used for the statistical analysis.

3. Results and Discussion

3.1. Proteome Profiler for CKD Clinical Staging by Dot-Blot
Array Assessment. An overall perspective on the multiple
proteins that are differentially expressed in the CKD stages
and thus potentially influence CKD’s pathophysiology was
gained by performing semiquantitative dot-blot immunode-
tection [15, 16]. Out of 105 molecules included in the Prote-
ome Profiler Human XL Cytokine Array Kit, 24 relevant
molecules were identified as expressing significant levels in
CKD patients versus the control group. At first glance, the
dot-blot analysis revealed that molecules orchestrating the
inflammatory response were significantly overexpressed in
CKD; moreover, the multianalyte screening showed different
patterns of expression depending on the CKD stage (as illus-
trated in Figure 1). The integrated relative pixel density of
these molecules trended towards a progressive pattern of
expression, exhibiting gradual amounts depending on the
stage of renal disease. The most significant expression level
for proteins was identified in CKD stage 4. Among the
proteins that displayed a significant fold change versus the
control (about a 1.5-fold change), markers for inflammatory
response were identified, reflecting the high significance of
the inflammatory component in CKD. Among them, IL-6,
IL-8, IL-12, IL-18, interferon gamma (IFN-γ), the regulated
upon activation normal T-cell expressed and secreted

3Disease Markers



(RANTES), the receptor for advanced glycation end products
(RAGE), intercellular adhesion molecule 1 (ICAM-1), induc-
ible protein 10 (IP-10), plasminogen activator inhibitor 1
(PAI-1), platelet-derived growth factor (PDGF), and others
were identified as having a place in the CKD proteome
pattern, as shown in Figure 1.

Persistent, low-grade inflammation constitutes a common
feature of the disease, which accompanies CKD from its onset
[17]. Inflammatory biomarkers such as C-reactive protein and
IL-6 are known to independently predict mortality in these
patients. The origins of inflammation in kidney disease are
multifactorial, including the imbalance between proinflamma-
tory increased production, induced on the one hand by various
sources of inflammatory stimuli (oxidative stress, acidosis,
comorbidities, genetic and epigenetic influences, etc.) and on
the other hand by their insufficient elimination due to
impaired glomerular filtration [18]. IL-6 hastens the develop-
ment of CKD not only by aggravating kidney injury but also
by initiating its complications, especially the cardiovascular
ones. It is well established that IL-6 initiates the endothelial
injury mostly by reducing endothelial nitric oxide synthase
and adiponectin (an antiatherogenic adipokine) expression,
thus contributing to the increased incidence of cardiovascular
events in CKD patients. Taken together, an increased IL-6
level not only is a consequence of CKD but also acts as a trigger
for CKD-related complications [19].

Mediators of inflammation have been shown to be at high
levels in CKD patients. IL-12 and IL-18 are elevated during
the earlier stages of CKD, and the association with eGFR
suggests that IL-18 is mainly dependent upon renal clearance,
as suggested by Yong et al. [20].

The urokinase receptor system, a key regulator at the
intersection between inflammation, immunity, and coagula-
tion [21], has also been shown to significantly increase in
CKD patients. Nuclear factor kappa B (NF-κB), a pivotal
mediator of inflammatory responses through triggering the

prototypical proinflammatory signalling pathway, appears
to mediate renal inflammation in different cell types includ-
ing renal cells, innate immune cells, and lymphocytes [22,
23]. It was shown that NF-κB also controls several genes
involved in inflammation, and RAGE (an advanced glycation
end-product-specific receptor) itself seems to be upregulated
by NF-κB [24].

The pleiotropic cytokine OPN is increased in early
CKD stages, and its circulatory level increases with the
severity of the disease stage. OPN is an important factor
in bone remodelling, as it is involved in the pathogenesis
of both kidney and cardiovascular diseases. Barreto et al.
reported a positive correlation between OPN levels and
the clinical outcomes of CKD patients depending on their
inflammatory status [25].

The interplay between different proteins involved in
inflammation and the MBD profile is depicted in Figures 1
and 2. Among the molecules that exhibited significant down-
regulation in CKD stage 4 versus the control (with about a
1.5-fold change, p < 0:05—illustrated in Figure 3), Dkk-1
and vitamin D binding protein (vit D BP) showed the
highest potential and were chosen for further analyses.
The proinflammatory cytokine IL-6 and the MBD biomarker
OPN, with significant increases in CKD, were also subject to
further analyses.

3.2. Dkk-1 Was Negatively Correlated with CKD Clinical
Staging. Recent studies emphasize the close connection
between CKD and cardiovascular complications, as well
as the presence of a dysregulated Wnt signalling pathway
in CVD.

[26, 27]. Based on these facts, we explored the circulating
expression of Dkk-1, a recognised inhibitor of the Wnt–β-
catenin signalling pathway, in modulating the renal disease
course. Targeting the Wnt signalling cascade aligns with
innovative therapeutic CVD strategies [28, 29].
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Figure 1: Original dot-blot membranes of the Proteome Profiler corresponding to different CKD stages and the control. The representative
molecules that exhibited significant fold changes versus the control and were the subject of further analysis have been marked accordingly.
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The significant downregulation of Dkk-1 in CKD stage
4, determined via a dot-blot analysis, was further con-
firmed by running a quantitative ELISA. Our results
showed a statistically significant decreased expression of
Dkk-1 in CKD patients compared to the control group
(p < 0:05, Figure 4).

Relative serum Dkk-1 levels decreased even in the early
stages of CKD, with a 1.05-fold decrease in stage 2 versus
the control and a 1.3-fold decrease in stage 3. Dkk-1 circulat-

ing levels showed a downward trend, culminating in stage 4,
where a significant 2.36-fold decrease was recorded versus the
control. Recent studies have also reported that serum Dkk-1
levels were lower in CKD patients as compared with controls
and that Dkk-1 levels had a tendency to decrease with
the progressive development of CKD [30]. Interestingly,
Behets et al. reported lower levels in CKD patients than in
the controls, but Dkk-1 levels were not associated with the
laboratory parameters of mineral metabolism. Since these
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Figure 3: The fold change in protein expression in CKD stage 4 versus the control. The average for the control group was established at 1.0,
and for each analysed molecule, the fold change was expressed as the CKD stage 4/control ratio.
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correlations were applied only to haemodialysis patients, it
was hypothesised that Dkk-1 targeted different regulatory
mechanisms inside the Wnt–β-catenin signalling pathway
[31]. Thus, Dkk-1 seems to have distinct effects depending
on the cell type, which is in line with the different effects of
Wnt–β-catenin signalling. Increasing evidence indicates that
the Wnt–β-catenin signalling pathway has important roles in
skeletal development and bone mass equilibrium. It was
found that Wnt activation increases bone formation and
reduces bone desorption; therefore, a disturbed Wnt–β-
catenin signalling pathway may be involved in CKD-MBD
pathophysiology [32, 33]. Since VC is a hallmark feature of
chronic inflammatory disorders, it has been shown that
CKD aggravates vascular inflammation [34]. In a study con-
ducted by Jang et al., the role of Dkk-1 in mediating the
inflammatory response was investigated, thus exploring the
implications of the Wnt signalling pathway in promoting
immune responses or inflammation by triggering NF-κB
activity. In this study, lipopolysaccharide- (LPS-) induced
inflammatory responses were found to be prevented by
Dkk-1 in a dose-dependent manner in human bronchial
epithelial cells and human umbilical vein endothelial cells
(HUVEC). Therefore, LPS-induced expression of the pro-
inflammatory cytokines IL-6 and IL-8 was inhibited by
Dkk-1. Other proinflammatory genes such as TNF-α and
IL-1β were also downregulated by Dkk-1, a secreted Wnt
antagonist [35].

Exploring the potential of the Wnt–β-catenin signalling
pathway inhibitor Dkk-1 in predicting the severity of CKD
and elucidating its role in CKD-MBD pathophysiology is
thus a promising strategy for further studies.

3.3. Calcitriol Levels Decrease with Increasing CKD Stage. A
vitamin D deficiency is a common condition associated with
kidney disease. Many clinical studies have highlighted how a
vitamin D deficiency is an important risk factor for CKD
patients [36, 37].

Since dot-blot screening revealed significantly decreased
levels of vitamin D BP, we thus measured the most active
vitamin D metabolite in the kidneys: calcitriol (1,25-dihy-
droxyvitamin D3 (1,25OH2D3)).

Experimental studies have established that calcitriol and
vitamin D receptors are decisive regulators of the heart in
terms of structure and function. In addition, clinical studies

have correlated vitamin D deficiency with CVD. Emerging
evidence has highlighted that calcitriol is significantly
involved in CVD-related signalling pathways, particularly in
the Wnt signalling pathway [38].

Our results revealed that relative serum calcitriol levels
started to decrease even in the early CKD stages, showing
a 1.15-fold decrease in stage 2 compared to the control
condition, a 1.5-fold decrease in stage 3, and a 2.24-fold
decrease in stage 4, respectively (as depicted in Figure 5),
thus gradually decreasing as the disease develops. In the
early CKD stages, the physiologic FGF-23 secretion from
the osteocytes causes inhibition of 1-α-hydroxylase and
stimulation of 24-hydroxylase in proximal renal tubules,
thereby decreasing calcitriol production. As CKD evolves,
the decrease in the functioning nephron mass combined
with hyperphosphatemia and high FGF-23 levels also
results in calcitriol deficiency [6, 39]. Since inflammation
has emerged to be at the core of CKD pathophysiology,
it was also hypothesised that vitamin D has a potential
role in modulating inflammatory cytokines and oxidative
stress, but the molecular mechanisms still remain unclear
[40]. Recent studies have shown that vitamin D supple-
mentation among CKD patients undergoing dialysis had
beneficial effects on several genes related to inflammation
and oxidative stress. The downward trend in calcitriol con-
centrations in the CKD groups could be related to various
inflammatory and MBD factors, thus providing the basis
for future clinical assessments.

3.4. Multiplexing Showed Inflammatory and Mineral Bone
Disorder Biomarker Levels to Be Positively Correlated with
Disease Severity. Among the many contributors to CKD’s
poor prognosis, systemic low-grade inflammation is one
of the major players with an impact on the uremic pheno-
type in CKD. This chronic condition is fuelled by several
independent mechanisms, among which the mediators of
inflammation, IL-6 and TNFα, play important roles. We
have simultaneously quantified the serum levels of IL-6
and TNFα using the Luminex multiplexing xMAP array
platform, assaying via a preconfigured cytokine kit. Our
results revealed that relative serum IL-6 levels started to
increase in CKD early stage 2, showing a 1.9-fold change
compared to the control, with an ascending trend, present-
ing with a 6.3-fold increase in stage 3 and an 11-fold
increase in stage 4 (Figure 6(a)). Analysing the circulating
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expression of TNFα, we also observed an ascending trend,
with a 3.3-fold increase in stage 4 versus the control, and
as for CKD stages 3 and 4, the increases were 1.8-fold
and 1.7-fold, respectively (Figure 6(b)).

Given the fact that various cytokines mediate the inflam-
matory response, the extent to which inflammation plays a
role in raising the risk of MBDs in CKD remains unclear.
Regarding the MBD molecules, we analysed the serum levels
for OPG, OC, OPN, and FGF-23. All these biomarkers pre-
sented with an upward trend of expression, correlated with
disease severity. In CKD stage 4, the circulatory levels showed
the most significant differences compared to the control, as
follows: for OPG, a 3.14-fold increase; for OC, a 4.6-fold
increase; for OPN, a 7-fold increase; and for FGF-23, a 17-
fold increase. Our results suggest that the serum levels of
the above-mentioned molecules start to increase progres-
sively, even from the CKD early stage 2, as depicted in
Figures 6(c)–6(f).

Since all the analysed biomarkers expressed the highest
concentrations in the most advanced stage of the disease,
and given that the circulatory trend increases as the disease
evolves, we considered it necessary to further analyse the pos-
sible correlations between these molecules that had a poten-
tial impact on CKD pathogenesis.

3.5. Correlations between Orchestrators of Inflammatory
Response and Biomarkers of Mineral and Bone
Disorders in CKD

3.5.1. The Trend for Biomarker Expression Was Modified
Depending on the CKD Stage. The pathophysiologic inter-
play between mediators of inflammation and the molecules
involved in MBDs was further analysed to establish potential
significant correlations at each stage of renal disease. By
applying the Chi-square test for trends, it was found that each
CKD stage had its own unique biomarker signature.

In CKD stage 4, we found a strong positive correlation
between Dkk-1 and calcitriol and a negative correlation
between Dkk-1 and IL-6, OPG, OC, OPN, and FGF-23
(p < 0:001, Chi-square test for trends). Renal function
(eGFR) was positively correlated with Dkk-1 in CKD stage
4 (p < 0:001).

Yeremenko et al. also observed an inverse correlation
between Dkk-1 and IL-6 in a study on inflamed arthritic
joints, potentially reflected by the differential regulation of
Dkk-1 production by TNFα and IL-6 [41]. Besides, it was
suggested that there were other recognised signalling path-
ways that Dkk-1 utilises other than the well-known canonical
Wnt pathway [42]. Another study highlighted that the
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Figure 6: Fold change in serum IL-6 (a), TNFα (b), OPG (c), OC (d), OPN (e), and FGF-23 (f) expressions in CKD stages 4, 3, and 2 versus
the control, assessed by xMAP array.
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production of proinflammatory cytokines IL-4 and IL-10 was
notably reduced by Dkk-1 inhibitor treatment, suggesting
that Dkk-1 utilises the MAPK and mTOR signalling pathway
components to induce type 2 cell-mediated immune
responses or inflammation [43]. In a study conducted by
Malysheva et al., it was shown that proinflammatory cytokine
IL-6 repressed the activation of the Wnt signalling pathway
in human synoviocyte cells, and together with TNFα and
Dkk-1, it inhibited the activation of the Wnt response [44].

It was also found that calcitriol distinctly regulated two
genes encoding the extracellular Wnt inhibitors Dkk-1 and
Dkk-4 via an indirect transcriptional mechanism. Thus, cal-
citriol increases the expression of Dkk-1 RNA and protein,
acting as a tumour suppressor in human colon cancer cells
harbouring endogenous mutations in the Wnt–β-catenin
pathway [45].

Moreover, in CKD stage 4, the serum calcitriol concen-
trations were significantly correlated with proinflammatory
cytokine TNFα (p < 0:01, Chi-square test) and the MBD
markers OC, OPN, and FGF-23.

Our findings support the hypothesis that Dkk-1 could be
a useful biomarker for CKD severity, together with calcitriol,
both expressing the lowest levels in CKD stage 4.

According to recent studies, serum Dkk-1 levels were
lower in CKD patients, displaying different kinetics depend-
ing on the disease stage [31].

We also obtained significant correlations between Dkk-1
and calcitriol in CKD stages 3 and 2 and with several proin-
flammatory and MBD markers, as follows: Dkk-1 and OPG,
OPN, and FGF-23 (p < 0:001, Chi-square test for trends) in
CKD stages 3 and 2; calcitriol and TNFα (p < 0:01) in CKD
stage 3; and Dkk-1 and OPG and FGF-23 (p < 0:001) in
CKD stage 2.

According to our results, Dkk-1, calcitriol, mediators of
inflammation, and MBD markers showed significant
interactions, also being correlated with the severity of
CKD. How the relative balance between Dkk-1 and other
cytokines determines Wnt signalling and the pattern of
inflammation in CKD’s different stages needs to be further
investigated.

3.5.2. Strong Correlations between Dkk-1 and Calcitriol,
Inflammatory Cytokines, and Renal Function in the CKD
Patient Groups. The investigation of correlations in the
CKD patient groups was examined by applying the χ2 test
(χ2, p) for serum levels of all the above-mentioned markers,
and strong correlations were found between Dkk-1 and calci-
triol (χ2 = 21:4, p < 0:001). Furthermore, Dkk-1 was also
strongly correlated with the mediators of inflammation IL-6
(χ2 = 13:7, p < 0:001) and TNFα (χ2 = 10:4, p = 0:001) and
with the MBD biomarker FGF-23 (χ2 = 10, p = 0:001).

Calcitriol expression in the CKD patient groups was cor-
related with IL-6 (χ2 = 4:4, p < 0:05) and FGF-23 (χ2 = 5:5,
p = 0:01). Regarding renal function, we found a strong corre-
lation between eGFR and Dkk-1 (χ2 = 8:48, p < 0:01) and cal-
citriol (χ2 = 8:36, p < 0:01), indicating the increased potential
for these two molecules in terms of assessing the severity of
the disease.

In order to reveal the significant biomarker correlations
between the CKD stages, we performed Spearman correla-
tion tests (r, p value). In advanced CKD stage 4, we obtained
significant correlations, as follows: TNFα and Dkk-1
(r = 0:50, p < 0:05), OPG (r = 0:58, p < 0:05), and OPN
(r = 0:66, p = 0:001). The MBD biomarkers OPG and OPN
were also correlated (r = 0:51, p < 0:05).

Other studies also supported the interactions between
the key players of bone metabolism, Dkk-1 and OPG, in
modulating the Wnt signalling pathway by balancing out
bone absorption and reconstruction. TNF-α, a key inducer
of Dkk-1, alongside OPG emerged as independent predic-
tors of osteoarthritis severity. TNF-α, Dkk-1, and OPG
were considered as valuable biomarkers in predicting the
severity of the disease. The study also supported
inflammation-induced Dkk-1 and OPG in osteoarthritis
pathogenesis [46].

In CKD stage 3, correlations between the proinflamma-
tory biomarkers TNFα and OPG (r = 0:6, p = 0:001) and
FGF-23 (r = 0:57, p < 0:01) are highlighted. In CKD early
stage 2, we found a strong negative correlation between
Dkk-1 and FGF-23 (r = −0:84, p < 0:001); moderate correla-
tions were also observed between calcitriol and IL-6
(r = 0:53, p < 0:05), TNFα (r = 0:58, p < 0:05), OPG
(r = 0:71, p < 0:05), and FGF-23 (r = 0:52, p < 0:05). The
mediators of inflammation, IL-6 and TNFα, were also mod-
erately correlated (r = 0:58, p < 0:05), and a moderate corre-
lation was found between IL-6 and OPG (r = 0:61, p = 0:01).

In CKD, a complex network between Dkk-1, calcitriol,
mediators of inflammation, and MBD markers exists, but
the level at which it can affect the course of the disease
remains in question.

3.5.3. Significant Differences between Dkk-1, Calcitriol,
Mineral Disorders, Inflammatory Markers, and Renal
Function, Depending on CKD Stages. By applying the
Kruskal-Wallis one-way analysis of variance, we obtained
significant differences in the circulating expression of Dkk-
1, calcitriol, and eGFR in CKD patients (p < 0:0001). The post
hoc analysis showed that levels of Dkk-1, calcitriol, and eGFR
were significantly different between CKD stage 4 and stage 3,
CKD stages 4 and 2, and CKD stages 3 and 2, respectively
(p < 0:0001), highlighting the potential of these two markers
in evaluating the severity of the disease.

Significant differences in IL-6 were observed in CKD
patients (p < 0:0001). Bonferroni’s multiple comparison test
showed that IL-6 was significantly different between CKD
stage 4 and stage 3, CKD stages 4 and 2 (p < 0:0001), and
CKD stages 3 and 2 (p < 0:05). TNFα showed a significant
variance in CKD patients (p < 0:01), and the differences
between the stages were as follows: CKD stage 4 and stage 3
and CKD stages 4 and 2 (p < 0:05), according to our post
hoc analysis.

FGF-23 and OC presented with significant differences in
the CKD group (p < 0:0001), and the comparisons between
stages were only significant between CKD stage 4 and stage
3 and CKD stages 4 and 2 (p < 0:0001).

According to our results, we can conclude that a crosstalk
between Dkk-1, calcitriol, mineral disorders, inflammation,

8 Disease Markers



and renal function is present in CKD, thus influencing CKD
pathophysiology. Inflammation, the hallmark feature of
chronic diseases, seems to be a common mediator for both
kidney function and subsidiary MBDs. Because of its insidi-
ous nature, CKD silently evolves alongside other chronic
conditions, exhibiting different biomarker patterns depend-
ing on disease severity.

3.6. Functional Interplay between Markers of Inflammation
and Mineral Bone Disorders in CKD. Considering the rel-

evant proteins revealed by dot-blot immunodetection
screening, the functional interactions between the mole-
cules involved in shaping the different patterns of CKD
have been put together by employing the STRING data-
bases. The interactions include functional associations
between multiple molecules stemming from computational
prediction, knowledge transfer between organisms, and
interactions derived from other databases. Stronger evidence
for an association is represented by a thicker network edge, as
depicted in Figure 7.
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Figure 7: Functional interaction between different molecules involved in inflammation and MBDs in CKD. The coloured nodes are
represented by query proteins and the first shell of interactors. Edges represent protein-protein functional associations, assigned with
different colour codes, as follows: a blue edge indicates known interactions from curated databases, a pink edge indicates known
interactions that have been experimentally determined, a green edge indicates predicted interactions in the gene neighbourhood, a red
edge indicates predicted interactions for gene fusions, a blue-ink edge indicates predicted interactions for gene cooccurrences, a light-
green edge indicates other interactions derived from text mining, and a black edge indicates gene coexpression derived from other
databases. Abbreviations: CYP24A1: calcitriol, 1,25-dihydroxyvitamin D3, and 1,25OH2D3; SPP1: osteopontin, OPN; TNFRSF11B:
osteoprotegerin, OPG; BGLAP: osteocalcin, OC; CXCL8: IL-8, interleukin-8; GC: vitamin D binding protein, DBP; VDR: vitamin D receptor.
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Since CKD commonly arises alongside other comorbidi-
ties (such as hypertension, diabetes, and CVD) and the diag-
nosis of isolated CKD represents the exception rather than
the rule, an integrative patient assessment is the best clinical
approach [47]. Detailed characterisation of kidney disease is
needed to better understand the molecular relationships
underlying the pathophysiology of disease and to design
CKD biomarker patterns characteristic of the various CKD
stages, thus moving towards personalised care for each indi-
vidual patient.

A potential limitation of our study is its cross-sectional
design, given the relatively small number of patients included
in our study. Therefore, further intense research is necessary
to completely decipher the underlying mechanisms behind
the connections between the analysed molecules in order to
better characterise the cytokine patterns in CKD.

4. Conclusions

As highlighted in our study, a functional interplay occurs
between markers of inflammation and MBDs in CKD
depending on disease severity. In spite of the advances in
CKD pathophysiology, there is an emerging need for novel
biomarkers to better characterise the different patterns of
nephropathy at each CKD stage. Out of all the analysed mol-
ecules, Dkk-1 and calcitriol were found to significantly corre-
late with CKD clinical staging, exhibiting the lowest levels in
CKD stage 4. Since inflammation has emerged at the core of
the pathophysiology of CKD, our results revealed significant
correlations between Dkk-1 and calcitriol and proinflamma-
tory cytokines, starting with the early CKD stages. The MBD
biomarkers OPG, OPN, OC, and FGF-23 were significantly
correlated with Dkk-1 and calcitriol, as well as with the medi-
ators of inflammation IL-6 and TNFα. In view of these find-
ings, Dkk-1 and calcitriol could be considered as potential
useful biomarkers for CKD severity. Nevertheless, further
studies are needed to clearly unravel the complex networking
between Dkk-1, calcitriol, the mediators of inflammation,
and MBD markers to design promising biomarker patterns
for CKD, starting with its early stages.
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Background. The ratio of early mitral inflow velocity to the global diastolic strain rate (E/E’sr) and global longitudinal systolic strain
(GLS) of the left ventricle (LV) are emerging indices of diastolic and systolic functions, respectively, for the LV. Their prognostic
significance in the prediction of mortality and cardiovascular (CV) outcomes remains underexplored in hemodialysis (HD)
patients. Methods. This prospective study included 190 maintenance HD patients. The E/E’sr ratio and GLS were assessed using
two-dimensional speckle tracking echocardiography. The clinical outcomes included overall mortality, CV mortality, and major
adverse cardiovascular events (MACE). The associations between the E/E’sr ratio, GLS, and clinical outcomes were evaluated
using multivariate Cox regression analysis. The incremental values of the E/E’sr ratio and GLS in outcome prediction were
assessed by χ2 changes in Cox models. Results. Over a median follow-up period of 3.7 years, there were 35 overall deaths, 16 CV
deaths, and 45 MACE. Impaired diastolic function with a higher E/E’sr ratio was associated with overall mortality (HR, 1.484;
95% CI, 1.201−1.834; p < 0 001), CV mortality (HR, 1.584; 95% CI, 1.058–2.371; p = 0 025), and MACE (HR, 1.205; 95% CI,
1.040−1.397; p = 0 013) in multivariate adjusted Cox analysis. Worsening GLS was associated with overall mortality (HR, 1.276;
95% CI, 1.101−1.480; p = 0 001), CV mortality (HR, 1.513; 95% CI, 1.088−2.104; p = 0 014), and MACE (HR, 1.214; 95% CI,
1.103−1.337; p < 0 001). The E/E’sr ratio and GLS had better outcome prediction than the E to early diastolic mitral annular
velocity (E/E’) ratio and left ventricular ejection fraction (LVEF). Moreover, adding the E/E’sr ratio and GLS to Cox models
containing relevant clinical and conventional echocardiographic parameters improved the prediction of overall mortality
(p < 0 001), CV mortality (p < 0 001), and MACE (p < 0 001). Conclusion. The E/E’sr ratio and GLS, as emerging indices of LV
diastolic and systolic functions, significantly predict mortality and CV outcomes and outperform conventional echocardiographic
parameters in outcome prediction in HD patients.
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1. Introduction

Cardiovascular (CV) disease is the leading cause of mor-
tality in patients undergoing hemodialysis (HD) [1]. Higher
prevalence of traditional risk factors and functional abnor-
malities of the heart may contribute to this high CV risk in
end-stage renal disease (ESRD) [2, 3]. Pressure and volume
overload could cause such cardiac abnormalities [4, 5].
Two-dimensional (2D) speckle tracking echocardiography
(STE) allows for angle-independent quantification of myo-
cardial deformation to more accurately reflect systolic and
diastolic performances of all myocardial segments [6, 7].

2D STE can assess the left ventricular (LV) early global
diastolic strain rate (E’sr). Furthermore, the early mitral
inflow velocity (E) to E’sr ratio has been reported to be an
emerging index of LV diastolic function [8, 9] and is strongly
correlated with invasively measured LV filling pressure [10–
12]. The E/E’sr ratio is associated with unfavorable outcomes
among patients with acute myocardial infarction [13] and
systolic heart failure [14]. Global LV longitudinal systolic
strain (GLS) has been recognized as a proper indicator of
LV systolic function [7, 15]. Less negative GLS is associated
with an increased risk of death in patients undergoing dialy-
sis [16, 17]. However, the associations between the E/E’sr
ratio and the risk of mortality and CV outcomes have never
been investigated in chronic HD patients. Therefore, this
study is aimed at examining the prognostic significance of
the E/E’sr ratio and GLS in the prediction of overall mortal-
ity, CV mortality, and major adverse cardiovascular events
(MACE) in maintenance HD patients. We further explored
whether the emerging indices of LV diastolic and systolic
functions outperformed the conventional echocardiographic
parameters in the prediction of mortality and CV outcomes.

2. Materials and Methods

2.1. Study Patients. The inclusion criterion of the present
study was patients with maintenance hemodialysis HD >
3 months at the outpatient HD unit. This study enrolled
219 maintenance HD patients at a regional hospital in Tai-
wan from March to October 2014. Patients with refusal of
examinations (n = 18), lack of STE measurements (n = 7),
and atrial fibrillation (n = 4) were excluded. No patient
was excluded because of poor echogenicity. Overall, 190
study patients were included (Figure 1). The study adhered
to the Declaration of Helsinki and was approved by the
Institutional Review Board of Kaohsiung Medical Univer-
sity Hospital, and all participants provided their written
informed consent.

2.2. Echocardiographic Measurements. Patients received
echocardiographic measurements in the left decubitus posi-
tion by one well-experienced cardiologist, using a Vivid 7
system (GE Vingmed Ultrasound AS, Horten, Norway).
The cardiologist was blind to patients’ clinical information.
Early diastolic velocities (E’) of lateral and septal mitral
annuli were averaged using Doppler tissue imaging to calcu-
late the E/E’ ratio. The LV ejection fraction (LVEF) and LV
mass were calculated using the biplane Simpson’s and Dever-
eux’s methods, respectively [6]. The LV mass index (LVMI)

was calculated as LV mass divided by the body surface area.
Left atrial volume was calculated using the biplane area-
length method. The left atrial volume index (LAVI) was
defined as left atrial volume divided by the body surface area.
Relative wall thickness was calculated by 2 × posterior wall
thickness in diastole /LV diastolic diameter. All volumetric
measurements and analyses were performed in accordance
with EAE/ASE recommendations [6].

LV apical two- and four-chamber and long-axis views
were obtained. The endocardial border was defined manu-
ally, and epicardial surface tracing was automatically per-
formed by the system to create a region of interest [18].
The LV chamber was divided into six segments, with their
strain and strain rate curves being analyzed. The peak seg-
mental longitudinal systolic strain and early diastolic strain
rates were determined from these curves (Figure 2). The
E’sr and GLS were assessed and averaged in 18 LV segments
from the three standard apical views (four-, two-, and three-
chamber views). All the 18 speckle tracking segments were
kept into the analysis in all patients. LV dimensions, LVEF,
LAVI, LVMI, E’sr, and GLS were measured from the index
beat [9, 19, 20]. A single beat was analyzed each time, and
the values from three cardiac cycles were average to obtain
each index. All STE data were recorded and analyzed offline
using EchoPAC version 08.

2.3. Assessment of the Ankle-Brachial Index (ABI) and
Brachial-Ankle Pulse Wave Velocity (baPWV). ABI and
baPWV were measured 10−30minutes before the HD ses-
sion using an ABI-form analyzer (Colin VP1000, Komaki,
Japan) which simultaneously measured blood pressure in
both arms and ankles. ABI was calculated as systolic blood
pressure of the ankles divided by systolic blood pressure of
the arms. The baPWV was automatically calculated as the

Patients with maintenance
HD treatment > 3 months at

outpatient HD unit
n = 219

Final study patients
n = 190

Refusal of study or examination
n = 18

Patients with atrial fibrillation
n = 4

Lack of speckle tracking
echocardiography measurements

n = 7

Figure 1: Flowchart of participants analyzed in this study.

2 Disease Markers



transmission distance divided by the transmission time. The
ABI is a simple and noninvasive test for establishing the diag-
nosis of peripheral artery disease (PAD) and a marker of gen-
eralized atherosclerosis, which are prevalent among HD
patients and associated with worse clinical outcomes [21].
PAD was defined as an ABI < 0 95 [22, 23].

2.4. Evaluation of Aortic Arch Calcification (AoAC) and the
Cardiothoracic Ratio by Chest X-Rays. An experienced radi-
ologist blind to the patients’ clinical information reviewed
their chest X-rays and assessed AoAC using the scale pro-
posed by Ogawa et al. [24]. The aortic arch was divided into
16 sections on the chest X-rays, and the number of sections
with calcification was counted. The cardiothoracic ratio,
assessed by the radiologist, was defined as the ratio of the
transverse diameter of the cardiac shadow to the transverse
diameter of the chest on the chest X-rays.

2.5. Demographic, Medical, and Laboratory Data. Demo-
graphic and medical data including age, gender, and comor-
bidities were obtained from patients’ medical records and
interviews. Laboratory tests were conducted using overnight
fasting blood samples obtained within 1 month of enroll-
ment. Information of the use of medications, including
angiotensin-converting enzyme (ACE) inhibitors, angioten-
sin II receptor blockers (ARBs), β-blockers, and statins, was
obtained from medical records.

2.6. Definition of Overall Mortality, CV Mortality, and
MACE. All study patients’ medical records and hospital
courses were reviewed by two cardiologists to define the
cause of death and MACE. CV mortality was defined as
sudden cardiac death, fatal myocardial infarction, ventricular
arrhythmia, fatal stroke, and heart failure. MACE was
defined as follows: hospitalization for unstable angina, nonfa-
tal myocardial infarction, sustained ventricular arrhythmia,
hospitalization for congestive heart failure, transient ische-
mia attack or stroke, hospitalization for peripheral artery
occlusive disease, and CV death [25]. If the patients experi-
enced more than one MACE, only the first was analyzed.

The model for MACE was censored at the development of
MACE or the end of follow-up. All patients were followed
until December 31, 2017, or the study endpoint (overall or
CV mortality).

2.7. Statistical Analysis. All statistical analyses were carried
out using SPSS version 19.0 (SPSS Inc., Chicago, IL, USA)
for Windows. Data are expressed as percentages, mean ±
standard deviation, or median (25th–75th percentile) for the
dialysis vintage, triglycerides, high-sensitivity C-reactive pro-
tein (hs-CRP), and AoAC. The study patients were stratified
into three groups according to tertiles of the E/E’sr ratio, with
the 1st tertile as the reference category. Multiple comparisons
among the study groups were performed using one-way anal-
ysis of variance followed by the post hoc Bonferroni test.
These study patients were also classified into two groups
according to a preserved GLS (≤−16%) or impaired GLS
(>−16%) [26, 27]. Differences between groups were analyzed
using the chi-square test for categorical variables and the
independent t-test for continuous variables. Cox propor-
tional hazards analysis was performed to evaluate the asso-
ciations between the E/E’sr ratio and GLS and development
of overall mortality, CV mortality, or MACE. The adjusted
covariates included age, sex, dialysis vintage, diabetes mel-
litus (DM), coronary artery disease, cerebrovascular dis-
ease, body mass index, systolic blood pressure, ABI < 0 95,
baPWV, the cardiothoracic ratio, AoAC, albumin, triglyc-
erides, total cholesterol, hemoglobin, creatinine, calcium-
phosphorous product, hs-CRP, and the use of ACE inhibitors
or ARBs, β-blockers, and statins. Survival curves for cumula-
tive probability of overall mortality, CVmortality andMACE
were illustrated using the Kaplan-Meier method and com-
pared among mentioned groups of patients by the log-rank
test. Direct comparisons between the E/E’ ratio and the
E/E’sr ratio, as well as GLS and LVEF, were performed using
multivariate models and assessed by changes in χ2. Incre-
mental model performance of the E/E’sr ratio and GLS over
clinical and echocardiographic variables was assessed by
comparing the model χ2 at each step. A p value<0.05 was
considered statistically significant.
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Figure 2: A representative example of measurements of global longitudinal strain (a) and the early global diastolic strain rate (b) from the
curves of longitudinal strain and the strain rate of six segments of the left ventricle in the apical two-chamber view. AVC: aortic valve
closure; E’sr: early global diastolic strain rate.
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3. Results

A total of 190 study patients were included. The mean age
was 60 7 ± 11 7 years, and there were 98 males and 92
females. The mean values of the E/E’sr ratio and GLS were
64 5 ± 25 5 cm and −16 8 ± 4 1%, respectively. The patients
were stratified into three groups according to tertiles of the
E/E’sr ratio (<50.4 cm, 50.4–67.9 cm, and >67.9 cm). Patients
belonging to the 3rd tertile of the E/E’sr ratio had higher
prevalence of DM and coronary artery disease, higher car-
diothoracic ratio, higher AoAC, lower serum creatinine,
higher prevalence of ACE inhibitors or ARB and β-blocker
use, higher LAVI, higher LVMI, lower LVEF, higher E/E’
ratio, higher E/A ratio, lower E’ wave, lower E’sr, and less
negative GLS compared to patients in the 1st tertile of the
E/E’sr ratio (Table 1).

Table 2 shows the comparison of baseline characteristics
between patients with preserved GLS (≤−16%) or impaired
GLS (>−16%). Compared to patients with preserved GLS,
those with impaired GLS had higher prevalence of DM, cor-
onary artery disease, and cerebrovascular disease; higher sys-
tolic blood pressure; higher prevalence of ABI < 0 95; higher
AoAC; higher hemoglobin; higher calcium-phosphorous
product; higher LVMI; lower LVEF; lower E’ wave; lower
E’sr; and higher E/E’sr ratio.

As shown in Figure 3(a), the cumulative incidence rates
of overall mortality, CV mortality, and MACE were highest
among patients in the 3rd tertile of the E/E’sr ratio, interme-
diate among those in the 2nd tertile and lowest among those
in the 1st tertile (p < 0 001 for the trend). The incidence rates
of overall mortality (p = 0 006), CV mortality (p = 0 024),
and MACE (p < 0 001) were higher among patients with
impaired GLS in comparison with those with preserved
GLS (Figure 3(b)).

3.1. Risk of Overall Mortality. Over a median follow-up of 3.7
years (interquartile range: 3.3-3.8 years), there were 35
(18.4%) deaths, including fatal CV events (n = 16), sepsis or
septic shock (n = 15), gastrointestinal bleeding (n = 2), malig-
nancy (n = 1), and liver failure (n = 1) among study patients.
The Kaplan-Meier curves for the cumulative probability of
overall mortality according to tertiles of the E/E’sr ratio
(Figure 4(a)) show substantially higher probability of overall
mortality among patients in the 3rd tertile of the E/E’sr ratio
compared to patients in the 1st or 2nd tertile of the E/E’sr ratio
(p < 0 001 by the log-rank test). As shown in Figure 5(a),
patients with impaired GLS had higher probability of overall
mortality compared to those with preserved GLS (p = 0 005
by the log-rank test).

Table 3 displays the hazard ratios (HR) of the E/E’sr ratio
and GLS for overall mortality with and without adjustment for
demographic, clinical, biochemical factors. A high E/E’sr ratio
(per 10cm) was significantly associated with overall mortality
in the unadjusted model (HR, 1.191; 95% confidence interval
(CI), 1.090−1.301; p < 0 001), in the age- and sex-adjusted
model (HR, 1.185; 95% CI, 1.074−1.308; p = 0 001), and in
the multivariable model adjusted for age, sex, dialysis vin-
tage, DM, coronary artery disease, cerebrovascular disease,
BMI, systolic blood pressure, ABI < 0 95, baPWV, cardio-

thoracic radio, AoAC, albumin, triglycerides, total cholesterol,
hemoglobin, creatinine, calcium-phosphorous product, and
hs-CRP. This association holds significant (HR, 1.484; 95%
CI, 1.201−1.834; p < 0 001) after being further adjusted for
medication use of ACE inhibitors or ARBs, β-blockers,
and statins.

Furthermore, GLS (per 1%) was significantly associated
with overall mortality in the unadjusted model (HR, 1.127;
95% CI, 1.043−1.219; p = 0 003), in the age- and sex-
adjusted model (HR, 1.139; 95% CI, 1.046−1.239; p = 0 003),
and in the full multivariable adjusted model (HR, 1.276; 95%
CI, 1.101−1.480; p = 0 001).

3.2. Risk of CV Mortality. Sixteen (8.4%) CV deaths were
recorded during the follow-up period, including sudden car-
diac death (n = 8), myocardial infarction (n = 4), ventricular
arrhythmia (n = 1), fatal stroke (n = 2), and heart failure
(n = 1). The Kaplan-Meier curves (Figure 4(b)) show higher
cumulative probability of CV mortality among patients in
the 3rd tertile of the E/E’sr ratio compared to patients in the
1st or 2nd tertile of the E/E’sr ratio (p < 0 001 by the log-rank
test). Figure 5(b) shows that compared to patients with pre-
served GLS, those with impaired GLS had higher cumulative
probability of CV mortality (p = 0 017 by the log-rank test).

As shown in Table 3, a high E/E’sr ratio (per 10 cm) was
associated with CV mortality in the unadjusted model (HR,
1.271; 95% CI, 1.135−1.423; p < 0 001), in the age- and sex-
adjusted model (HR, 1.261; 95% CI, 1.112−1.429; p < 0 001),
and in the full multivariable adjusted model (HR, 1.584;
95% CI, 1.058−2.371; p = 0 025). GLS (per 1%) was associ-
ated with CV mortality in the unadjusted model (HR,
1.202; 95% CI, 1.075−1.343; p = 0 001), in the age- and sex-
adjusted model (HR, 1.208; 95% CI, 1.072−1.360; p = 0 002),
and in the full multivariable adjusted model (HR, 1.513;
95% CI, 1.088−2.104; p = 0 014).

3.3. Risk of MACE. Forty-five (23.7%) MACE were docu-
mented during the follow-up period, including hospitalization
for heart failure (n = 5), coronary artery disease (n = 12),
ventricular arrhythmia (n = 3), stroke (n = 3), peripheral
artery disease (n = 6), and CV deaths (n = 16). As shown in
Figures 4(c) and 5(c), patients in the 3rd tertile of the E/E’sr
ratio had higher cumulative probability of MACE compared
to patients in the 1st or 2nd tertile of the E/E’sr ratio (p < 0 001
by the log-rank test) and higher cumulative probability
of MACE among patients with impaired GLS compared
to those with preserved GLS over the follow-up period
(p < 0 001 by the log-rank test).

Table 3 shows that the high E/E’sr ratio (per 10 cm) was
associated with MACE in the unadjusted model (HR, 1.188;
95% CI, 1.101−1.282; p < 0 001) and in the full multivariable
adjusted model (HR, 1.205; 95% CI, 1.040−1.397; p = 0 013).
GLS (per 1%) was associated with MACE in the unadjusted
model (HR, 1.174; 95% CI, 1.100−1.254; p < 0 001) and in
the full multivariable adjusted model (HR, 1.214; 95% CI,
1.103−1.337; p < 0 001).

3.4. Comparison of the E/E’ Ratio and the E/E’sr Ratio to
Overall Mortality, CV Mortality, and MACE. As shown in
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Table 4, the addition of the E/E’ ratio to the basic model
(comprises age, sex, dialysis vintage, DM, coronary artery
disease, cerebrovascular disease, BMI, systolic blood pressure,
ABI < 0 95, baPWV, cardiothoracic ratio, AoAC, album, tri-

glycerides, total cholesterol, hemoglobin, creatinine, calcium-
phosphorous product, hs-CRP, and the use of ACE inhibitors
or ARBs, β-blockers, and statins) did not significantly
improve the prediction for overall mortality, CV mortality,

Table 1: Comparison of baseline characteristics among patients according to tertiles of the E/E’sr ratio.

Characteristics
1st tertile of E/E’sr ratio
(<50.4 cm) (n = 63)

2nd tertile of E/E’sr ratio
(50.4–67.9 cm) (n = 63)

3rd tertile of E/E’sr ratio
(>67.9 cm) (n = 64) p

Age (year) 58 6 ± 10 6 60 6 ± 13 3 63 2 ± 11 0 0.083

Male gender (%) 49.2 47.6 57.8 0.465

Dialysis vintage (year) 7.6 (3.7–12.5) 6.6 (2.9–13.0) 6.3 (1.9–9.7) 0.346

Diabetes mellitus (%) 31.7 39.7 65 6∗† <0.001
Coronary artery disease (%) 3.2 11.1 28 1∗† <0.001
Cerebrovascular disease (%) 9.5 7.9 10.9 0.846

Body mass index (kg/m2) 23 1 ± 3 1 23 8 ± 4 7 24 1 ± 3 6 0.344

Systolic blood pressure (mmHg) 150 3 ± 29 9 157 4 ± 28 7 159 3 ± 23 6 0.203

Heart rate (beat/min) 79 3 ± 11 3 79 8 ± 11 0 75 7 ± 11 1 0.075

ABI < 0 95 (%) 25.4 31.7 40.6 0.105

baPWV (cm/s) 1792 9 ± 533 9 2056 0 ± 546 4∗ 1921 7 ± 516 2 0.037

Cardiothoracic ratio (%) 48 1 ± 5 7 49 4 ± 5 9 51 5 ± 6 5∗ 0.007

AoAC 0 (0–3.8) 3 (0–7) 3 (0-7)∗ 0.003

Laboratory parameters

Albumin (g/dL) 3 8 ± 0 3 3 8 ± 0 3 3 9 ± 0 3 0.846

Triglycerides (mg/dL) 125.0 (81–209) 111.0 (82–199) 142.5 (95.3–225.3) 0.647

Total cholesterol (mg/dL) 184 5 ± 39 2 172 7 ± 35 2 176 6 ± 45 1 0.247

Hemoglobin (g/dL) 10 4 ± 1 0 10 5 ± 1 3 10 6 ± 1 4 0.640

Creatinine (mg/dL) 9 9 ± 2 0 9 9 ± 2 5 8 9 ± 2 3∗† 0.020

Calcium-phosphorous product (mg2/dL2) 40 1 ± 10 2 40 8 ± 12 7 44 5 ± 11 5 0.077

hs-CRP (mg/L) 1.9 (0.8–5.4) 2.9 (0.9–6.6) 3.0 (1.0–7.2) 0.554

Medications

ACE inhibitors or ARBs (%) 11.1 15.9 39 1∗† <0.001
β-Blockers (%) 9.5 17.5 37 5∗† <0.001
Statins (%) 20.6 19.0 26.6 0.560

Echocardiographic data

LAVI (mL/m2) 27 9 ± 8 6 33 2 ± 10 6∗ 39 1 ± 12 7∗† <0.001
LVMI (g/m2) 113 2 ± 31 1 136 1 ± 33 4∗ 157 6 ± 48 3∗† <0.001
LVEF (%) 68 2 ± 8 7 68 0 ± 8 0 63 8 ± 12 3∗ 0.019

Relative wall thickness 0 42 ± 0 09 0 43 ± 0 09 0 41 ± 0 12 0.607

E/E’ ratio 9 3 ± 3 1 12 6 ± 5 1 21 2 ± 12 6∗† <0.001
E/A ratio 0 74 ± 0 20 0 84 ± 0 26 1 00 ± 0 44∗† <0.001
Deceleration time (ms) 179 9 ± 65 2 188 4 ± 51 7 194 9 ± 67 3 0.393

E’ wave (cm/s) 7 3 ± 2 0 7 1 ± 2 5 5 6 ± 2 0∗† <0.001
E’sr (1/s) 1 5 ± 0 4 1 4 ± 0 3∗ 1 1 ± 0 3∗† <0.001
E/E’sr ratio (cm) 43 2 ± 5 4 57 8 ± 4 8∗ 92 1 ± 25 1∗† <0.001
GLS (%) −18 4 ± 3 9 −17 2 ± 3 7 −14 9 ± 3 9∗† <0.001

ABI: ankle-brachial index; baPWV: brachial-ankle pulse wave velocity; AoAC: aortic arch calcification score; hs-CRP: high-sensitivity C-reactive protein; ACE:
angiotensin-converting enzyme; ARB: angiotensin II receptor blocker; LAVI: left atrial volume index; LVMI: left ventricular mass index; LVEF: left ventricular
ejection fraction; E: peak early transmitral filling wave velocity; E’: early diastolic velocity of lateral mitral annulus; E’sr: global diastolic strain rate; GLS: global
left ventricular longitudinal systolic strain. ∗p < 0 05 compared with the 1st tertile of the E/E’sr ratio; †p < 0 05 compared with the 2nd tertile of the E/E’sr ratio.
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and MACE. In contrast, the addition of the E/E’sr ratio to the
basic model showed significant improvement of the predic-
tion for overall mortality (χ2 change = 13 914, p < 0 001),
CV mortality (χ2 change = 6 833, p = 0 009), and MACE
(χ2 change = 5 424, p = 0 020).

3.5. Comparison of LVEF and GLS to Overall Mortality,
CV Mortality, and MACE. As shown by a direct compar-
ison in Table 4, the addition of LVEF to the basic model
did not significantly improve the outcome prediction.
However, the addition of GLS to the basic model showed

Table 2: Comparison of baseline characteristics between patients with preserved GLS (≤−16%) or impaired GLS (>−16%).

Characteristics
Preserved GLS (≤−16%)

(n = 110)
Impaired GLS (>−16%)

(n = 80) p

Age (year) 60 4 ± 11 8 61 4 ± 11 8 0.565

Male gender (%) 48.2 56.3 0.272

Dialysis vintage (year) 6.9 (2.6–12.5) 6.4 (2.5–10.2) 0.266

Diabetes mellitus (%) 34.5 61.3 <0.001
Coronary artery disease (%) 7.3 23.8 0.001

Cerebrovascular disease (%) 5.5 15.0 0.027

Body mass index (kg/m2) 23 3 ± 3 4 24 2 ± 4 4 0.133

Systolic blood pressure (mmHg) 151 5 ± 27 4 160 8 4 ± 27 3 0.032

Heart rate (beat/min) 76 9 ± 11 2 80 1 ± 11 1 0.055

ABI < 0 95 (%) 24.5 43.8 0.039

baPWV (cm/s) 1876 3 ± 499 6 1983 9 ± 583 5 0.207

Cardiothoracic ratio (%) 49 6 ± 6 3 49 9 ± 6 1 0.744

AoAC 2 (0–5) 3 (0–7) 0.022

Laboratory parameters

Albumin (g/dL) 3 8 ± 0 3 3 9 ± 0 3 0.584

Triglycerides (mg/dL) 115.5 (88.8–211) 136.5 (82–199.8) 0.942

Total cholesterol (mg/dL) 178 1 ± 41 1 177 7 ± 39 1 0.938

Hemoglobin (g/dL) 10 3 ± 1 1 10 7 ± 1 3 0.028

Creatinine (mg/dL) 9 7 ± 2 4 9 4 ± 2 2 0.404

Calcium-phosphorous product (mg2/dL2) 40 1 ± 11 6 44 2 ± 11 2 0.016

hs-CRP (mg/L) 2.2 (0.9–5.4) 3.1 (1.2–8.6) 0.227

Medications

ACE inhibitors or ARBs (%) 19.1 26.3 0.240

β-Blockers (%) 20.0 23.8 0.535

Statins (%) 20.0 25.0 0.412

Echocardiographic data

LAVI (mL/m2) 34 6 ± 12 5 31 8 ± 10 3 0.113

LVMI (g/m2) 129 9 ± 40 5 143 8 ± 43 7 0.026

LVEF (%) 69 9 ± 7 6 62 2 ± 11 2 <0.001
Relative wall thickness 0 42 ± 0 09 0 42 ± 0 11 0.788

E/E’ ratio 13 3 ± 7 7 15 9 ± 11 4 0.077

E/A ratio 0 89 ± 0 29 0 82 ± 0 38 0.155

Deceleration time (ms) 190 0 ± 61 2 184 7 ± 62 9 0.788

E’ wave (cm/s) 7 4 ± 2 2 5 7 ± 2 0 <0.001
E’sr (1/s) 1 55 ± 0 35 1 08 ± 0 24 <0.001
E/E’sr ratio (cm) 58 3 ± 21 3 73 0 ± 28 3 <0.001
GLS (%) −19 6 ± 2 4 −13 1 ± 2 6 <0.001

ABI: ankle-brachial index; baPWV: brachial-ankle pulse wave velocity; AoAC: aortic arch calcification score; hs-CRP: high-sensitivity C-reactive protein; ACE:
angiotensin-converting enzyme; ARB: angiotensin II receptor blocker; LAVI: left atrial volume index; LVMI: left ventricular mass index; LVEF: left ventricular
ejection fraction; E: peak early transmitral filling wave velocity; E’: early diastolic velocity of lateral mitral annulus; E’sr: global diastolic strain rate; GLS: global
left ventricular longitudinal systolic strain.
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significant improvement of the prediction for overall mortality
(χ2 change = 12 007, p = 0 001), CV mortality (χ2 change =
10 189, p = 0 001), and MACE (χ2 change = 15 682, p <
0 001).

3.6. Incremental Value of the E/E’sr Ratio and GLS in Relation
to Overall Mortality, CV Mortality, and MACE. The incre-
mental values of the E/E’sr ratio and GLS in the prediction
of overall mortality, CV mortality, and MACE are shown in
Figures 6(a)–6(c), respectively. The addition of the echo
model (comprises LAVI, LVMI, LVEF, and the E/E’ ratio)
to the basic model did not result in a significant improvement
in the prediction of adverse outcomes. Moreover, the addi-
tion of the E/E’sr ratio and GLS to the basic model plus the

echo model resulted in a further significant improvement in
the prediction of overall mortality (p < 0 001), CV mortality
(p < 0 001), and MACE (p < 0 001).

4. Discussion

In this study, we found that the higher E/E’sr ratio and GLS
were independently associated with increased risk of overall
mortality, CV mortality, and MACE in HD patients. The
E/E’sr ratio was better than the E/E’ ratio, and GLS was
better than LVEF in predicting adverse outcomes. Further-
more, the E/E’sr ratio and GLS had significant incremental
prognostic values beyond clinical and conventional echo-
cardiographic parameters.
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Figure 3: Incidence rates of overall mortality, CV mortality, and MACE over a median of 3.7 years among patients stratified by E/E’sr tertiles
(a) and between patients with preserved GLS (≤−16%) or impaired GLS (>−16%) (b).
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An important finding of this study highlights that the
E/E’sr ratio is a novel risk factor for overall mortality,
CV mortality, and MACE in patients undergoing HD. At
present, the E/E’ ratio is a recommended modality to assess
LV diastolic function [8, 28] and associated with mortality
in HD patients [29] but it still has some drawbacks such as
angle dependency and risk of errors with angulations > 20°.
The E’sr obtained by STE from the whole left ventricle could
overcome these limitations and more accurately represent
global LV relaxation. Thus, the E/E’sr ratio correlates the
LV filling pressures better than the E/E’ ratio does [10, 11].
The deformation-based E/E’sr ratio provides more important
information with regard to global myocardial relaxation than

the velocity-based E/E’ ratio, and the E/E’sr ratio was
independently associated with adverse outcomes in several
disease states and the general population [14, 30–32]. Fur-
thermore, we found the superiority of the E/E’sr ratio over
the E/E’ ratio in predicting mortality and CV outcomes and
the incremental prognostic value of the E/E’sr ratio and
GLS over the conventional echocardiographic parameters in
HD patients. The E’sr angle independently detects subtle
myocardial motion, and it more precisely reflects LV global
diastolic function compared with the E/E’ ratio [32].

Evaluating LV systolic function is fundamental on echo-
cardiography [6], and LVEF remains the most widely utilized
indicator. Technical limitations in the measurement of LVEF
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Figure 4: Kaplan-Meier curves for cumulative probability of overall mortality (log-rank p < 0 001) (a), CVmortality (log-rank p < 0 001) (b),
and MACE (log-rank p < 0 001) (c) among patients stratified by E/E’sr tertiles.
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include suboptimal endocardial definition and the formulas
that make assumptions with regard to the geometry of the left
ventricle [33]. Furthermore, LVEF as a measure of contractil-
ity is affected by load dependency and LVEF is insensitive to
identify the subtle degree of systolic dysfunction in patients
with LVEF > 45% [34]. As a result, the association between
LVEF and mortality was inconsistent in certain studies [34,
35]. Our study indicates the independent effect of GLS on
overall mortality, CVmortality, andMACE, and GLS outper-
formed LVEF in predicting unfavorable outcomes in chronic
HD patients. These findings are in line with previous studies
on nondialyzed CKD and on ESRD patients [16, 17, 27, 36].
GLS can assess the function of longitudinally orientated
myofibers, which are most vulnerable because of their suben-
docardial location. Although GLS is load dependent, GLS is
sensitive to detect early subendocardial changes with better

reproducibility than LVEF and reflect the extent of myocar-
dial fibrosis and uremic cardiomyopathy, even in those with
preserved LVEF [16, 17, 37].

Another important finding is that the addition of the
E/E’sr ratio and GLS to models containing markers of ath-
erosclerosis and conventional indicators for LV systolic
and diastolic functions as risk factors of mortality in HD
patients [2, 21, 38, 39] offered incremental value in the
prediction of adverse outcomes. The speckle tracking
imaging is based on frame-by-frame tracking of the dis-
placement of speckles within the myocardium during the
cardiac cycle and subsequent measurement of LV defor-
mations. This technique makes it independent on imaging
factors including reverberation artifacts and attenuation.
Thus, the E/E’sr ratio and GLS may be more representa-
tive of global LV function. Therefore, we suggest that the

0.4

0.3

0.2

0.1

0.0
0

Number at risk
Preserved GLS
Impaired GLS

110
80

109
79

107
77

106
71

105
67

102
63

99
60

70
47

6 12 18 24

Follow-up time (months)

Pr
ob

ab
ili

ty
 o

f o
ve

ra
ll 

m
or

ta
lit

y

30 36 42 48

Preserved GLS (≤ −16%)

Impaired GLS (> −16%)

log-rank p = 0.005

(a)

0

Number at risk (number of CV mortality)
Preserved GLS
Impaired GLS

110 (0)
80 (0)

109 (1)
79 (1)

107 (1)
77 (1)

106 (0)
71 (2)

105 (0)
67 (1)

102 (0)
63 (4)

99 (3)
60 (2)

70 (0)
47 (0)

6 12 18 24
Follow-up time (months)

Pr
ob

ab
ili

ty
 o

f C
V

 m
or

ta
lit

y

30 36 42 48

Preserved GLS (≤ −16%)

Impaired GLS (> −16%)

log-rank p = 0.017

0.20

0.15

0.10

0.05

0.00

(b)

Number at risk
Preserved GLS
Impaired GLS

110
80

107
74

105
70

102
63

101
60

98
56

94
51

67
34

Preserved GLS (≤ –16%)
Impaired GLS (> –16%)

0.6

0.5

0.4

0.3

0.2

0.1

0.0
0 6 12 18 24

Follow-up time (months)

Pr
ob

ab
ili

ty
 o

f M
A

CE

30 36 42 48

log-rank p < 0.001

(c)

Figure 5: Kaplan-Meier curves for cumulative probability of overall mortality (log-rank p = 0 005) (a), CVmortality (log-rank p = 0 017) (b),
and MACE (log-rank p < 0 001) (c) in patients with preserved GLS (≤−16%) or impaired GLS (>−16%).
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E/E’sr ratio and GLS should be measured during echocar-
diographic examinations to provide important prognostic
information for chronic HD patients.

There are several limitations in the present study. First,
the number of study patients is relatively small and the
observation period may be not long enough. Second, the
echocardiographic parameters were measured from the
index beat. This method has been proved to be as accurate

as the time-consuming method of averaging echocardio-
graphic parameters from multiple cardiac cycles [9, 19].
Third, 2D STE generates longitudinal, radial, and circumfer-
ential deformation measurements and LV twist [40]. How-
ever, only E’sr and GLS were measured and analyzed in this
study. The comparisons between these parameters with
radial and circumferential strains and LV twist in predicting
outcomes are warranted in the future study.

Table 4: Comparisons of the E/E’ ratio with the E/E’sr ratio and LVEF with GLS in the prediction of overall mortality, CV mortality, and
MACE.

Overall mortality CV mortality MACE
χ2 change p χ2 change p χ2 change p

Basic model+E/E’ ratio 0.509 0.476 0.005 0.943 0.422 0.516

Basic model+E/E’sr ratio 13.914 <0.001 6.833 0.009 5.424 0.020

Basic model+LVEF 0.484 0.487 1.234 0.267 1.167 0.280

Basic model+GLS 12.007 0.001 10.189 0.001 15.682 <0.001
p value was based on the incremental value compared with the basic model adjusted for age, sex, dialysis vintage, diabetes mellitus, coronary artery disease,
cerebrovascular disease, body mass index, systolic blood pressure, ABI < 0 95, baPWV, cardiothoracic ratio, AoAC, albumin, triglycerides, total cholesterol,
hemoglobin, creatinine, calcium-phosphorous product, hs-CRP, and the use of ACE inhibitors or ARBs, beta-blockers, and statins.

Table 3: Associations of the E/E’sr ratio and GLS with overall mortality, CVmortality, andMACE using the Cox proportional hazards model.

Overall mortality CV mortality MACE
HR (95% CI) p HR (95% CI) p HR (95% CI) p

E/E’sr ratio (per 10 cm)

Crude 1.191 (1.090–1.301) <0.001 1.271 (1.135–1.423) <0.001 1.188 (1.101–1.282) <0.001
Age and sex adjusted 1.185 (1.074–1.308) 0.001 1.261 (1.112–1.429) <0.001 1.175 (1.083–1.274) <0.001
Model 1 adjusted 1.392 (1.147–1.690) 0.001 1.476 (1.068–2.040) 0.018 1.188 (1.029–1.372) 0.019

Model 2 adjusted 1.484 (1.201–1.834) <0.001 1.584 (1.058–2.371) 0.025 1.205 (1.040–1.397) 0.013

GLS (per 1%)

Crude 1.127 (1.043–1.219) 0.003 1.202 (1.075–1.343) 0.001 1.174 (1.100–1.254) <0.001
Age and sex adjusted 1.139 (1.046–1.239) 0.003 1.208 (1.072–1.360) 0.002 1.173 (1.095–1.255) <0.001
Model 1 adjusted 1.266 (1.100–1.457) 0.001 1.312 (1.055–1.632) 0.015 1.212 (1.098–1.337) <0.001
Model 2 adjusted 1.276 (1.101–1.480) 0.001 1.513 (1.088–2.104) 0.014 1.214 (1.103–1.337) <0.001

CV: cardiovascular; MACE: major adverse cardiovascular events. Model 1 comprises age, sex, dialysis vintage, diabetes mellitus, coronary artery disease,
cerebrovascular disease, body mass index, systolic blood pressure, ABI < 0 95, baPWV, cardiothoracic ratio, AoAC, albumin, triglycerides, total cholesterol,
hemoglobin, creatinine, calcium-phosphorous product, and hs-CRP. Model 2 comprises model 1 plus the use of ACE inhibitors or ARBs, beta-blockers,
and statins.
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Figure 6: Addition of the E/E’sr ratio and GLS to the basic model and echo model improved the prediction of overall mortality (a), CV
mortality (b), and MACE (c). Model χ2 values are presented for a series of Cox models.
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5. Conclusion

The E/E’sr ratio and GLS, as emerging indices of LV diastolic
and systolic functions obtained from 2D STE, are useful
parameters and are superior to the E/E’ ratio and LVEF in
the prediction of mortality and CV outcomes in maintenance
HD patients and may offer an incremental value of prognos-
tic significance over relevant clinical and conventional echo-
cardiographic parameters.
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Patients with end-stage renal disease (ESRD) have an increased risk of both impaired cognitive function and peripheral artery
disease (PAD) than the general population. The association between PAD and dementia is recognized, but there are limited
studies in patients with ESRD. The aim of this study was to evaluate the relationship between ankle-brachial index (ABI) and
brachial-ankle pulse wave velocity (baPWV) and cognitive impairment in patients receiving hemodialysis (HD). We enrolled
136 prevalent HD patients (mean age 59 3 ± 10 5 years, 55.9% male). Cognitive performance was measured using the Montreal
Cognitive Assessment (MoCA) and Cognitive Abilities Screening Instrument (CASI) by trained psychiatrists. Associations
between the cognitive function and ABI and baPWV were assessed using multiple linear regression analysis. Compared with
HD patients with ABI ≥ 0 9, patients with ABI < 0 9 had lower MoCA score (p = 0 027) and lower CASI score but did not
achieve significant level (p = 0 056). In the multivariate stepwise linear regression analysis, ABI (per 0.1) was independently
positively associated with the MoCA score (β coefficient = 0 62, p = 0 011) and the CASI score (β coefficient = 1 43, p = 0 026).
There is a negative association between baPWV (per 100 cm/s) and CASI (β coefficient = −0 70, p = 0 009). In conclusion, a low
ABI or high baPWV was associated with a lower cognitive function in HD patients.

1. Introduction

Patients with chronic kidney disease (CKD) or end-stage
renal disease (ESRD) have a higher risk of dementia than
the general population [1, 2], and patients with both demen-
tia and ESRD have been associated with disability, hospitali-
zation, dialysis withdrawal, and mortality [3–5]. As such,
cognition should be evaluated in patients with ESRD to

detect vascular and nonvascular dementia and prevent cogni-
tive decline and its consequences. Given the high prevalence
of dementia in patients with ESRD, identifying clinical
markers that can predict cognitive dysfunction may be
beneficial for both prevention and reducing health care
costs. Scuteri et al. reported an association between arterial
stiffness and brain injury and related brain pathologies [6].
They concluded that increased central pulse pressure and
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wave reflections may influence both the brain and kidneys
and that it is likely that these phenomena are emphasized
in ESRD patients.

Patients with ESRD have a high prevalence of peripheral
artery disease (PAD), an important manifestation of systemic
atherosclerosis [7]. PAD shares similar risk factors with cor-
onary artery disease and cerebrovascular disease [8]. The
ankle-brachial index (ABI) and pulse wave velocity (PWV)
are common noninvasive tools used to quantitatively assess
arterial health with regard to blocked arteries and arterial
stiffness, respectively. PAD has been associated with an
increased risk of both cardiovascular disease [9] and cogni-
tive dysfunction in the general population [10], and a low
ABI has been reported to predict the future risk of cognitive
impairment [11] and dementia [12].

However, few studies have evaluated the association
between PAD and cognitive function in patients with CKD
or ESRD [13, 14], despite being at high risk of atherosclerosis
and dementia. Moreover, no previous study has simulta-
neously evaluated ABI and PWV as markers of cognitive
function in ESRD patients. A better understanding of the
relationship between PAD and cognitive decline in ESRD
patients may provide new insights into the physiological
mechanisms of the prodromal stage of dementia. Accord-
ingly, the aim of this study was to assess the association
between ABI and brachial-ankle PWV (baPWV) and cogni-
tive function in patients receiving hemodialysis (HD).

2. Methods

2.1. Study Subjects and Design. This study was conducted at
a dialysis clinic in a regional hospital in southern Taiwan
from August 2016 to January 2017. All patients received
regular HD three times per week with high-flux dialyzers
and a blood flow rate of 250-300mL/min, dialysate flow
rate of 500mL/min, with each HD session lasting for
3.5-4 hours. Patients aged > 30 years who had received
maintenance dialysis for at least 90 days were recruited.
After excluding the patients who refused to undergo
ABI-form device (n = 5) or neuropsychological (n = 17)
examinations, patients with atrial fibrillation (n = 4),
patients with bilateral below-the-knee amputations (n = 3),
and patients who had been hospitalized for 4 weeks prior
to study enrollment (n = 5), the remaining 136 patients
(76 men and 60 women) were included into the final
analysis. The study protocol was approved by the Institutional
Review Board of Kaohsiung Medical University Hospital
(KMUHIRB-E(I)-20160095), and written informed consent
was obtained from all patients. All clinical investigations
were conducted according to the principles expressed in
the Declaration of Helsinki.

2.2. Demographic, Medical, and Laboratory Data. Demo-
graphic and medical data including sex, age, smoking history
(ever versus never), and comorbidities were obtained from
interviews and the patients’ medical records. Body mass
index was calculated as weight divided by height squared in
kg/m2. Hypertension was defined as blood pressure ≥ 140/
90mmHg or taking antihypertensive drugs, and diabetes

was defined as fasting blood glucose level of ≥126mg/dL or
taking antidiabetic drugs. Patients with a history of cerebro-
vascular accidents, including cerebral bleeding and infarc-
tion, were defined as having a cerebrovascular disease, and
those with a history of angina, ischemic changes in electro-
cardiography, old myocardial infarction, or coronary bypass
surgery/angioplasty were defined as having coronary artery
disease. Laboratory examinations were performed in fasting
blood samples obtained ≤1 month of enrollment using an
autoanalyzer (COBAS Integra 400, Roche Diagnostics
GmbH, Mannheim, Germany).

2.3. Measurement of ABI and baPWV. Because ABI and
baPWV might be influenced by hemodialysis [15], all the
values of ABI and baPWV were measured 10–30 minutes
before hemodialysis. The values of ABI and baPWV were
measured by using an ABI-form device (VP1000; Colin Co.
Ltd., Komaki, Japan), which automatically and simulta-
neously measures blood pressures in both arms and ankles
using an oscillometric method [16]. Occlusion and monitor-
ing cuffs were placed tightly around the upper arms without
blood access and both sides of the lower extremities in the
supine position. ABI was calculated by the ratio of the ankle
systolic blood pressure divided by the arm systolic blood
pressure, and the lower value of the ankle systolic blood pres-
sure was used for the calculation. For measuring baPWV,
pulse waves obtained from the brachial and tibial arteries
were recorded simultaneously, and the transmission time,
which was defined as the time interval between the initial
increase in brachial and tibial waveforms, was determined.
The transmission distance from the arm to each ankle was
calculated according to body height. The baPWV value was
automatically computed as the transmission distance divided
by the transmission time. After obtaining bilateral baPWV
values, the highest one was used as a representative for each
subject. The ABI and baPWVmeasurements were done once
in each patient. Concerning the reproducibility of ABI and
baPWV, we randomly evaluated 25 patients at least 15
minutes apart for the reproducibility of ABI and baPWV by
using 2 separate measurements. Mean percent error was cal-
culated as the absolute difference divided by the average of
the 2 observations.

2.4. Cognitive Function Assessment. Three cognitive func-
tion tests evaluated in this study were Montreal Cognitive
Assessment (MoCA) [17, 18] and Cognitive Abilities
Screening Instrument (CASI) [18, 19] (Supplementary
Table 1). The MoCA is a more sensitive 30-point screening
tool that includes copying a cube, verbal abstraction, serial
subtraction, drawing a clock, a 5-word learning and delayed
recall task, naming an animal, digit span backward and
forwards, selective attention, repeating a sentence, phonemic
word fluency, and spatial and temporal orientation. These
tasks encompass multiple domains of cognition, including
short-term memory, visuospatial ability, and executive
function, language, attention, concentration and working
memory, and orientation to time and place. The CASI
assesses a broad range of cognitive domains using a 40-item
global cognitive test, which contains nine cognitive
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evaluation domains, including long-term memory, short-
term memory, orientation, attention, mental manipulation,
list-generating fluency, language, abstraction/judgment,
and drawing (Supplementary Table 1).

2.5. Statistical Analysis. Descriptive statistics were presented
as percentages, means ± standard deviations, or medians
(25th-75th percentile) for HD duration and triglycerides. Dif-
ferences between groups were analyzed using the chi-square
test for categorical variables and the independent t-test for
continuous variables with approximately normal distribution
or the Mann-Whitney U test for continuous variables with
skewed distribution. Multiple stepwise linear regression anal-
yses were used to identify the factors associated with cogni-
tive function (MoCA and CASI). The adjusted multivariate
variables in the models included age, sex, smoking, a history
of hypertension, diabetes, cerebrovascular and coronary
artery diseases, systolic and diastolic blood pressures, body
mass index, log-transformed hemodialysis duration, cause
of end-stage renal disease, albumin, log-transformed triglyc-
eride, total cholesterol, hemoglobin, creatinine, calcium-
phosphorus product, Kt/V, and amount of ultrafiltration.
Relevant demographic parameters were also analyzed by a
backward stepwise selection with p values for independent
variables to enter and to stay in the models set at 0.1 and sub-
sequently a final elimination step at p < 0 05. All statistical
analyses were performed using SPSS version 19.0 for
Windows (SPSS Inc., Chicago, IL, USA) and STATA version
14 (StataCorp LP, College Station, TX, USA). A two-tailed p
value of <0.05 was considered to be statistically significant.

3. Results

3.1. Demographic and Clinical Characteristics. The mean age
of the 136 HD patients was 59 3 ± 10 5 years, 55.9% were
men, and 21.3% had an ABI < 0 9. The mean percent error
for ABI and baPWV measurement was 3 58 ± 3 15% and
5 8% ± 5 0%, respectively. The patients were stratified into
two groups according to ABI < 0 9 or ≥0.9. Comparisons of
the clinical characteristics between the two groups are shown
in Table 1. Compared to the ABI ≥ 0 9 groups, the ABI < 0 9
groups were older and had more diabetes-related comorbid-
ities, lower systolic and diastolic blood pressures, and higher
levels of calcium-phosphorus products. Regarding cognitive
function, compared to the ABI ≥ 0 9 groups, the ABI < 0 9
groups had lower MoCA (p = 0 027) scores. The ABI < 0 9
group also had a lower CASI score, but the difference was
not significant (p = 0 056).

3.2. Associations of ABI and Cognitive Function in HD
Patients. In univariate linear regression models, ABI was pos-
itively associated with MoCA (β coefficient 1.07, 95% confi-
dence interval (CI) 0.55 to 1.59, and p < 0 001) and CASI
(β coefficient 2.87, 95% CI 1.45 to 4.29, and p < 0 001)
(Table 2). In multivariate linear regression models with step-
wise backward covariate selection, ABI was persisted posi-
tively associated with MoCA (β coefficient 0.62, 95% CI
0.14 to 1.09, and p = 0 011) and CASI (β coefficient 1.43,
95% CI 0.17 to 2.70, and p = 0 026) (Table 2). The stepwise

backward covariate selection models of ABI and cognitive
function (MoCA and CASI) were demonstrated in Supple-
mentary Tables 2-4. Since extremely high ABI (>1.3) is
correlated to multiple comorbidities or arterial calcification,
we reanalyzed the association between ABI and cognitive
function test after excluding subjects with ABI value > 1 3.
Similar results found the positive association between ABI
and the MoCA or CASI score in univariate linear
regression analysis (β coefficient 1.08, 95% CI 0.55 to 1.61,
and p < 0 001 in MoCA; β coefficient 2.97, 95% CI 1.53 to
4.42, and p < 0 001 in CASI) and multivariate stepwise
linear regression analysis (β coefficient 0.63, 95% CI 0.15 to
1.11, and p = 0 011 in MoCA; β coefficient 1.36, 95% CI
0.04 to 2.69, and p = 0 043 in CASI).

3.3. Associations of baPWV and Cognitive Function in HD
Patients. In univariate linear regression models, baPWV
was negatively associated with MoCA (β coefficient -0.33,
95% CI -0.56 to -0.11, and p = 0 004) and CASI (β coeffi-
cient -1.16, 95% CI -1.76 to -0.56, and p < 0 001)
(Table 3). In multivariate linear regression models with
stepwise backward covariate selection, baPWV was persisted
negatively associated with CASI (β coefficient -0.70, 95%
CI -1.22 to -0.18, and p = 0 009) but not with MoCA (β coef-
ficient -0.075, 95% CI -0.31 to 0.16, and p = 0 52) (Table 3).
The stepwise backward covariate selection models of baPWV
and cognitive function (MoCA and CASI) were demon-
strated in Supplementary Tables 5-7. Since both sides of
PAD could be found in patients with HD that influence
the baPWV data, we reanalyzed the association between
baPWV and cognitive function test after excluding subjects
with ABI value < 0 9. Similar results found the negative
association between baPWV and MoCA (β coefficient
-0.38, 95% CI -0.63 to -0.12, and p = 0 004) or CASI score
(β coefficient -1.01, 95% CI -1.65 to -0.37, and p = 0 002)
in the univariate linear regression analysis. However, the
insignificant negative association was demonstrated in
stepwise linear regression approach (β coefficient -0.20,
95% CI -0.45 to 0.06, and p = 0 13 in MoCA; β coefficient
-0.44, 95% CI -1.07 to 0.18, and p = 0 16 in CASI).

3.4. Subgroup Analysis of ABI or baPWV and Cognitive
Function in HD Patients. Subgroup analysis of gender and
baseline comorbidities demonstrated that ABI was positively
associated with cognitive function except for the male gen-
der, smoking habit, and patients with hypertension and
stroke comorbidities (Figure 1). The baPWV was negatively
associated with cognitive function except for male, smoking
habit, patients with/without diabetes comorbidity, no hyper-
tension comorbidity, or those with a stroke history in MoCA.
A similar pattern was found in the CASI test (Figure 2).

3.5. Sensitivity Analysis of ABI or baPWV and Cognitive
Function in HD Patients. We evaluated the comorbidities
and cognitive function test (MoCA and CASI) association.
Only diabetes was negatively associated with cognitive func-
tion test score (Supplementary Table 6). Considering
diabetes as an important confounder for cognitive function,
sensitivity analysis of stepwise regression models with
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additional diabetes comorbidity adjustment in ABI or
baPWV and cognitive function was analyzed. A similar
result was found (Supplementary Tables 7 and 8).

4. Discussion

This study examined the relationship between PAD and cog-
nitive performance in 136 prevalent HD patients. PAD was
assessed according to ABI and baPWV, and cognitive perfor-
mance was assessed according to MoCA and CASI, which
collectively evaluated memory, orientation, attention, visual
screening, motor speed, planning abilities, executive func-
tion, and language. A low ABI was associated with low
MoCA and CASI scores, and a high baPWV was associated
with low CASI scores. Since cognition was evaluated using

questionnaires with different sensitivities and specificities, it
would be promising results to find the association between
ABI or baPWV and cognition in HD patients.

The prevalence of cognitive impairment is high in
patients undergoing HD [20–22]. Considering the different
definition of cognitive impairment in patients with kidney
disease based on sensitivity and specificity, MoCA is a valid,
more sensitive, and well-suited screening tool for cognitive
impairment in patients receiving HD [23, 24]. The optimal
cut-off of ≤24 points out of a 30-point maximum is lower
than the cut-off value of ≤26 described in the original data
collected in a population of patients with Alzheimer’s disease
and mild cognitive impairment [25]. In the present HD
cohort, there is a higher prevalence of cognitive impairment
(84.6%; 114/136 based on MoCA cut‐off ≤ 24 points) than

Table 1: Comparison of baseline characteristics in patients categorized by ABI < 0 9 or ≥0.9.

Characteristics
All patients
(n = 136)

ABI ≥ 0 9
(n = 107)

ABI < 0 9
(n = 29) p

Age 59 3 ± 10 5 58 1 ± 9 8 63 7 ± 12 1 0.011

Male gender (%) 55.9 57.9 48.3 0.352

Smoking history (%) 37.3 37.4 37.0 0.973

Diabetes mellitus (%) 42.5 36.4 66.7 0.005

Hypertension (%) 56.7 55.1 63.0 0.463

Coronary artery disease (%) 7.5 6.5 11.1 0.419

Cerebrovascular disease (%) 6.0 4.7 11.1 0.207

Systolic blood pressure (mmHg) 156 2 ± 24 5 158 8 ± 23 0 146 5 ± 27 9 0.016

Diastolic blood pressure (mmHg) 82 0 ± 14 5 84 8 ± 13 5 71 5 ± 13 3 <0.001
Body mass index (kg/m2) 24 0 ± 3 9 23 9 ± 4 0 24 2 ± 3 2 0.734

ABI 0 98 ± 0 19 1 06 ± 0 10 0 69 ± 0 14 <0.001
baPWV (cm/s) 1870 4 ± 441 4 1897 5 ± 389 1 1768 7 ± 593 7 0.164

Duration of hemodialysis (years) 7.5 (3.1-13.0) 7.8 (3.1-13.0) 5.9 (3.1-12.5) 0.650

Cause of end-stage renal disease 0.289

Hypertension (%) 5.9 5.6 6.9

Diabetes mellitus (%) 40.4 36.4 55.2

Glomerulonephritis (%) 49.3 53.3 34.5

Others∗ (%) 4.4 4.7 3.4

Laboratory parameters

Albumin (g/dL) 3 9 ± 0 3 3 9 ± 0 3 3 8 ± 0 3 0.216

Triglyceride (mg/dL) 124.5 (83-195.5) 120.5 (82.75-189.5) 138.5 (83.25-234.25) 0.277

Total cholesterol (mg/dL) 173 6 ± 40 6 172 8 ± 39 6 176 8 ± 44 7 0.638

Hemoglobin (g/dL) 10 5 ± 1 4 10 5 ± 1 4 10 8 ± 1 4 0.252

Creatinine (mg/dL) 10 1 ± 2 1 10 1 ± 2 1 9 9 ± 2 2 0.606

CaXP product (mg2/dL2) 45 5 ± 11 8 44 4 ± 11 1 49 6 ± 13 8 0.038

Dialysis dose (Kt/V) 1 62 ± 0 26 1 62 ± 0 26 1 60 ± 0 28 0.775

Total net fluid loss (amount of ultrafiltration) (kg) 2 70 ± 1 08 2 74 ± 1 04 2 53 ± 1 26 0.356

Cognitive function assessment

MoCA (score) 18 7 ± 6 0 19 5 ± 5 3 16 0 ± 7 5 0.027

CASI (score) 75 6 ± 16 4 77 5 ± 13 5 68 5 ± 23 3 0.056

Abbreviation: ABI: ankle-brachial index; baPWV: brachial-ankle pulse wave velocity; CaXP product: calcium × phosphorus product; MoCA: Montreal
Cognitive Assessment; CASI: Cognitive Abilities Screening Instrument. ∗Other causes of end-stage renal disease include polycystic kidney disease, tumor,
systemic lupus erythematosus, gout, and interstitial nephritis.
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other HD cohorts [26]. This may be related to longer dial-
ysis vintage and higher diabetes mellitus comorbidity in
the HD cohort.

The first important finding of this study is that a low ABI
was associated with poor cognitive function. The etiology for
cognitive impairment in HD patients is complex, including
traditional risk factors (old age, hypertension, diabetes, and
smoking), nontraditional risk factors (anemia, albuminuria,
inflammation, homocysteinemia, and malnutrition), and
dialysis-related factors (hypotension, all of which can lead
to chronic cerebral hypoxemia or edema) [27, 28]. In addi-
tion, high rates of small and large cerebral vascular injuries,
including white matter lesions, subcortical atrophy, lacunar
infarcts, and microbleeds, have been reported in patients
with CKD in brain imaging studies [29, 30]. Vascular
stiffness and abnormalities in structure and function have
also been associated with cognitive decline and stroke
[31]. The ABI, an easily obtained good marker of athero-
sclerosis [32, 33], has been shown to be a good prognostic
marker of atherosclerosis for stroke. Subjects with a low
ABI have been reported to have more atherosclerotic
and vascular conditions, and these conditions may lead
to generalized endothelial dysfunction [34], stenosis of intra-
cranial and extracranial arteries [35], and decreased cerebral
perfusion inducing oxidative stress [36]. Taken together,
these findings may explain the association between low ABI
and poor overall cognitive function [37]. A low ABI has also
been correlated with global cortical thinning and reduced
cortical thickness in the limbic, parietal, temporal, and occip-
ital lobes [38]. A decrease in overall cerebral perfusion due to
atherosclerosis may cause pathological changes such as
infarcts or neurodegeneration [39]. The present study
declared that a low ABI was associated with the risk of poor
cognitive function in HD patients, as indicated by lowMoCA
and CASI scores.

The second important finding of this study is that a high
baPWV was associated with poor cognitive function. Arterial
stiffness is a marker of functional and structural changes in
the arteries and can contribute to microvascular brain dis-
eases, and it can be assessed noninvasively using PWV mea-
surements. Several studies have examined the association
between arterial stiffness and cognitive function in the gen-
eral population [40, 41] and in patients with CKD or ESRD
[13, 14]. Longitudinal studies have indicated that high values
of PWV can predict lower cognitive function score in the
elderly [42]. One study with 72 ESRD patients undergoing
HD showed that a higher carotid-femoral PWV was associ-
ated with cognitive impairment [14]. Another study suggests
an inverse association between baPWV and cognitive func-
tion among the elderly [43]. The present study demonstrated
a negative association between baPWV and cognitive func-
tion score (CASI). Thus, baPWV could be considered to be
a marker of cognition in ESRD patients.

In the present study, diabetes is significantly negatively
associated with the cognitive function test score. However,
previous cerebrovascular event history is not significantly
negatively associated with the cognitive function test score
because of a few patients with old stroke hospitalization
records in our study. Thus, sample sizes are insufficient to
found the association. Therefore, the main results were ana-
lyzed by multivariate stepwise variable selection model in this
study. Stepwise regression is a method of fitting regression
models in which the choice of predictive variables is carried
out by an automatic procedure. At each step, a variable is
considered for addition to or subtraction from the set of
explanatory variables based on some prespecified criterion.
Since diabetes is an important confounder for cognitive func-
tion, we further sensitivity analyzed the stepwise regression
models with additional diabetes comorbidity adjustment,
the results remain similar. In our subgroup analysis, the

Table 2: The association between ABI and cognitive function test (MoCA and CASI) using univariate linear regression analysis and
multivariate stepwise linear regression analysis.

Cognitive function test
Univariate Multivariate (stepwise)∗

β coefficient (95% CI) p value β coefficient (95% CI) p value

MoCA 1.07 (0.55 to 1.59) <0.001 0.62 (0.14 to 1.09) 0.011

CASI 2.87 (1.45 to 4.29) <0.001 1.43 (0.17 to 2.70) 0.026
∗Adjusting for stepwise procedure selected covariates (age, sex, smoking habit, a history of diabetes, hypertension, coronary artery disease, and cerebrovascular
disease, systolic and diastolic blood pressures, body mass index, log-transformed hemodialysis duration, cause of end-stage renal disease, albumin, log-
transformed triglyceride, total cholesterol, hemoglobin, creatinine and calcium-phosphorus product, Kt/V, and amount of ultrafiltration).

Table 3: The association between baPWV and cognitive function test (MoCA and CASI) using univariate linear regression analysis and
multivariate stepwise linear regression analysis.

Cognitive function test
Univariate Multivariate (stepwise)∗

β coefficient (95% CI) p value β coefficient (95% CI) p value

MoCA -0.33 (-0.56 to -0.11) 0.004 -0.075 (-0.31 to 0.16) 0.52

CASI -1.16 (-1.76 to -0.56) <0.001 -0.70 (-1.22 to -0.18) 0.009
∗Adjusting for stepwise procedure selected covariates (age, sex, smoking habit, a history of diabetes, hypertension, coronary artery disease, and cerebrovascular
disease, systolic and diastolic blood pressures, body mass index, log-transformed hemodialysis duration, cause of end-stage renal disease, albumin, log-
transformed triglyceride, total cholesterol, hemoglobin, creatinine and calcium-phosphorus product, Kt/V, and amount of ultrafiltration).
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association between ABI/baPWV and cognitive function was
still significant in diabetes mellitus strata. Thus, the relation-
ship between ABI/baPWV and cognition was similar in
patients with and without diabetes comorbidity.

Besides, a positive association was found between the
duration of dialysis and cognitive function test (CASI) in
the multivariate linear regression model. Although this asso-
ciation is counterintuitive, it could reflect a selection bias or
survivor bias inherent in prevalent dialysis cohorts. Survivors

of long-term dialysis often begin dialysis at a young age and
have had no opportunity for renal transplantation. Young
and healthy dialysis patients would actually have better cog-
nitive function than older or more ill dialysis patients. In
the stepwise selection model, the significant association
between the duration of dialysis and the cognitive function
test may be related to open a noncausal path because of non-
confounder (Collider variables) adjustment in the causal
pathway between duration of dialysis and cognitive function.
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Figure 1: Subgroup analysis of the association between ABI and cognitive function test; (a) MoCA test and (b) CASI test. DM: diabetes
mellitus; HTN: hypertension; CAD: coronary artery disease.
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On the contrary, our study interest is the association between
ABI/baPWV and cognitive function that variable selection
fits the causal pathway models in our study.

The important clinical implications of our findings are
that ABI and baPWV are noninvasive and easily measured
parameters that can be used to help identify the HD patients
at risk of cognitive dysfunction by evaluating the degree of

arterial stiffness. However, there are several limitations to this
study. First, a causal relationship could not be inferred due to
the cross-sectional nature of the study. Nonetheless, our
results may help to identify the risk of cognitive dysfunction
in HD patients through regular ABI examinations. Since a
long-term decline in cognitive function could not be con-
firmed in this study, future prospective studies are needed
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Figure 2: Subgroup analysis of the association between baPWV and cognitive function test; (a) MoCA test and (b) CASI test. DM: diabetes
mellitus; HTN: hypertension; CAD: coronary artery disease.
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to address this issue. Second, this study was conducted at a
single regional hospital, thereby limiting the selection and
the number of patients. In addition, patients with perito-
neal dialysis were not enrolled in this study; therefore,
the results may not be applicable to patients undergoing
peritoneal dialysis. Further studies are needed to confirm
our findings. Third, ABI measurements and cognitive
function tests were performed only once in each patient,
which may have caused misclassification. Fourth, not all
possible parameters were included in this study such as
dietary habits, genetic factors, and medications. In addi-
tion, neuroimaging assessments could not be performed,
so asymptomatic brain lesions could not be fully investi-
gated. Moreover, different types of dementia and cognitive
impairment etiology may have affected the results.

5. Conclusion

In this study, the HD patients with a low ABI and high
baPWV were associated with a lower cognitive function,
even after adjusting for age and hemodynamic and risk
factors for atherosclerosis. Future studies should explore
the longitudinal associations between ABI and baPWV
and cognitive decline in a representative sample of HD
patients. Our findings should serve to remind physicians
of the importance of evaluating PAD in addition to cogni-
tive function in HD patients.
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Background. Renal fibrosis is a common outcome of all pathological types of chronic kidney disease (CKD). However, the
noninvasive detection of renal fibrosis remains a challenge. Methods. We collected urine samples from 154 biopsy-proven IgA
nephropathy (IgAN) patients and 61 healthy controls. The expression of mTOR was measured and the correlation with renal
function parameter and pathological indicators. The receiver operating characteristic (ROC) curve for the diagnosis of IgAN
and renal fibrosis was calculated. Results. The urinary mammalian target of rapamycin (mTOR) expression was decreased in
IgAN patients. The expression of mTOR was correlated with serum creatinine, blood urea nitrogen, estimated glomerular
filtration rate, 24 h proteinuria, and cystatin C. Further, the urinary mTOR expression was significantly decreased in severe renal
fibrosis patients compared with mild or moderate renal fibrosis patients. Urinary mTOR expression was correlated with score of
tubulointerstitial fibrosis (TIF) and score of glomerular sclerosis. The ROC curve showed that mTOR can diagnose IgAN at a
cut-off value of 0.930 with the sensitivity of 90.2% and specificity of 73.8% and renal fibrosis at a cut-off value of 0.301 with the
sensitivity of 71.7% and specificity of 64.8%. Conclusion. Urinary mTOR mRNA expression was a potential biomarker for
diagnosis of IgAN and renal fibrosis in IgAN patients.

1. Introduction

Chronic kidney disease (CKD) is a major public health prob-
lem worldwide and in China. The morbidity of CKD is 10.8%
according to a cross-sectional survey [1]. IgA nephropathy
(IgAN) is the major pathological type of CKD. The mecha-
nism of IgAN is complicated that many factors such as
abnormal IgA1 molecule [2], abnormal immune regulation
[3, 4], podocyte injury [5], formation of fibrous scar in tubu-
lointerstitium [6], hereditary factors [7], and environmental
factors [8] participated in the progression of IgAN. Renal
fibrosis, particularly tubulointerstitial fibrosis (TIF), is the
common histological outcome of all types of CKD [9].
Accurate and early diagnosis of IgAN and renal fibrosis

is important for treating and monitoring the progression
of CKD.

The diagnosis of renal fibrosis, also the pathological
progress, relies on renal puncture biopsy and pathological
staining. Renal puncture is an invasive method which
may result in bleeding and other serious complications
[10]. Repeated renal biopsy is rare in the clinical practice
that leads to difficult monitoring of disease progression.
Classic biomarkers of CKD such as serum creatinine
(Scr), blood urea nitrogen (BUN), and cystatin C (Cys-c)
are incapable of accurately diagnosing renal fibrosis.
Therefore, it is important to find a new noninvasive proce-
dure and biomarkers which can diagnose renal fibrosis
and pathological progression of CKD.
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Recently, real-time quantitative polymerase chain reac-
tion- (qPCR-) based urinary RNA detection has been devel-
oped for years as a novel strategy for the identification of
renal kidney and CKD biomarkers [11–13]. Mammalian
target of rapamycin (mTOR) is the key molecule that partic-
ipated in cell proliferation, inflammation, and immunomo-
dulation. Previous studies have indicated the relation
between mTOR and CKD [14, 15]. However, if urinary
mTOR RNA expression is related to renal fibrosis is
unknown. Accordingly, this study was designed to deter-
mine the expression of urinary mTOR via qPCR to indicate
renal fibrosis.

2. Methods

2.1. Study Design and Participants. A total of 154 biopsy-
proven IgAN patients were selected from the Department
of Nephrology, Yi Ji Shan Hospital, Wannan Medical
College. Exclusion criteria are patients younger than 18 years
old from 2017 to 2018; patients with chronic liver disease,
urinary tract infection, cancer, or organ transplantation;
signs or symptoms of severe complications, including cardio-
vascular disorder; or the use of steroids or immunosuppres-
sive medications. Urine samples were collected 24 hours
after a kidney biopsy, and clinical data were collected for all
enrolled patients. Age- and gender-matched healthy volun-
teers (n = 61) from the Yi Ji Shan Hospital Health Care
Center were also enrolled in the study as controls. This study
was approved by the Ethical Committee of Yi Ji Shan Hospi-
tal, Wannan Medical College. Written informed consents
were obtained from all subjects for the use of their urine
and biopsy samples for research purposes.

2.2. Collection of Urine Samples and RNA Isolation. Whole
stream early morning urine specimens were collected. Urine
samples were centrifuged at 3,000 g for 30min at 4°C. The
remaining cell pellets were collected and then resuspended
in 1.5ml DEPC-treated PBS and centrifuged at 13,000 g for
5min at 4°C. After being washed three times by diethyl
pyrocarbonate- (DEPC-) treated phosphate buffer saline
(PBS), the pellets were resuspended in 1.0ml TRIzol Reagent
(Ambion, Life Technologies) and stored at -80°C. Total RNA
was extracted according to the manufacturer’s protocol
(Ambion, Life Technologies). Furthermore, the concentra-
tion and purity of RNA were assessed using the relative
absorbance ratio at 260/280 in a NanoDrop 2000 (Thermo).
18S RNA was measured as the control.

2.3. Real-Time RT-qPCR. RT-PCR was performed using
mTOR primers (sense: 5-TCCGAGAGATGAGTCAAGA
GG-3; antisense: 5-CACCTTCCACTCCTATGAGGC-3)
and 18S rRNA primers (sense: 5-CATGCTAACTAGTTAC
GCGACC-3; antisense: 5-GAGCAATAACAGGTCTGTG
ATG-3). After RT (50°C, 30min), hot start (94°C, 15min),
and 40–42 cycles of PCR (94°C, 1min; 52.5°C, 1min; and
72°C, 1min), mTOR mRNA expression was normalized to
18S rRNA and calculated as 2−ΔΔCt.

2.4. Assessment of Renal Fibrosis. Renal fibrosis was per-
formed on paraffin-embedded sections stained with periodic

acid-Schiff and Masson trichrome. Serial 3m sections were
acquired from each paraffin block. Two experienced patholo-
gists who were blinded to the results of molecular studies
subjectively scored the severity of renal fibrosis. Glomerulo-
sclerosis was assessed in periodic acid-Schiff-stained sections
using a semiquantitative scoring system according to the
method of Schaier et al. [16]. Each glomerulus was graded
from 0 to 4 according to sclerosis severity, and the average of
all glomeruli in the entire tissue sample was calculated for anal-
ysis. The evaluation of the percentage of TIF was performed on
Masson-stained sections and estimated the severity of TIF
[17]. None was considered to be up to 5% of the renal intersti-
tium, moderate between 26 and 50%, and severe > 50%. For
analysis, biopsies with a TIF area < 25% were combined as
none-to-mild fibrosis. Oxford histological classification was
performed according to previous research [18, 19].

2.5. Statistical Analysis. SPSS 17.0 was used for data analysis.
Relative changes in gene expression were calculated using the
ΔΔCt (threshold cycle) method: ΔCt = Ct gene of interest‐
Ct internal control, while ΔΔCt = Ct gene of interest‐Ct
internal control sample‐ Ct gene of interest‐Ct internal
control control. Fold change = target gene expression level
of sample/target gene expression level of control = 2−ΔΔCt.
Normal distribution and equal variance data were compared
using Student’s t-test. A Mann–Whitney test was used for
variance inequality or nonnormal distribution data. Spear-
man’s rank-order correlation coefficient was used to assess
associations between gene expression levels and clinical
parameters. Stepwise multivariate logistic regression analysis
including all univariate associates (P < 0 05) was used to
assess the predictors for renal fibrosis. The diagnostic perfor-
mance of biomarkers was evaluated using receiver operating
characteristic (ROC) curves. The diagnostic threshold for
maximum sensitivity and specificity was calculated. All
P values were two-tailed, and P < 0 05 was considered
statistically significant.

3. Results

3.1. Baseline Clinical and Pathological Characteristics. Kidney
biopsies were performed for the clinical diagnosis of IgAN.
Primary clinical and pathological characteristics of the
involved subjects are summarized in Table 1. There were
no significant differences in age and gender between IgAN
patients and controls. The IgAN group had a significant
decrease in the estimated glomerular filtration rate (eGFR)
compared with controls. eGFR was calculated using modified
MDRD equations for Chinese patients [20]. Relative expres-
sion of mTOR was significantly decreased in the IgAN group
(P < 0 05 vs. controls, Figure 1(a)). Oxford histological
classification of IgAN patients was also shown in Table 1.
Furthermore, the 154 IgAN patients were divided into 3
groups according to renal fibrosis degree. As shown in
Table 2, there were no significant differences in age, gender,
24 h proteinuria, and BUN among the three groups. The
eGFR in severe renal fibrosis was significantly lower com-
pared with the other two groups. The relative expression of
mTOR was significantly lower in moderate (P < 0 05 vs.
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none-mild) and severe fibrosis (P < 0 05 vs. moderate, none-
mild) groups than none-mild fibrosis (Figure 1(b)). Figure 2
showed the representative of different degrees of renal fibro-
sis confirmed by Masson trichrome.

3.2. Correlation between Urinary mTOR Expression, Clinical
Parameters, and Renal Fibrosis. As shown in Figure 3, uri-
nary mTOR mRNA levels correlated with Scr (rs = ‐0 430,

P < 0 001), BUN (rs = ‐0 475, P < 0 001), eGFR (rs = 0 490,
P < 0 001), 24 h proteinuria (rs = ‐0 213, P = 0 041), and
Cys-c (rs = ‐0 506, P < 0 001). Further, as shown in
Figure 4, urinary mTOR mRNA levels correlated with score
of TIF (rs = ‐0 563, P < 0 001) and score of glomerular
sclerosis (rs = ‐0 552, P < 0 001).

Stepwise multivariate logistic regression analysis showed
that the relative expression of urinary mTOR strongly

Table 1: Clinical profile of patients with IgA nephropathy and healthy controls at the time of the kidney biopsy.

IgAN (n = 154) Control (n = 61) P value

Age (years) 36 7 ± 1 6a 35 6 ± 2 1a 0.097c

Gender (male/female) 86/68 37/24 0.157d

Proteinuria (g/day) 2 1 ± 0 7a n.d. —

Scr (mmol/l) 146 8 ± 35 4a 54 9 ± 9 8a <0.001c

BUN (mmol/l) 7 8 ± 3 6a 4 2 ± 1 1a <0.001c

Cystatin C (mg/l) 1 27 ± 0 7a 0 68 ± 0 2a <0.001c

eGFR (ml/min per 1.73m2) 74 5 ± 8 3a 131 8 ± 10 2a <0.001c

SBP (mmHg) 138 1 ± 6 4a 121 6 ± 7 9a <0.001c

DBP (mmHg) 89 8 ± 7 6a 76 4 ± 5 6a 0.026c

Relative mTOR expression 0.412 (0.158-0.597)b 1.147 (0.217-1.380)b <0.001e

Usage of ACEI/ARB 96 n.d. —

Usage of diuretic 83 n.d. —

Oxford histological classification (number)

M score (0/1) 0/154 n.d. —

E score (0/1) 80/74 n.d. —

S score (0/1) 61/93 n.d. —

T score (0/1/2) 62/65/27 n.d. —

C score (0/1/2) 145/7/2 n.d. —
aData are presented as means (±SD). bData are presented as the median (min, max). cStudent’s t-test. dχ2 tests. eMann–Whitney test. Abbreviations: Scr: serum
creatinine; BUN: blood urea nitrogen; eGFR: estimated glomerular filtration rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; M: mesangial
hypercellularity; E: endocapillary hypercellularity; S: segmental glomerulosclerosis; T: tubular atrophy/interstitial fibrosis; n.d.: not determined.
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Figure 1: Urinary mTORmRNA expression in IgAN patients and controls. (a) The relative expression of urinary mTOR in IgAN and healthy
controls. (b) The relative expression of urinary mTOR in different degrees of renal fibrosis patients (∗P < 0 05 vs. control; #P < 0 05 vs. mild
and moderate; and &P < 0 05 vs. severe).
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correlated with the severity of renal fibrosis (Table 3, OR
10.325, 95% CI: 1.147-50.621, P < 0 001). The results indi-
cated that the expression of urinary mTOR decreased every
one unit; the risk for renal fibrosis elevated 10.358 times.

3.3. Diagnostic Value of Urinary mTOR mRNA Expression.
The receiver operating characteristic (ROC) curve showed
that the urinary mTOR mRNA level effectively distinguished
IgAN from controls, with the largest AUC of 0.868 (95% CI:
0.802–0.933; P < 0 001), higher than that of eGFR (AUC of

0.738; 95% CI: 0.660–0.816; P < 0 001), Scr (AUC of 0.769;
95% CI: 0.697–0.84; P < 0 001), BUN (AUC of 0.618; 95%
CI: 0.590–0.766; P < 0 001), and Cys-c (AUC of 0.704; 95%
CI: 0.634-0.774; P < 0 001). mTOR displayed the sensitivity
of 90.2% and specificity of 73.8% at the optimal cut-off value
of 0.930 (relative gene expression level, Figure 5(a)).

Further, we evaluated the diagnostic value of urinary
mTOR mRNA expression for renal fibrosis. The results
showed that the urinary mTOR mRNA level effectively
distinguished moderate-to-severe fibrosis from none-mild

Table 2: Clinical and pathological parameters of patients with IgAN with different renal fibrosis degrees.

None-mild fibrosis (n = 64) Moderate fibrosis (n = 54) Severe fibrosis (n = 36) P value

Age (years) 34 25 ± 9 13a 39 39 ± 16 55a 40 54 ± 9 38a 0.254c

Gender (male/female) 30/34 33/21 19/17 0.526d

Proteinuria (g/day) 1 8 ± 0 6a 2 1 ± 1 9a 2 3 ± 1 8a 0.125c

Scr (μmol/l) 60 26 ± 15 15a 179 28 ± 24 45a 187 74 ± 42 35a 0.021c

BUN (mmol/l) 8 9 ± 1 8a 9 2 ± 3 7a 10 8 ± 3 2a 0.074c

Cystatin C (mg/l) 0 75 ± 0 14a 1 21 ± 0 27a 1 53 ± 0 43a 0.042c

eGFR (ml/min per 1.73m2) 96 32 ± 18 78a 64 36 ± 23 85a 50 24 ± 19 24a <0.001c

SBP (mmHg) 121 56 ± 14 71a 142 83 ± 20 73a 157 15 ± 30 69a <0.001c

DBP (mmHg) 80 56 ± 16 39a 82 41 ± 20 15a 93 21 ± 14 24a 0.018c

Usage of ACEI/ARB 51 32 13 0.067d

Usage of diuretic 38 35 10 0.053d

Relative mTOR mRNA expression 0.427 (0.382-0.597)b 0.312 (0.276-0.341)b 0.223 (0.158-0.289)b 0.024e

Score of glomerular sclerosis 0.5 (0-0.8)b 1.8 (0.5-3.0)b 2.5 (2.0-4.8)b <0.001e

Score of TIF (%) 5 (0-4)b 30 (27-51)b 61 (52-90)b <0.001e
aData are presented as means (±SD). bData are presented as the median (min, max). cStudent’s t-test. dχ2 tests. eMann–Whitney test. Abbreviations: Scr: serum
creatinine; eGFR: estimated glomerular filtration rate; SBP: systolic blood pressure; DBP: diastolic blood pressure; TIF: tubulointerstitial fibrosis.

None-to-mild 

Severe

Moderate

Figure 2: Representative histological findings of renal fibrosis stained by Masson’s trichrome. None-to-mild fibrosis was considered as up to
25% of the tubulointerstitial fibrosis (TIF) area, moderate referred to an area 26%-50% of the TIF area, and severe referred to an area > 50% of
the TIF area. Original magnification: ∗100.
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fibrosis, with the largest AUC of 0.739 (95% CI: 0.654-0.824;
P < 0 001), higher than that of eGFR (AUC of 0.492; 95% CI:
0.395-0.588; P = 0 868), Scr (AUC of 0.513; 95% CI: 0.414-

0.612; P = 0 794), BUN (AUC of 0.499; 95% CI: 0.400-
0.598; P = 0 981), 24 h proteinuria (AUC of 0.510; 95% CI:
0.401-0.618; P = 0 850), and Cys-c (AUC of 0.495; 95% CI:
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Figure 3: Correlation between urinary mTOR expression and clinical parameters. (a) Spearman correlation between mTOR expression and
Scr (rs = ‐0 430, P < 0 001). (b) Spearman correlation between mTOR expression and eGFR (rs = 0 490, P < 0 001). (c) Spearman correlation
between mTOR expression and 24 h proteinuria (rs = ‐0 213, P = 0 041). (d) Spearman correlation between mTOR expression and BUN
(rs = ‐0 475, P < 0 001). (e) Spearman correlation between mTOR expression and cystatin C (rs = ‐0 506, P < 0 001).
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0.388-0.603; P = 0 055). mTOR displayed the sensitivity of
71.7% and specificity of 64.8% at the optimal cut-off value
of 0.301 (relative gene expression level, Figure 5(b)).

ROC curves for distinguishing E1 from E0, S1 from S0,
and T2 from T0 and T1 were also performed. The results
showed that the urinary mTOR mRNA level effectively dis-
tinguished E1 from E0 (Figure 6(a)), with the largest AUC
of 0.841 (95% CI: 0.770-0.912; P < 0 001), higher than that
of eGFR (AUC of 0.551; 95% CI: 0.457-0.644; P = 0 281),
Scr (AUC of 0.476; 95% CI: 0.385-0.568; P = 0 617), BUN
(AUC of 0.488; 95% CI: 0.396-0.580; P = 0 799), 24 h protein-
uria (AUC of 0.707; 95% CI: 0.610-0.804; P = 0 051), and
Cys-c (AUC of 0.362; 95% CI: 0.273-0.450; P = 0 063).
mTOR displayed the sensitivity of 91.2% and specificity of
86.0% at the optimal cut-off value of 0.308. For S score
(Figure 6(b)), the results showed that the urinary mTOR
mRNA level effectively distinguished S1 from S0, with the
largest AUC of 0.881 (95% CI: 0.823-0.940; P < 0 001),
higher than that of eGFR (AUC of 0.476; 95% CI: 0.384-
0.568; P = 0 614), Scr (AUC of 0.520; 95% CI: 0.425-0.614;
P = 0 682), BUN (AUC of 0.462; 95% CI: 0.367-0.556; P =
0 424), 24 h proteinuria (AUC of 0.772; 95% CI: 0.689-
0.884; P = 0 070), and Cys-c (AUC of 0.437; 95% CI: 0.343-

0.530; P = 0 184). mTOR displayed the sensitivity of 82.8%
and specificity of 90.7% at the optimal cut-off value of
0.312. For T score (Figure 6(c)), the urinary mTOR mRNA
level effectively distinguished T2 from T0 and T1, with the
largest AUC of 0.909 (95% CI: 0.857-0.961; P < 0 001),
higher than that of eGFR (AUC of 0.468; 95% CI: 0.376-
0.560; P = 0 505), Scr (AUC of 0.497; 95% CI: 0.401-0.594;
P = 0 954), BUN (AUC of 0.516; 95% CI: 0.420-0.611; P =
0 740), 24 h proteinuria (AUC of 0.757; 95% CI: 0.655-
0.860; P = 0 054), and Cys-c (AUC of 0.485; 95% CI: 0.391-
0.578; P = 0 068). mTOR displayed the sensitivity of 82.6%
and specificity of 90.2% at the optimal cut-off value of 0.313.

4. Discussion

Our study firstly indicated that urinary mTOR mRNA was a
potential noninvasive biomarker of IgAN and especially
chronic renal fibrosis. The discovery of CKD and renal fibro-
sis is a challenging topic attracting several of researchers’
direction. The traditional biomarkers of CKD, for example,
Scr, BUN, and eGFR, failed to reveal the pathological type
of CKD. So far, there was a lack of reliable biomarkers of
renal fibrosis, although many studies suggested some candi-
dates [21, 22]. IgAN is a major pathological type of CKD.
The previous study indicated that renal CD147 expression
is a potential biomarker for IgAN [23]. Other researchers
further screened tissue-specific microRNA expression in glo-
meruli and proximal tubules in IgAN patients [24]. However,
renal biopsy was also the unique method of collecting kidney
tissue which limited the application in the clinical practice.
Repeated renal biopsy has a high risk level for patients. So
far, there was no noninvasive method to identify the severity
of renal fibrosis.

The urine contained an abundant biological message
which can reflect the pathological changes. The changes of
some renal fibrosis-associated molecule may reflect in uri-
nary sediment cells, especially the podocyte and tubular
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Figure 4: Correlation between urinary mTOR expression and renal fibrosis. (a) Spearman correlation between mTOR expression and score of
TIF (rs = ‐0 563, P < 0 001). (b) Spearman correlation between mTOR expression and score of glomerular sclerosis (rs = ‐0 552, P < 0 001).

Table 3: Multivariate logistic regression analysis of selected
variables for TIF severity.

OR 95% CI P value

mTOR 10.358 1.147-50.621 <0.001
Scr 0.513 0.245-2.381 0.225

BUN 0.425 0.112-3.651 0.307

Cystatin C 0.624 0.159-4.215 0.521

eGFR 1.834 1.025-4.021 0.031

24 h proteinuria 1.657 0.567-3.441 0.104

Abbreviations: Scr: serum creatinine; eGFR: estimated glomerular filtration
rate; OR: odds ratio.
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epithelial cells. In recent years, qPCR was applicable in
urinary mRNA biomarker detection. Li et al. [11] firstly
established a noninvasive procedure to diagnose acute renal
rejection of allografts by isolating and quantifying RNA of
specific genes in urine cells. The obvious advance of qPCR
such as high sensitivity and good repeatability makes qPCR
a suitable noninvasive method to reflect kidney disease.
Urinary sediment cell analysis was an appropriate procedure
to screen novel mRNA biomarkers. Many previous studies
indicated that urinary mRNA was a potential biomarker
candidate of CKD [13, 25–27]. Zhou et al. further suggested
that urinary mRNA expression showed favorable perfor-
mance in diagnosing early renal fibrosis [28]. Our research
revealed that urinary mRNA detection via qRT-PCR was a
feasible method to identify the new biomarkers for IgAN
and renal fibrosis. Urinary sediment was an appropriate
source for IgAN and renal fibrosis diagnosis.

mTOR was a widely studied molecule which can regulate
cell proliferation, inflammation reaction, and immune
reaction [29, 30]. mTOR also participated in renal disease
progression. Zhang et al. reported that mTOR signal path-
ways regulated immunosuppressive function in acute kidney

disease [31]. In renal disease, mTOR has been identified as a
potential therapy target [32]. Previous studies also indicated
that mTOR played a key role in renal fibrosis [33, 34].
However, in different organs, microenvironments, and study
objects, the role of mTOR showed an obvious heterogeneity.
The key role of mTOR may act to adjust the balance of
proinflammatory and anti-inflammatory responses [29]. In
this study, we found that in IgAN patients’ urinary sediment
cells, mTOR mRNA expression was downregulated. Urinary
sediment cells contain various types of cells such as podocyte,
tubular epithelial cells, collecting duct cells, and even urethral
epithelial cells. The downregulation of urinary mTOR
mRNA may be a protective reaction in pathological status.
The urinary mTOR expression level has diagnosis value for
IgAN and renal fibrosis.

The previous studies showed that mTOR was considered
as a biomarker of cancer, immune disease, degenerative
diseases, and metabolic diseases [35, 36]. In IgAN, inhibition
of mTOR ameliorates kidney injury [37]. It remained
unknown if mTOR can act as a biomarker for IgAN,
especially for renal fibrosis. Our study revealed that urinary
mTOR mRNA expression was a potential biomarker for
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Figure 5: Receiver operating characteristic (ROC) curve showed the diagnosis value of urinary mTOR expression for IgAN and renal fibrosis.
(a) ROC curve showed that the urinary mTORmRNA level distinguished IgAN from controls (AUC = 0 868; 95% CI: 0.802-0.933; P < 0 001).
(b) ROC curve showed that the urinary mTORmRNA level distinguished moderate-to-severe fibrosis from none-mild fibrosis (AUC = 0 739;
95% CI: 0.654-0.824; P < 0 001).
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IgAN and renal fibrosis. Additionally, urinary mTORmRNA
expression also correlated with renal fibrosis in IgAN. More-
over, the ROC curve showed that urinary mTOR mRNA
expression has potential to diagnose mesangial hypercellular-
ity and endocapillary cellularity. A previous study indicated
that the mTOR pathway has an important pathogenic role
in diabetic nephropathy. However, if the mTOR signal path-
way participated in the glomerular hypertrophy, then renal
hyperplasia was uncertain [38]. Our research indicated that
urinary mTOR mRNA can serve as a potential biomarker
to diagnose renal fibrosis. It may be a potential noninvasive
procedure that can identify IgAN and renal fibrosis.

In summary, our study demonstrated that detection of
urinary mTOR mRNA could well predict renal fibrosis
severity in IgAN, which suggested that this will serve as
a novel independent noninvasive biomarker to monitor
the progression of kidney fibrosis in IgAN.

Our study also has some limitations. Firstly, the current
study is a discovery study focused on IgAN; if urinary mTOR
expression can serve as a biomarker of renal fibrosis in other
types of CKD needs to be further studied. Secondly, urethral
epithelial cells in urinary sediment may influence the reli-
ability of this method. Separation of different types of
kidney cells can improve accuracy. Thirdly, to confirm the
diagnostic value of urine mTOR mRNA in renal fibrosis
and even the mesangial hypercellularity and endocapillary

cellularity, a larger group of validation study and a long-
term follow-up study are also necessary.

5. Conclusion

Urinary mTOR mRNA detection served as a noninvasive
detection of IgAN and renal fibrosis. Urinary mTOR mRNA
expression was a potential biomarker for diagnosis of IgAN
and renal fibrosis in IgAN patients.
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Background. Alterations in DNA methylation may be involved in disease progression in patients with chronic kidney disease
(CKD). Recent studies have suggested that 5-methyl-2′-deoxycytidine (5MedC) may be a marker of hypermethylation of DNA.
Currently, there is no information available regarding the urine levels of 5MedC and its association with the progression of
CKD. Method. We examined the urine levels of 5MedC in spot urine samples from 308 patients with CKD (median age: 56
years, male: 53.2%, and glomerulonephritis: 51.0%) using a competitive enzyme-linked immunosorbent assay and investigated
the relationships among urine 5MedC, urine albumin, urine α1-microglobulin (α1MG), and the laboratory parameters
associated with CKD. The patients were followed for three years to evaluate renal endpoints in a prospective manner. Results.
The urine 5MedC level was significantly increased in the later stages of CKD compared to the early to middle stages of CKD. In
multiple logistic regression models, urine 5MedC was significantly associated with the prediction of later CKD stages. Urine
5MedC (median value, 65.9 μmol/gCr) was significantly able to predict a 30% decline in the estimated GFR or a development of
end-stage renal disease when combined with macroalbuminuria or an increased level of urine α1MG (median value,
5.7mg/gCr). Conclusion. The present data demonstrate that the urine 5MedC level is associated with a reduced renal function
and can serve as a novel and potent biomarker for predicting the renal outcome in CKD patients. Further studies will be
necessary to elucidate the role of urine DNA methylation in the progression of CKD.

1. Introduction

Epigenetic changes are stable and heritable but reversible
modifications, including DNA methylation, posttranscrip-
tional modifications of histone, and remodeling of chromatin
[1, 2]. Among them, DNA methylation is a crucial epigenetic
alteration observed in eukaryotic organisms and has been

shown to be associated with many biological and cellular pro-
cesses, such as embryonic development, transcription, struc-
ture of chromatin, and stability of chromosome [3, 4].
Recently, several human diseases have been reported to be
associated with abnormal DNA methylation [4, 5].

Chronic kidney disease (CKD) is a significant concern
given the increasing number of such patients throughout
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the entire world [6]. CKD is characterized by either or both a
glomerular filtration rate (GFR) less than 60mL/min/1.73m2

and signs of kidney injury of at least 3 months’ duration
[6, 7]. A reduced estimated GFR (eGFR) and severe degree
of albuminuria independently predict end-stage renal disease
and mortality in CKD patients [8]. There is an urgent need to
identify novel biomarkers in patients with CKD in order to
better detect those at high risk of a rapid decline in the renal
function so that effective therapies can be used to inhibit the
disease progression [9].

A recent large-scale genome-wide evaluation of DNA
methylation showed that DNA hypomethylation and hyper-
methylation were present at different loci in patients with
CKD [10]. DNA hypermethylation in the peripheral blood
may be linked to inflammation possibly associated with bac-
terial infections in CKD patients with incident dialysis [11].

5-Methyl-2′-deoxycytidine (5MedC) (PubChem CID:
440055) is a product of the base excision repair (BER) and
nucleotide excision repair (NER) pathways of active DNA
methylation. 5MedC was detected in the urine of healthy
individuals as well as in those with certain diseases via several
methods [12–16]; however, little is known about its levels in
the urine of CKD patients or its association with progression
of disease in such patients.

We therefore determined the urine levels of 5MedC and
its association with progression and renal outcome in
patients with CKD.

2. Methods

2.1. Study Design. The study subjects were outpatients who
had visited the Division of Nephrology in Okayama Univer-
sity Hospital between February 2009 and February 2012.
All patients were diagnosed with CKD in accordance with
the eGFR and the presence of kidney damage, as cha-
racterized by the National Kidney Foundation K/DOQI
Guideline [6]. The eGFR was calculated as described previ-
ously [17]. Hypertension was defined as described previously
[18, 19]. The mean blood pressure (MBP) was calculated as
diastolic blood pressure + (systolic blood pressure−diastolic
pressure)/3.

All procedures in the current study were performed
according to national and institutional ethical guidelines of
human studies and guidelines in the Declaration of Helsinki.
The ethics committee of Okayama University Graduate
School of Medicine, Dentistry and Pharmaceutical Sciences
approved the study (KEN1607-010). All subjects gave written
informed consent.

A prospective and longitudinal study was performed to
investigate the relationship among urine 5MedC levels,
clinical parameters, and the renal outcome in CKD patients.
The patients who participated in this study were recruited
between February 2009 and February 2012. Patients were
followed for up to 3 years, but those who were followed for
less than 3 months (n = 51) or who started renal replacement
therapy within 3 months of the participation (n = 5) were
excluded. As a result, a total of 308 patients were included
in the analysis. Of these patients, 199 patients (male 107,
female 92) were overlapped with the previous study [19]. In

accordance with the established protocol, we excluded any
patients with established atherosclerotic complications
(congestive heart failure, coronary artery disease, or periph-
eral vascular disease) [19]. Patients with infection, acute
kidney injury, cancer, and Alzheimer’s disease at entry were
also excluded.

2.2. Laboratory Measurement of Urine Biomarkers. Spot
urine samples were collected from patients in the morning,
as described previously [19]. The urine 5MedC levels were
measured using a Global DNA Methylation Enzyme-Linked
Immunosorbent Assay (ELISA) Kit (Cell Biolabs Inc., San
Diego, CA, USA), which was a competitive enzyme immuno-
assay developed for the rapid quantitation and detection of
5MedC in urine directly. The quantity of 5MedC in an
unknown sample is calculated by comparing its absorbance
with that of a known 5MedC standard curve. The kit has a
5MedC detection sensitivity range of 150nM to 10 μM. The
concentration of 8-hydroxy-2′-deoxyguanosine (8-OHdG)
in urine samples was also determined using an ELISA kit
(R&D Systems, Minneapolis, MN, USA) as previously
described [20, 21].

The median duration of storage between collection of
urine and measurement of biomarkers was 48 months
(interquartile range, 34-49 months). The urine levels of albu-
min, total protein, creatinine (Cr), and alpha1-microglobulin
(α1MG) were measured by standard methods and used to
calculate the urine albumin-to-Cr ratio (urinary albumin
excretion (UAE)), urine α1MG-to-Cr ratio, and urine
5MedC-to-Cr ratio.

2.3. Data Collection. Each subject’s age, gender, cause of
CKD, complication of diabetes mellitus, medication with
antihypertensive drugs (angiotensin receptor blocker (ARB),
angiotensin-converting enzyme inhibitor (ACEI), calcium
channel blocker (CCB)), mean blood pressure (MBP), and
other clinical laboratory data were collected. The serum cre-
atinine concentration was measured by the enzymatic color-
imetric method using an automated analyzer (JCA-BM8040;
JEOL, Tokyo, Japan), as described previously [19].

2.4. Evaluation of Outcome. The primary outcome was CKD
progression, defined as a composite endpoint of incident
end-stage renal disease (recipient of maintenance dialysis or
renal transplant) or a 30% decline in the eGFR [22, 23].
Patients were prospectively followed for a median of 36
months (interquartile range, 26–37 months). They were
followed by a review of the medical record at least twice a year
until December 31, 2014. Loss to follow-up and death were
considered censoring events, as described previously [19].

2.5. Statistical Analyses. All values were indicated as the
median (interquartile range) or number (percentage). Dif-
ferences between groups were compared using Wilcoxon’s
test, a t-test, or log-rank test. Kaplan-Meier analyses were
applied to assess the effect of urine 5MedC levels on the
renal endpoint using a generalized Wilcoxon test [19, 21].
A multiple regression analysis was used to evaluate the pre-
dictors of a low eGFR using the odds ratio (OR) or adjusted
OR after adjusting for relevant factors [18, 19, 21]. A P value
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of <0.05 was considered to be statistically significant. The
SPSS version 20 software package (SPSS Inc., Chicago, IL,
USA) and JMP version 11 program (SAS Institute Inc., Cary,
NC, USA) were utilized to perform the statistical analyses.

3. Results

3.1. Urine 5MedC Levels and CKD Stages. The baseline pro-
files of the study subjects are summarized in accordance with
the early to middle (stages 1 to 3) and later (stages 4 and 5)
stages of CKD (Table 1). This study included 308 patients
(male, n = 164; female, n = 144) with a median age of 56
(37-67) years. The background cause of CKD in more than
half of the cases was chronic glomerulonephritis (51.0%).
This distribution of patients with chronic glomerulonephritis
was similar to that in other nephrology divisions reported in
the Japan Renal Biopsy Registry [24]. Significant increases in
the levels of albuminuria, urine α1MG, and MBP as well as
significant decreases in hemoglobin were recognized, resem-
bling those reported in other cohorts of CKD [6, 25, 26]. The
median values of urine 5MedC were 59.7 and 88.3 μmol/gCr
in the early to middle and later CKD stages, respectively
(Figure 1). The concentrations of urine 5MedC were signifi-
cantly increased in later stages of CKD, suggesting its associ-
ation with disease progression (Figure 1).

3.2. A Multivariate Analysis to Determine a Low eGFR
(Less than 30mL/min/1.73m2) in Patients with CKD. Next,
separate multiple logistic regression analyses to determine
a low eGFR (<30mL/min/1.73m2), which is equivalent to
advanced CKD stages 4 and 5, were performed (Table 2).
The urine 5MedC level alone was elucidated to be a signifi-
cantly independent predictor of a low eGFR (model 1). After
adjusting for gender and age as confounding parameters, the
urine 5MedC level was still significant in model 2, which
included albuminuria, and model 3, which further included
uα1MG (Table 2). In the univariate analysis, there were no
significant correlations between urine 5MedC and other
parameters (Table S1). The urine 5MedC levels did not
significantly differ when categorized according to the age,
gender, cause of CKD, or complications (Table S2).

3.3. Urine 5MedC in Combination with Other Urine
Proteins Significantly Predicts the Renal Survival. During
the 36 months of follow-up, 46 patients exhibited a 30%
decline in the eGFR (n = 24) or developed end-stage renal
disease requiring renal replacement therapy (n = 22). There
was a higher incidence of disease progression in patients
with advanced CKD (stages 4 to 5) (33 of 67 patients)
than in those with early to middle CKD (stages 1 to 3)
(13 of 241 patients). The baseline levels of albuminuria
(<300mg/gCr or ≥300mg/gCr) or urine α1MG (median

Table 1: Baseline characteristics of the study subjects divided by CKD stages.

All patients Early to Mid-CKD (stages 1 to 3) Later CKD (stages 4 and 5) P value

N 308 241 67

Age (years) 56 (37-67) 52 (35-65) 62 (55-71) <0.0001
Gender, male, n (%) 164 (53.2) 123 (51.0) 41 (61.2) 0.139

eGFR (ml/min/1.73 m2) 55.4 (32.0-79.6) 63.8 (47.9-85.8) 18.6 (14.2-24.3) <0.0001
UAE (mg/gCr) 158 (20-762) 89 (12-542) 705 (126-1431) <0.0001
uα1MG (mg/gCr) 5.7 (2.1-14.1) 3.9 (1.7-8.5) 23.5 (11.8-48.7) <0.0001
u5MedC (μmol/gCr) 65.9 (40.8-130.3) 59.7 (39.0-116.5) 88.3 (48.5-153.9) 0.025

Hemoglobin (g/L) 130 (116-142) 133 (123-146) 112 (101-129) <0.0001
MBP (mmHg) 91 (84-99) 91 (83-99) 96 (85-103) 0.013

Cause of CKD, n (%) <0.0001
Chronic GN∗ 157 (51.0) 146 (60.6) 11 (16.4)

Nephrosclerosis 40 (13.0) 19 (7.9) 21 (31.3)

Diabetic nephropathy 11 (3.6) 7 (2.9) 4 (6.0)

Others∗∗ 100 (32.5) 69 (28.6) 31 (46.3)

Diabetes mellitus, n (%) 36 (11.7) 27 (11.2) 9 (13.4) 0.615

Current medication, n (%)

ARBs/ACEIs 196 (63.0) 137 (56.9) 59 (88.1) <0.0001
CCBs 117 (38.0) 72 (29.9) 45 (67.2) <0.0001

Data are expressed as the median (interquartile) or number (percentage). α1MG, alpha1-microglobulin; ARB, angiotensin receptor blocker; ACEI, angiotensin-
converting enzyme inhibitor; CCB, calcium channel blocker; CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; GN, glomerulonephritis;
MBP, mean blood pressure; UAE, urinary albumin excretion; uα1-MG, urinary α1-microglobulin; u5MedC, urinary 5-methyl-2’-deoxycytidine. ∗Chronic
glomerulonephritis includes 93 cases (59.2%) of IgA nephropathy, 22 cases (14.0%) of minimal change nephrotic syndrome, 12 cases (7.6%) of
membranous nephropathy, 12 cases (7.6%) of IgA vasculitis with nephritis, 7 cases (4.5%) of focal segmental glomerulosclerosis, 6 cases (3.8%) of non-IgA
mesangial nephritis, 4 cases (2.6%) of membranoproliferative glomerulonephritis and 1 case (0.6%) of acute glomerulonephritis (persistent and chronic
phase). ∗∗Others include 62 cases (62.0%) of unknown etiology without a renal biopsy; 20 cases (20.0%) of lupus nephritis; 10 cases (10.0%) of anti-
neutrophil cytoplasmic antibody-associated vasculitis; 3 cases (3.0%) of polycystic kidney disease; 2 cases (2.0%) of Alport syndrome; and 1 case each (1.0%)
of thin basement membrane disease, cholesterol crystal embolization, and vesicoureteral reflux.
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value, 5.7mg/gCr) were able to predict the renal endpoint-
free survival (Figure S1), suggesting that the CKD cohort in
this study was consistent with the relative risk prediction
model of CKD [6, 25, 26]. Several studies have investigated
the combination of biomarkers to better predict the renal
prognosis [19, 26]. We further performed survival analyses
using the level of urine 5MedC (median value, 65.9 μmol/gCr)
in combination with the level of urine albumin (<300mg/gCr
or ≥300mg/gCr) or with that of urine α1MG (median value,
5.7mg/gCr) in Kaplan-Meier survival curves (Figure 2).
An increased urine 5MedC level in CKD patients did not
significantly predict a worse renal outcome than a lower
urine 5MedC level (Figure S1); however, a significant effect
of an increased urine 5MedC level on predicting a poor
renal survival when combined with macroalbuminuria
(≥300mg/gCr) or an increased urine α1MG level was
observed (Figure 2).

3.4. Relationship between Urine 5MedC, a Marker of DNA
Methylation, and Urine 8-OHdG, a Marker of Oxidized
DNA. We carried out a further analysis of the 273 patients
with available data for urine 8-OHdG, a marker of oxidized
DNA due to oxidative stress. We recognized a significant uni-
variate correlation between 5MedC and 8-OHdG in the urine
of CKD patients, suggesting an association between DNA
methylation and oxidized DNA and thus a linkage between
epigenetic and genetic alterations in such patients (Figure 3).

4. Discussion

In the genomic DNA of mammals, methylation of the C-5
position of cytosine is a key mechanism of epigenetic control
that influences the gene expression, stability of genome, and
differentiation of cells [27]. Abnormal methylation of several
genes, either hypermethylation or hypomethylation, has been
involved in various diseases, including cancer [2, 28, 29],
diabetes [30], obesity [31], Alzheimer’s disease [32], and
schizophrenia [5]. The level of 5-methylcytidine (5MeC) is
determined by the balance between DNA methylation and

DNA demethylation processes. DNA methylation is catalyzed
by DNA methyltransferases, with S-adenosylmethionine
functioning as a donor of methyl. DNA methylation may
be removed enzymatically by certain mechanisms including
BER [33], NER, and hydrolysis [34–36].

In this study, we measured the urine level of 5MedC, a
marker of repair products of DNA methylation, in patients
with CKD and investigated the relationships between the
urine 5MedC level and CKD progression and outcomes.
Herein, we provide the evidence that (1) the urine 5MedC
level was significantly increased in the later stages of CKD
(i.e., eGFR less than 30mL/min/1.73m2) and was associated
with a later CKD stage according to a multiple regression
analysis even after adjusting for confounding parameters;
furthermore, (2) while urine 5MedC alone did not signifi-
cantly predict the renal outcome in CKD patients, a signifi-
cant effect of urine 5MedC on predicting a poor renal
outcome when combined with macroalbuminuria or an
increased urine α1MG level was detected.

5MedC is a product of the BER and NER pathways of
active DNA methylation. DNA repair products, including
5MedC, 5-hydroxymethylcytosine, 5-formylcytosine, and 5-
carboxycytosine, are released into the blood and subse-
quently appear in the urine [37, 38]. Several techniques have
been developed for the determination of 5MedC in human
urine samples, such as immunochemical detection [13],
ion-pair liquid chromatography (LC) [16], LC with mass
spectrometry (LC-MS) [14], LC with tandemmass spectrom-
etry (LC-MS/MS) [12], and high-performance LC with tan-
dem mass spectrometry (HPLC-MS/MS) [15, 39].

Itoh et al. reported that an ELISA with specific monoclo-
nal antibodies was able to detect 5MedC as the major immu-
noreactive nucleoside in the urine of a healthy human and
increased concentrations of urine 5MedC were observed in
leukemic patients with active diseases [13]. The mean levels
of urine 5MedC in healthy subjects were 0 90 ± 0 43 nmol/μ
molCr in that analysis. The generation of 5MedC may be
caused by the active excision repair of DNA in human cells.
Heavily methylated DNA of leukemic cells may be the ori-
gin of increased 5MedC in the urine of leukemic patients.
Zambonin et al. then applied a simple reversed-phase LC
technique to determine the urine 5MedC levels normalized
by urine creatinine excretion in healthy individuals and
patients with leukemia [16]. Lee et al. further analyzed the
urine levels of oxidized nucleosides using LC with electro-
spray mass spectrometry and found that the urine 5MedC
levels did not significantly change, but those of 8-OHdGwere
significantly elevated in patients with Alzheimer’s disease
compared to healthy subjects [14]. The mean urine level of
5MedC was 0 262 ± 0 156 nmol/μmolCr in that study. Based
on these previous findings, we initially excluded patients with
cancer and Alzheimer’s disease from the present study.

Hu et al. measured the level of urine 5MeC and 5MedC
by LC-MS/MS with isotope dilution in healthy males and
found that the concentration of urine 5MeC was significantly
correlated with those of methylated purines and lesions of
oxidized DNA, including 8-oxo-7,8-dihydro-2′-deoxygua-
nosine (8-oxodG) [12]. The mean urine level of 5MedC was
7 04 ± 7 2 ng/mgCr in that report. The level of urine 5MedC,
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Figure 1: Urine 5MedC and CKD stages. Box and line plots
showing the levels of urine 5MedC (μmol/gCr) according to the
CKD stages (early to middle stages 1 to 3 or later stages 4 and 5)
based on the estimated glomerular filtration rate. The boxes
denote the medians and 25th and 75th percentiles. The lines mark
the 5th and 95th percentiles. Wilcoxon’s test. CKD: chronic
kidney disease; 5MedC: 5-methyl-2′-deoxycytidine.
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however, did not correlate with any methylated or oxidized
lesions in healthy male subjects in that study. Pan et al. inves-
tigated the levels of urine 5MedC and 5-hydroxymethyl-2′
-deoxycytidine (5hMedC) by HPLC-MS/MS in subfertile
men and showed their associations with phthalate metabo-
lites (environmental chemicals) and semen parameters
(healthy outcomes), suggesting that these are promising bio-
markers for use in epidemiological studies [15, 39]. In addi-
tion to urine samples of humans, other researchers have
attempted to determine the 5MedC level in DNA obtained
from human peripheral blood [40] or human lung cancer
tissue [41] by LC-MS/MS as well as in DNA obtained from
cultured Hela cells by HPLC-ultraviolet detection [42] and
from newborn cord blood samples by HPLC-MS/MS [43].

Recent reports have identified roles of environmental [6],
genetic [44, 45], and epigenetic factors [46, 47] in the pro-
gression of CKD. Epigenetic risk factors for CKD have only
recently been investigated [10], and the DNA methylation
profile in the blood might be associated with a rapid decline
in the renal function [48]. In the present study, the group
exhibiting both higher levels of urine 5MedC and albumin-
uria had a worse renal survival than the group exhibiting
lower levels of both (Figure 2). Whether albuminuria induces
epigenetic changes, including DNAmethylation, and thus an
increase in urine 5MedC in resident kidney cells is largely
unknown. The expression of Krüppel-like factor 4, which
can reprogram somatic cells into induced pluripotent stem
cells, reduced DNA methylation at the nephrin promoter,
which may lead to protection against albuminuria [49]. The
hypomethylation of aldo-keto reductase family 1 member B1
and tissue inhibitor of metalloproteinase 2 genes in associa-
tion with albuminuria has been reported in subjects with
early stages of diabetic nephropathy [50], although we did
not recognize a significant correlation between urine 5MedC
and albuminuria levels in the univariate analysis in our
cohort (Table S1).

We found in the present study that urine 5MedC levels
were significantly increased in the later stages of CKD
(stages 4 and 5, i.e., eGFR less than 30mL/min/1.73m2)
(Figure 1), when uremic toxins may be detected in both
the urine and serum of such patients. In recent reports, ure-
mia was shown to induce alterations in DNA methylation

in differentiating monocytes in patients with CKD [51].
The expression of the antiaging and renoprotective gene
klotho is known to be suppressed under conditions of uremia
[18]. The protein-bound uremic toxins can increase the DNA
methyltransferase and DNA methylation, thereby leading to
the suppression of the klotho expression in the uremic milieu
[52]. Therefore, certain uremic toxins might alter the global
DNA methylation and the expression of urine 5MedC in
CKD patients. In rodent models, hypermethylation of certain
genes is involved in the activation of fibroblasts and fibrogen-
esis in the kidney, which may be one of the molecular mech-
anisms associated with the progression of CKD [53].

Epigenetic patterns can change over one’s lifetime,
suggesting that epigenetic changes may constitute an impor-
tant factor of the aging process [54]. Since CKD might be an
aging-related disorder, we investigated the urine 5MedC level
in different age categories in our CKD cohort. However, the
CKDpatients ≥ 75 years of age did not exhibit a significantly
different level of urine 5MedC than those <75 years of age in
our study (Table S2). We recognized the correlation between
urine 5MedC, a marker of global DNA methylation, and
urine 8-OHdG, a marker of oxidized DNA by oxidative
stress (Figure 3), suggesting a link between DNA oxidation
and DNA methylation. There might therefore be a connec-
tion between genetic and epigenetic alterations, possibly via
oxidative stress in such patients. Several reports have
investigated the relationship between oxidized DNA and
DNA methylation [55–58], including the simultaneous
examination of 8-OHdG and 5MedC in DNA samples
[55]. 8-OHdG may induce hypomethylation of DNA by
inhibiting DNA methylation at nearby cytosine bases [58].
Significantly negative correlations were reported between 8-
OHdG and levels of global methylation in DNA extracted
from leukocytes in workers exposed to nanomaterials of
metal oxide [56] and between plasma 8-OHdG and global
methylation levels in leukocyte DNA in subjects with
biliary atresia [57]. Further investigations are thus required
in order to clarify the association between oxidized DNA
and DNA methylation.

This study has several limitations and strengths that must
be kept in mind when understanding the data. First, urine
5MedC did not exhibit methylation of specific genes involved

Table 2: A multiple logistic regression analysis to determine low eGFR (later CKD stages, <30 mL/min/1.73m2) in different models.

Odds ratio 95% CI P value

Model 1

u5MedC ≥ median (μmol/gCr) 2.30 1.29 - 4.21 0.005

Model 2

u5MedC ≥ median (μmol/gCr) 2.16 1.18 – 4.04 0.012

UAE ≥ 300 (mg/gCr) 4.31 2.36 – 8.08 <0.0001
Model 3

u5MedC ≥ median (μmol/gCr) 2.36 1.24 - 4.60 0.008

UAE ≥ 300 (mg/gCr) 1.39 0.67 - 2.90 0.381

uα1MG ≥ median (mg/gCr) 13.56 5.32 – 40.1 <0.0001
Adjusted for age and gender. The median values of u5MedC and uα1MG are 65.9 (μmol/gCr) and 5.7 (mg/gCr), respectively. CKD, chronic kidney disease;
eGFR, estimated glomerular filtration rate; UAE, urinary albumin excretion; uα1-MG, urinary α1-microglobulin; u5MedC, urinary 5-methyl-2’-
deoxycytidine; CI, confidence interval.
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in CKD, such as polycystic kidney disease 1 [59] but exhibited
global DNAmethylation. Second, while three major enzymes
are necessary for de novo DNA methylation (DNMT3A and

DNMT3B) or maintenance methylation (DNMT1) in mam-
malian cells [3], we did not examine the levels of these
enzymes in the present study. Third, we did not have
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Figure 2: Urine 5MedC and CKD outcome. Kaplan-Meier curves showing the renal endpoint-free survival categorized by urine 5MedC
(μmol/gCr) and its combination with albuminuria (mg/gCr) (a) or urine α1MG (mg/gCr) (b). The combination of urine 5MedC with
albuminuria (a) or urine α1MG (b) clearly separated the three-year renal endpoint-free survival of CKD patients. (a) u5MedC < 65 9 and
UAE < 300, n = 94 30 5% ; u5MedC < 65 9 and UAE ≥ 300 or u5MedC ≥ 65 9 and UAE < 300, n = 146 47 4% ; and u5MedC ≥ 65 9 and
UAE ≥ 300, n = 68 22 1% . (b) u5MedC < 65 9 and uα1MG < 5 7, n = 80 26 0% ; u5MedC < 65 9 and uα1MG ≥ 5 7 or u5MedC ≥ 65 9
and uα1MG < 5 7, n = 152 49 4% ; u5MedC ≥ 65 9 and uα1MG ≥ 5 7, n = 76 24 7% . ∗ indicates P < 0 0001, n.s. denotes not significant.
Log-rank test. UAE: urinary albumin excretion; uα1MG: urinary alpha1-microglobulin; u5MedC: urinary 5-methyl-2′-deoxycytidine.
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sufficient data on subjects with diabetic nephropathy, which
is the most frequent cause of ESRD in several countries.
However, including diabetic subjects in the CKD cohort
may have influenced the 5MedC levels, as alterations in the
DNA methylation of the gene network occur under condi-
tions of diabetes mellitus [60] and in glomerular podocytes
under conditions of diabetic nephropathy [61, 62]. Fourth,
the serum and kidney tissue levels of 5MedC were not
investigated in this study, as we did not obtain these sam-
ples in our setting. Renal compartment-specific genetic
and epigenetic analyses would be able to identify further
novel mechanisms involved in the progression of CKD
[63]. Fifth, we were unable to evaluate cardiovascular events
in CKD patients because we expected a low number of such
events in our setting, although epigenetic dysregulation of
CKD-associated cardiovascular disease might be relevant
[64]. In addition, we were unable to confirm the level of
5MedC in our urine samples using other methodologies,
such as LC-MS/MS [12]. Other caveats include the lack of
data on lifestyle risks, such as smoking and toxin exposure,
as potential confounders.

5. Conclusions

We examined the levels of urine 5MedC, a marker of DNA
methylation and an epigenetic marker, in patients with
CKD. These values significantly increased in the later CKD
stages and were related to a reduced eGFR. The urine 5MedC
level in combination with albuminuria or the α1MG level
significantly predicted the renal survival in CKD patients,
suggesting that it can serve as a novel biomarker for predict-
ing the renal outcome in CKD, which is a significant issue
given the currently increasing number of CKD patients all
over the world. Our previous studies and others suggested
urine trefoil factors to be biomarkers for progression of
CKD [19, 65, 66]; however, recent studies demonstrated
these small peptides as biomarkers for acute kidney injury
[67] and drug-induced kidney injury [68]. We thus believe

urine 5MedC as a promising and novel biomarker for
CKD based on the current study.

Further studies to clarify the kidney disease-specific
changes in the level of 5MedC utilizing a larger CKD cohort
and exploring the renal compartment-specific epigenetic
analyses will be necessary. Clarifying whether intervention
and treatment of CKD patients with agents such as
cholesterol-lowering medications [69] can alter the level of
urine 5MedC is of great importance.
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Objective. The prognostic role of Klotho in patients with chronic kidney disease is still controversial. Therefore, we performed this
meta-analysis to assess the relationship between the low sKlotho level and the risk of adverse kidney outcomes. Materials and
Methods. We systematically searched medical databases, such as PubMed, Embase, and the Cochrane Library, for eligible
publications regarding the relationship between the low sKlotho level and risk of adverse kidney outcomes. The quality of
included studies was assessed by using the Newcastle–Ottawa Scale. Combined hazard ratios (HRs) and its 95% confidence
intervals (CIs) were calculated using a random- or fixed-effect model. Subgroup analysis was conducted with stratification by
age, estimated glomerular filtration rate (eGFR), follow-up interval, region, and study quality. All data was analyzed by RevMan
5.3 analysis software. Results. Eight cohort studies with 3586 participants from 3818 studies were included in our final analysis.
Levels of sKlotho were significantly correlated with the eGFR, with a summary correlation coefficient r and 95% CI of 0.469
(0.226, 0.658). Additionally, low sKlotho levels were strongly associated with increased adverse kidney outcomes, and the pooled
HR and its 95% CI were 1.64 (1.19, 2.26; P = 0 002), despite publication bias and statistical heterogeneity (I2 = 52%, P = 0 07).
Furthermore, this positive correlation was still observed in all of the subgroup analyses. However, heterogeneity was present in
subgroup analyses stratified by the eGFR and follow-up interval. Conclusion. Levels of sKlotho are positively correlated with the
eGFR, and low sKlotho levels are significantly associated with an increased risk of poor kidney outcomes. Therefore, sKlotho
could be used as a novel biomarker for early diagnosis and prognostic assessment for patients with chronic kidney disease.
Studies with a larger sample size and longer follow-up period are warranted to validate our results.

1. Introduction

Kuro-o et al. identified α-Klotho in 1997 as a novel antiaging
gene [1], encoding two Klotho proteins. One of these pro-
teins is the membrane-bond form (mKlotho), a single-pass
membrane protein, which is expressed on the cell surface.
The short extracellular domain of mKlotho can be cleaved
by proteases and released into the blood. This shed extracel-
lular domain is defined as soluble or secreted Klotho
(sKlotho) [2]. mKlotho and sKlotho possess distinct bio-
logical functions [3]. mKlotho forms a complex with the

fibroblast growth factor receptor (FGFR) and serves as the
coreceptor for the fibroblast growth factor 23 (FGF23) to
maintain mineral homeostasis [3, 4]. sKlotho can be detected
in the circulation by ELISA assay [5] and is believed to be a
main active form. sKlotho exerts pleiotropic beneficial effects
by acting as a circulating hormone and protects cells against
oxidative stress, hypoxia, and inflammation and inhibits cell
apoptosis and organ fibrosis [6]. The Klotho gene is located
in multiple organs including the kidney, brain, parathyroid,
testis, and pituitary gland [1, 7, 8]. Among these organs, the
kidney has the highest Klotho levels, indicating that the
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kidney is the major organ which generates Klotho [9]. There-
fore, unsurprisingly, Klotho levels decrease if the organ of
origin is diseased [10, 11].

Chronic kidney disease (CKD) is increasingly considered
as a major public health issue worldwide with high mortality
and morbidity rates [12]. Currently, there is no effective ther-
apy available for treating CKD. Therefore, early detection or
prognosis is important for the prevention and treatment of
CKD. However, there is no standard biomarker for early
diagnosis and the monitoring of disease exacerbation in the
course of CKD. Emerging evidence from patients with CKD
has shown that sKlotho levels are decreased in the early
stages of CKD, and they further decline as CKD progresses
[11, 13–15]. Moreover, reduced sKlotho levels are associated
with an elevated risk of deterioration in renal function or
renal replacement treatment (RRT) [13, 16]. Therefore,
sKlotho is proposed as a biomarker for the early diagnosis
and progression of CKD. A correlation between sKlotho
levels and kidney function has been recently systematically
reviewed by Wang et al. [17]. These authors showed a posi-
tive association between sKlotho levels and the estimated glo-
merular filtration rate (eGFR), and they evaluated the
possibility of sKlotho as an early biomarker for CKD early
diagnosis. However, the role of sKlotho in predicting adverse
outcomes in the kidney remains controversial [18]. There-
fore, we performed a meta-analysis to assess the prognostic
role of sKlotho by investigating the association between
sKlotho levels and progression of CKD.

2. Materials and Methods

2.1. Search Strategy. A systematic literature search of
PubMed, Embase, and the Cochrane Library was performed
by two authors. The search was restricted to articles written
in English. The terms that were used for the search were as
follows: ([Klotho or alpha-Klotho or α-Klotho or αKL] and
[chronic kidney disease or CKD or chronic kidney insuffi-
ciency or chronic kidney failure or chronic nephropathy or
chronic kidney dysfunction] or [biomarker or marker or
prognosis or outcome or progression or decline or deteriora-
tion]). Moreover, the reference lists of included studies were
also retrieved manually for additional relevant studies. The
updated date was January 15, 2019.

2.2. Inclusion Criteria and Exclusion Criteria. We included
studies on the basis of the inclusion and exclusion criteria.
Inclusion criteria were as follows: (1) a cohort or cohort
and observational study, (2) a study that investigated the
association between sKlotho levels and adverse kidney
outcomes in patients with CKD, and (3) the patient’s age
was ≥18 years. Exclusion criteria were as follows: (1) an
observational study, (2) a study that investigated the relation-
ship between renal Klotho or urinary sKlotho levels and
kidney function or other parameters, (3) a study with incom-
plete data, (4) patients with kidney transplantation or dialysis,
(5) an animal experimental study (in vivo or in vitro), and (6)
case reports, posters, editorials, and reviews.

2.3. Study Selection. Two authors independently screened the
abstracts and titles of the relevant studies and eliminated
studies that were not applicable according to the prestated
inclusion criteria. However, reviews that possibly contained
relevant information were initially included. The same two
authors independently assessed the eligibility of the remain-
ing full-text articles. Disagreements regarding study selection
were resolved by discussion with an arbitrator.

2.4. Data Extraction. Two investigators extracted data inde-
pendently from the included literature using a standardized
data extraction form. The extracted content for each study
included the first author’s name, year of publication, study
design, sample size, age, research region, assay use, correla-
tion coefficient (Pearson or Spearman), hazard ratio (HR),
odds ratio (OR), and 95% confidence interval (CI). The esti-
mated HRs were acquired from the Kaplan–Meier curves as
previously described [19] if the HRs were not obtained
directly in the studies. Discrepancies in data extraction were
addressed by consulting a third arbitrator. The most com-
plete data were used if more than one publication of one
study existed. If the data were not obtained or not complete,
the first or corresponding author was contacted by e-mail.

2.5. Quality Assessment. The quality of included studies
was independently assessed by three authors using the
Newcastle–Ottawa Scale (NOS) [20]. Studies with≥8 awarded
stars were considered as high-quality studies. Disagreements
among authors were resolved by discussing with an indepen-
dent third party. The quality items assessed were eight items
including patient selection, comparability, and outcome.

2.6. Meta-analysis. Pearson correlation coefficients were con-
verted into Spearman correlation coefficients, and the latter
were used for estimating the associations between sKlotho
levels and the eGFR [17, 19]. Correlation coefficients under-
went Fisher’s Z transformation to generate a Z value, and
then we calculated the standard error of Z. Meta-analysis
was used to obtain the summary Fisher’s Z value, and this
was then transformed back by inverse Fisher’s transforma-
tion to obtain the summary effect size (r) and 95% CIs. The
pooled HRs and corresponding 95% CIs were used to evalu-
ate the effect of sKlotho levels on adverse kidney outcomes.
Meta-analysis was performed by ReviewManager 5.3 analysis
software (Cochrane Collaboration, Copenhagen, Denmark).
Heterogeneity across included studies was analyzed using
I2 statistics. The fixed-effect model was used when the I2

value was <50%. The random-effect model was applied
when the I2 value was >50%. Subgroup analysis was per-
formed to examine the source of heterogeneity. The stabil-
ity of the results was evaluated by sensitivity analysis via
switching between the fixed-effect and the random-effect
model. Potential publication bias was assessed by using
the funnel plot.

3. Results

3.1. Study Selection. A total of 3818 relevant publications
were extracted by searching databases, including PubMed,
Embase, and the Cochrane Library. Of these studies, 615
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were removed because of duplication. A total of 3102 publi-
cations were excluded by screening titles and abstracts. Ten
studies were included by reviewing the full text, and eight
studies were finally identified for our meta-analysis on the
basis of the inclusion and exclusion criteria. The article selec-
tion process is shown in Figure 1.

3.2. Characteristics of Included Studies. Eight cohort studies
were included in our final analysis of 3586 participants
[13, 16, 18, 21–25]. Three studies provided information on
the sKlotho level and the eGFR (Pearson correlation coeffi-
cients or Spearman correlation coefficients) [13, 16, 25],
and two studies reported data on sKlotho and an annual
decline in eGFR (Pearson correlation coefficients) [21, 24].
Four studies reported data on the sKlotho level and kidney
outcomes (HR and its 95% CI) [13, 18, 24, 25]. HR was
extrapolated from the Kaplan–Meier curves in one study
[23]. Moreover, OR was estimated on the basis of data that
were provided in another study [22] because its HR could
not be obtained directly or calculated indirectly. Three
studies reported correlation coefficients for FGF23 and
eGFR [13, 21, 25]. Two studies reported HRs and 95% CIs
for FGF23 levels and kidney outcomes [18, 25]. Characteris-
tics of included studies are displayed in Table 1. Quality of
the included studies was assessed by the Newcastle–Ottawa
Scale for cohort studies. Specific scores that ranged from 4
to 9 are shown in Table 2, and the average score was 7.1.

3.3. Association of sKlotho Levels and the eGFR. One study
showed no relationship between sKlotho and the eGFR (the
correlation coefficient was not shown in this study) [18],
and three studies reported data on the association between
sKlotho and the eGFR in the cross-sectional analysis
[13, 16, 25]. The remaining four studies did not report any
data on sKlotho and the eGFR. All of the three studies
demonstrated a positive correlation between sKlotho levels
and the eGFR. Meta-analysis showed that the combined
Fisher’s Z value with the corresponding 95% CI was 0.51
(0.23, 0.79; P < 0 001; Figure 2). After inverse Fisher’s Z
transformation, the summary r and its 95% CI were
0.469 (0.226, 0.658). Our findings suggested that sKlotho
levels were positively associated with the eGFR. The
random-effect model was used because of significant hetero-
geneity (I2 = 89%, P = 0 0002, Figure 2). Funnel plots for
these studies showed a symmetrical distribution and indi-
cated that there was no publication bias (data not shown).
To investigate the source of heterogeneity, we recalculated
the combined results by excluding one study each time, and
statistical heterogeneity still existed.

Three studies reported data on FGF23 levels and the
eGFR, and all of the three studies showed a negative associa-
tion between FGF23 levels and the eGFR [13, 21, 25]. Our
combined Fisher’s Z value with its 95% CI was −0.61
(−0.86, −0.36), despite significant heterogeneity (I2 = 82%,
P = 0 004, Figure 3), and the calculated summary r and its
95% CI were −0.544 (−0.696, −0.345).

Records identified through
database searching

(n = 3818)

Additional records identified
through other sources

(n = 0)

Records after duplicates removed
(n = 3203)

Records screened
(n = 101)

Full-text articles assessed
for eligibility

(n = 28)

Studies included in
qualitative synthesis

(n = 10)

Studies included in
quantitative synthesis

(meta-analysis)
(n = 8)

Full-text articles excluded,
with reasons

(n = 18)

Titles and abstracts excluded
(n = 3102)

Figure 1: Flow chart of the included studies in the meta-analysis.
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3.4. Association of sKlotho Levels and an Annual Decline in
the eGFR. Only two studies reported data on sKlotho levels
and an annual decline in the eGFR [21, 24]. In Kim et al.’s
study, sKlotho levels were negatively correlated with an
annual decline in the eGFR (r = −0 217, P = 0 009) after
adjustment for clinical parameters including baseline eGFR
[24]. However, in Bob et al.’s study, sKlotho was positively
associated with an annual decline in the eGFR (r = 0 714,
P = 0 0004) and one increase with a standard deviation
in the sKlotho level followed by an augmentation with
0.623 standard deviation in the decline of eGFR adjusting
for confounding factors [21]. However, high heterogeneity
was observed in these two studies (I2 = 98%, P < 0 001)
when the data were combined. Due to high heterogeneity
and the small number of studies, meta-analysis was not
performed further to clear up this confusion.

3.5. Association of sKlotho Levels and Adverse Kidney
Outcomes. Of the included eight studies, one study reported
that a change in sKlotho levels (ΔsKlotho level) was an inde-
pendent predictor for an increased risk of RRT after adjust-
ing for confounders [16]. However, one study showed that
a high sKlotho level was significantly associated with a rapid
decline in the annual eGFR after adjusting for confounding
factors [21]. Because HRs or ORs could not be obtained or
calculated in these two studies, they were excluded in our
meta-analysis. Six studies with 3419 participants were identi-
fied as being eligible for our meta-analysis [13, 18, 22–25].
Their HRs or ORs were obtained directly or indirectly after
adjustment for possible confounding factors including basal

eGFRs. In the six studies, one study showed no relationship
between reduced sKlotho levels and increased adverse kidney
outcomes (doubling of serum creatinine (Scr) levels or RRT)
[18] and the remaining five studies showed a strong correla-
tion [13, 22–25]. With the random-effect model, the pooled
HR and its 95% CI were 1.64 (1.19, 2.26; P = 0 002;
Figure 4), which suggested that low sKlotho levels were
significantly associated with increased adverse kidney out-
comes. No studies were found to have a significant effect on
the total results of this meta-analysis. The distribution of fun-
nel plots was not symmetrical, which suggested that there
was publication bias.

There was moderate heterogeneity in the result of the
meta-analysis of the included 6 studies (I2 = 52%, P = 0 07,
Figure 4). Sensitivity analysis showed that there was no het-
erogeneity (I2 = 1, P = 0 40, Figure 5), and the total combined
results were not altered after excluding Drew et al.’s study
[22] (pooled HR, 1.78 (1.37, 2.33)). Therefore, Drew et al.’s
study was the source of statistical heterogeneity. However,
we eventually included this study because of its longest
follow-up interval and largest sample size. To further search
for the potential causes of significant heterogeneity across
the studies, we conducted subgroup meta-analysis on the
basis of average age (≥65 years or <65 years), eGFR
(≥60 ml/min or <60 ml/min), follow-up interval (≥2 years
or <2 years), research region (Asia or other countries), and
study quality (score ≥8 or <8). The results of the subgroup
meta-analysis are shown in Table 3. Positive associations were
still apparent and were significant in all subgroups. There was
high heterogeneity regarding the eGFR (I2 = 77%, P = 0 04)

Study or subgroup
Kim HR 2013
Liu 2018
Qian 2018

Total (95% CI)
Heterogeneity: Tau2 = 0.06; Chi2 = 17.59, df = 2 (P = 0.0002); I2 = 89%
Test for overall effect: Z = 3.52 (P = 0.0004)

100.0% 0.51 (0.23, 0.79)

Uncorrelated Correlated
−2 −1 0 1 2

0.529502
0.21736

0.784006

0.06455
0.095783
0.095783

35.1 %
32.4 %
32.4 %

0.53 (0.40, 0.66)
0.22 (0.03, 0.41)
0.78 (0.60, 0.97)

Fisher's Z
Fisher's Z

IV, random, 95% CI
Fisher's Z

IV, random, 95% CISE Weight

Figure 2: Forest plots of the summary Fisher’s Z value with its 95% CIs for the association between sKlotho and eGFR. Summary correlation
coefficient (r) and 95% CI were 0.469 (0.226, 0.658) by inverse Fisher’s transformation.

Study or subgroup

Bob 2018
Kim HR 2013
Liu 2018

Total (95% CI)
Heterogeneity: Tau2 = 0.04; Chi2 = 10.89, df = 2 (P = 0.004); I2 = 82%
Test for overall effect: Z = 4.81 (P < 0.00001)

100.0% −0.61 (−0.86, −0.36)

Correlated Uncorrelated
−1 −0.5 0 0.5 1

−0.30842106
−0.63711173
−0.8384741

0.1291
0.06455
0.09578

29.0%
37.5%
33.5%

−0.31 (−0.56, −0.06)
−0.64 (−0.76, −0.51)
−0.84 (−1.03, −0.65)

Fisher's Z
Fisher's Z

IV, random, 95% CI
Fisher's Z

IV, random, 95% CISE Weight

Figure 3: Forest plots of the summary Fisher’s Z value with its 95% CIs for the association between FGF23 and eGFR. Summary r and 95% CI
were -0.544 (-0.696, -0.345) by inverse Fisher’s transformation.
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and follow-up interval (I2 = 62%, P = 0 05). There was no sta-
tistical heterogeneity regarding the average age (I2 = 25%,
P = 0 26), research region (I2 = 2%,P = 0 36), and study
quality (I2 = 48%, P = 0 15). Therefore, the eGFR and follow-
up interval were thought to be the sources of heterogeneity
among the studies.

Three studies showed data on FGF23 levels and adverse
kidney outcomes [13, 18, 25]. High FGF23 levels predicted
adverse kidney outcomes in two studies [13, 18], but a similar
correlation was not observed in our recent study [25].
Because HR or OR was not obtained in Kim et al.’s study
[13], this study was removed from our meta-analysis. The
overall combined results showed that there was no heteroge-
neity between the two studies (I2 = 0%, P = 0 34, Figure 6).
Thus, meta-analysis was conducted further, and the pooled
HR and its 95% CI were 1.96 (1.04, 3.68), indicating that high
FGF23 levels were significantly associated with increased
adverse kidney outcomes. Although there were a small num-
ber of enrolled studies, we believed that the result of the
meta-analysis in homogeneous studies was stronger than that
of the single original study.

4. Discussion

CKD and its complications are public health issues in the
general population. Much effort has been made to screen

and identify novel biomarkers for early diagnosis and prog-
nostic estimation in patients with CKD. However, an ideal
biomarker is still lacking. The novel antiaging factor sKlotho
is a potential biomarker for CKD and has elicited consider-
able attention in recent years. Levels of sKlotho are primarily
generated from the kidney, indicating that there is strong
correlation between sKlotho levels and kidney function.
Indeed, a number of human studies have suggested that
sKlotho levels are not only associated with the state of kid-
ney function but also reflect the extent of kidney injury.
Shimamura et al. first reported that sKlotho levels began to
decline from CKD stage 2 and continued to decline as CKD
progressed [15]. Pavik et al. showed a 1 ml/min decrease in
the eGFR accompanied by a 3.2 pg/ml decrease in sKlotho
levels [14]. Our recent data also showed that sKlotho levels
in CKD were decreased by 75% compared with those in
healthy controls [25]. Similar findings have also been found
in other human studies with CKD [26–28]. However, several
studies have shown conflicting results. In these studies,
sKlotho levels were not decreased but increased, or sKlotho
levels across CKD stages were not significantly different in
patients with CKD [18, 29, 30]. A recent meta-analysis by
Wang et al. addressed this discrepancy [17]. In their study,
the combined correlation coefficient r (between sKlotho
and the eGFR) was 0.35 (0.23, 0.46, P < 0 05) [17], which
suggested there is a positive correlation between sKlotho
and the eGFR [17]. In their meta-analysis, eight studies were

Study or subgroup

Drew 2017
Fountoulakis 2018
Kim HR 2013
Kim SS 2017
Liu 2018
Seiler 2012

Total (95% CI)
Heterogeneity: Tau2 = 0.06; Chi2 = 10.32, df = 5 (P = 0.07); I2 = 52%
Test for overall effect: Z = 3.05 (P = 0.002)

100.0% 1.64 (1.19, 2.26)

High sKlotho levels Low sKlotho levels

0.1832
0.4383
0.708

1.3863
1.1912
0.4637

Log (hazard ratio)

1.20 (1.03, 1.41)
1.55(1.13, 2.13)
2.03 (1.07, 3.85)

4.00 (1.30, 12.31)
3.29 (1.06, 10.26)
1.59 (0.12, 21.07)

Hazard ratio
IV, random, 95% CI

Hazard ratio
IV, random, 95% CI

0.0808
0.1612
0.3267
0.5734

0.58
1.3184

SE

39.0%
30.3%
15.7%
6.8%
6.6%
1.5%

Weight

0.01 0.1 1 10 100

Figure 4: Forest plots of low sKlotho levels and adverse kidney outcomes from the included six studies.

Study or subgroup

Drew 2017
Fountoulakis 2018
Kim HR 2013
Kim SS 2017
Liu 2018
Seiler 2012

Total (95% CI)

Heterogeneity: Chi2 = 4.02, df = 4 (P = 0.40); I2 = 1%
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Figure 5: Forest plots of low sKlotho levels and adverse kidney outcomes after removing Drew et al.’s study (2017).
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included with 1136 participants, and there was moderate het-
erogeneity (I2 = 68 7%, P = 0 002) and no publication bias
[17]. In line with this previous study, the pooled correlation
coefficient r in our study was 0.469 (95% CI: 0.226, 0.658),
which indicated that sKlotho levels are linearly related to
the eGFR. However, our analysis only included three studies
with a small sample size, there was significant heterogeneity,
and the strength of our conclusion inevitably was limited.
Therefore, our results should be interpreted with caution.

An increasing number of cohort studies have shown that
progression of CKD or aggressive loss of the eGFR is signifi-
cantly associated with sKlotho deficiency. Kim et al. observed
that a 10 pg/ml increase was associated with a reduction by
4% in the risk of composite kidney outcomes, including
RRT or doubling in Scr levels in patients with CKD stages
1–5 [13]. These authors showed that sKlotho levels below
the median value had an increased risk of reaching combined
endpoints (HR: 2.03; 95% CI: 1.07, 3.85) [13]. In patients
with rapid loss of kidney function, we recently observed that
low sKlotho levels were associated with an increased risk of
doubling of Scr levels or RRT during follow-up (HR: 3.291;

95% CI: 1.056, 9.823) [25]. In patients with stable kidney
function, Drew et al. showed that low sKlotho levels were
persistently correlated with adverse kidney outcomes [22].
In this previous study, 2496 participants with a mean eGFR
(74 ± 18 ml/min) were enrolled and were followed up for 3
or 10 years. Doubling of sKlotho levels was associated with
reduced odds of decline in kidney function for a 30% decline
in the eGFR (OR: 0.78; 95% CI: 0.66, 0.93) and for a 3 ml/min
per year decline in the eGFR (OR: 0.73; 95% CI: 0.66, 0.99).
Overall, low sKlotho levels (below the median value) were
associated with a higher risk of reaching combined adverse
kidney outcomes (calculated OR: 1.20; 95% CI: 1.03, 1.41)
after adjusting for confounders. Because eGFR values were
measured at one or two time points at the end of follow-up
(3 or 10 years), thus, HR was not reported or calculated in
this study. However, some studies provided inconsistent
results that sKlotho levels failed to predict progression of
CKD [18] and that high sKlotho levels were associated with
a rapid decline in kidney function in patients with CKD
[21]. Therefore, sKlotho’s prognostic significance is still
under extensive investigation. In the current study, we found

Table 3: Results of subgroup analysis about the association between Klotho and renal outcomes.

Subgroup Studies Statistical method Heterogeneity Effect estimate P value

Age 6 HR (IV, fixed, 95% CI) 1.33 (1.16, 1.53) <0.01
Age ≥ 65 2 (Ref [18, 22]) HR (IV, fixed, 95% CI) P = 0 83; I2 = 0% 1.20 (1.03, 1.41) 0.02

Age < 65 4 (Ref [13, 23–25]) HR (IV, fixed, 95% CI) P = 0 26; I2 = 25% 1.79 (1.37, 2.33) <0.01
eGFR 6 HR (IV, random, 95% CI) 1.81 (1.28, 2.55) <0.01

eGFR ≥ 60 ml/min 2 (Ref [22, 24]) HR (IV, random, 95% CI) P = 0 04; I2 = 77% 1.92 (0.61, 6.05) 0.04

eGFR < 60 ml/min 4 (Ref [13, 18, 23, 25]) HR (IV, random, 95% CI) P = 0 40; I2 = 1% 1.79 (1.37, 2.34) <0.01
Follow-up interval HR (IV, random, 95% CI) 1.64 (1.19, 2.26) <0.01

Follow − up ≥ 2 years 4 (Ref [13, 22–24]) HR (IV, random, 95% CI) P = 0 05; I2 = 62% 1.56 (1.12, 2.17) <0.01
Follow − up < 2 years 2 (Ref [18, 25]) HR (IV, random, 95% CI) P = 0 61; I2 = 0% 2.92 (1.03, 8.28) 0.04

Research region 6 HR (IV, random, 95% CI) 1.64 (1.19, 2.26) <0.01
Asia 3 (Ref [13, 24, 25]) HR (IV, random, 95% CI) P = 0 52; I2 = 0% 2.55 (1.55, 4.20) <0.01
Other countries 3 (Ref [18, 22, 23]) HR (IV, random, 95% CI) P = 0 36; I2 = 2% 1.27 (1.10, 1.47) <0.01

Study quality 6 HR (IV, random, 95% CI) 1.64 (1.19, 2.26) <0.01
High-quality study 4 (Ref [13, 18, 22, 23]) HR (IV, random, 95% CI) P = 0 26; I2 = 26% 1.37 (1.11, 1.69) <0.01
Low-quality study 2 (Ref [24, 25]) HR (IV, random, 95% CI) P = 0 81; I2 = 0% 3.63 (1.63, 8.08) <0.01

Study or subgroup
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Total (95% CI)

Heterogeneity: Chi2 = 0.92, df = 1 (P = 0.34); I2 = 0%
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Figure 6: Forest plots of high FGF23 levels and adverse kidney outcomes.
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that low sKlotho levels were associated with increased
adverse kidney outcomes, which indicated that sKlotho could
be a prognostic biomarker for patients with CKD. Notably,
we found significant heterogeneity (I2 = 52%, P = 0 07) in
our study. However, significant heterogeneity was no longer
present (I2 = 1%, P = 0 4), and the pooled HRs were not
altered after the exclusion of Drew et al.’s study [22]. This
suggested stability of our meta-analysis results. However,
association of sKlotho levels and an annual decline in the
eGFR still remains uncertain due to the significant heteroge-
neity and the small number of studies. Therefore, further
studies are needed to resolve the contradictory results.

The mechanism underlying low sKlotho levels increasing
the risk of reaching adverse kidney outcomes is multifacto-
rial. Oxidative stress, inflammation, and the renin–angioten-
sin–aldosterone system are risk factors that promote
progression of CKD. Reduced sKlotho levels are also asso-
ciated with enhanced oxidative stress and inflammation
[31, 32]. Interestingly, upregulated Klotho levels facilitate
the removal of reactive oxygen species by activating FOXO-
mediated manganese superoxide dismutase [33]. Further-
more, upregulated Klotho levels inhibit inflammation by
suppressing nuclear factor-κB-mediated inflammatory pro-
cesses in in vivo and in vitro studies [34, 35]. Additionally,
sKlotho supplementation reduces renal angiotensinogen
and angiotensin II levels, followed by the amelioration of
renal fibrosis in diabetic and adriamycin nephropathy
[36, 37]. Moreover, sKlotho therapy suppresses renal fibrosis
by targeting several fibrotic signaling pathways, including
TGFβ-1/Smads and WNT/β-catenin signaling [37–39]. In
our previous studies, sKlotho treatment inhibited renal
fibrosis via suppression of endoplasmic reticulum stress
or epithelial-mesenchymal transition [40, 41]. Because of
the pleiotropic beneficial activities of sKlotho, it is a novel
kidney-protective factor and treatment target for renal
fibrosis [42]. Deficiency of sKlotho makes the kidney vulner-
able to attacks from oxidative stress, ischemia, and inflamma-
tion, and this in turn aggravates kidney function. Therefore,
loss of sKlotho is implicated in the development and progres-
sion of CKD, which is supported by our results.

FGF23 is primarily secreted by osteocytes and osteoblasts
and was newly identified as a regulator of phosphorylation by
forming a complex with Klotho [43]. FGF23 levels are
increased in the early stages of CKD, and this even precedes
the elevation of the parathyroid hormone and phosphate
levels [43, 44]. As a compensatory response, elevated
FGF23 levels are mostly ascribed to an increase in phosphate
burden, and this maintains normal phosphorus levels in early
CKD [44, 45]. As the eGFR continues to decline in the course
of CKD, this compensatory mechanism fails to maintain
phosphorus homeostasis, and this in turn leads to higher
FGF23 levels [46]. Therefore, FGF23 is elevated in patients
in the early stage of CKD, and this trend increases as CKD
progresses because of persistent retention of serum phospho-
rus levels [47, 48]. FGF23 levels are inversely correlated with
the eGFR, and they are emerging as an early biomarker for
CKD in recent years [49–51]. Our findings are consistent
with these previous findings that FGF23 is negatively corre-
lated with the eGFR. Accumulating evidence has shown that

increased FGF23 levels are strongly associated with an
increased risk of adverse kidney outcomes or mortality in
prospective studies on patients with CKD [13, 18, 52, 53].
This finding indicates that FGF23 may also have a prognostic
value in these patients. However, our recent study showed
conflicting results [25]. To address this issue, we also assessed
the prognostic value of FGF23 in our included studies in
the meta-analysis. We found that the pooled HR was
1.96 (95% CI: 1.04, 3.68) from two studies with 412 partici-
pants and there was no heterogeneity (I2 = 0%, P = 0 34).
Another study reported that a 10 pg/ml increase in FGF23
levels was related to a 4% increase of risk of adverse kidney
outcomes and supported the strong correlation between the
high FGF23 levels and increased risk of adverse kidney out-
comes [13]. Taken together, our results showed that high
FGF23 levels predicted adverse kidney outcomes in CKD
patients with sKlotho loss. Therefore, an increase in FGF23
levels with a decrease in sKlotho levels may be associated with
the development and progression of CKD [49]. However, the
small number of enrolled studies inevitably reduced the power
of our conclusion, and definite data are still lacking.

Above all, our meta-analysis of published longitudinal
studies suggested that sKlotho levels were positively corre-
lated with the eGFR and that a low sKlotho level predicted
poor kidney outcomes in patients with CKD in adjusted anal-
yses. These findings provide evidence for sKlotho as a poten-
tial biomarker for early detection and prognostic evaluation
of CKD.

Our study has several limitations. First, there was
significant heterogeneity. Sensitivity analysis showed that
exclusion of Drew et al.’s study completely eliminated hetero-
geneity [22]. However, we eventually included this study
because it represented the largest sample size and longest
follow-up period among the included studies. We believe that
the eGFR and follow-up interval, at least partly, are the
sources of observed heterogeneity according to the results
of subgroup meta-analysis. sKlotho is mainly produced by
the kidney, and the state of kidney function affects sKlotho
levels. Patients with an eGFR < 60ml/min are always accom-
panied by lower sKlotho levels, and this condition is prone to
suffering from more adverse outcomes. With regard to the
follow-up interval, CKD progresses slowly under standard
medical care and the risk of reaching outcomes is associated
with the duration of follow-up. This means that the occur-
rence of adverse outcomes may depend on follow-up interval
to some extent. Heterogeneity may also be caused by differ-
ences in patients’ characteristics, including research region,
sex, race, assay use, and other confounders. Moreover, the
studies included are relatively few, especially the number of
studies for FGF23 and renal outcomes, and the sample size
is relatively small. Metaregression is not conducted further
to investigate the source of heterogeneity. Therefore, these
may have led to underestimation of our combined results,
although the random-effect model was used for our analysis.
Second, there was significant publication bias. Our meta-
analysis included studies that were restricted to English pub-
lications. There may have been a few studies with negative
results, a small sample size, or written in other languages that
were not published. This inevitably resulted in publications
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bias. Third, some HRs in two studies were not reported in
two studies [22, 23]. Instead, we had to extrapolate HR from
the Kaplan–Meier curves [23] or calculate ORs according to
the original data [22], and estimated HR or OR is less reliable.
Fourth, the reference value for sKlotho has not been deter-
mined, and sKlotho levels are ranging from 326.4 to 2.44
ng/ml. The cut-off values of sKlotho are variable, and the
method used for the Klotho assay varied in this meta-
analysis. Moreover, the sKlotho level may be regulated
by some drugs or the acute inflammatory process, which
were not entirely excluded in the included studies. The
fluctuations may have lessened the power of our results to
some extent.

In conclusion, our meta-analysis shows that sKlotho
levels are positively correlated with the eGFR. Moreover,
low sKlotho levels are associated with an increased risk of
reaching adverse kidney outcomes in patients with CKD.
Our findings support the assumption that sKlotho could be
used as a novel indicator for early diagnosis and prognostic
assessment of CKD, despite the limitations discussed above.
Prospective studies with larger sample sizes are still required
to confirm our conclusions.
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Purpose. To analyse the capacity of whole-blood NGAL (wbNGAL) to stratify AKI in critically ill patients with and without sepsis.
Methods. Whole-blood NGAL was measured with a point-of-care device at admission and 48 hours later in patients admitted to a
general ICU. Patients were classified by the AKIN and KDIGO classifications at admission and 24 and 48 hours. We performed an
ROC curve analysis. wbNGAL values at admission were compared in patients with sepsis and septic shock. Results. The study
included 100 consecutively admitted patients (40 female) with mean age 59 1 ± 17 8 years. Thirty-three patients presented AKI
at admission, and 10 more developed it in the next 48 h. Eighteen patients had AKI stage 3, 14 of them at admission. Nine
patients required renal replacement therapy. According to KDIGO at admission, wbNGAL values were 78 μg/L (60-187) in stage
0 (n = 67), 263μg/L (89-314) in stage 1 (n = 8), 484μg/L (333-708) in stage 2 (n = 11), and 623μg/L (231-911) in stage 3 (n = 14),
p = 0 0001 for trend. Ten patients did not complete 48 hours of study: 6 of 10 were discharged (initial wbNGAL 130 μg/L (60-
514)) and 4 died (773 μg/L (311-1010)). The AUROC curve of wbNGAL to predict AKI was 0.838 (95% confidence interval
0.76-0.92, p = 0 0001), with optimal cut-off value of 178 μg/L (sensitivity 76.7%, specificity 78.9%, p < 0 0001). At admission,
twenty-nine patients had sepsis, of whom 20 were in septic shock. wbNGAL concentrations were 81 μg/L (60-187) in patients
without sepsis, 481 (247-687) in those with sepsis, and 623.5 μg/L (361-798) in the subgroup of septic shock (p < 0 0001).
Conclusions. Whole-blood NGAL concentration at ICU admission was a good stratifier of AKI in critically ill patients. However,
wbNGAL concentrations were higher in septic patients irrespective of AKI occurrence.

1. Introduction

Acute kidney injury (AKI) is a disease often diagnosed in
intensive care unit (ICU) patients. AKI incidence can be as
high as 24% depending on its definition [1]. ICU-related
AKI is associated with an in-hospital mortality that can reach
60% [2, 3]. Therefore, early AKI detection is crucial to pre-
vent or stop the natural course of renal dysfunction and
improve its morbi-mortality. Serum creatinine is the gold
standard biomarker in all AKI definitions [4–6]. However,
creatinine is a late biomarker for AKI, as values peak after
24-48 hours of renal injury. Hence, several biomarkers have
been proposed for early AKI detection [7, 8].

Neutrophil gelatinase-associated lipocalin (NGAL) is a
glycoprotein first isolated from specific granules of human
leukocytes [9]. NGAL was found elevated in bacterial infec-
tions when compared to viral infections [10]. NGAL exists
as a monomeric form of 25 kDa, a homodimer linked by a
disulphide bridge of 45 kDa and a heterodimer with matrix
metalloproteinase-9 (MMP-9, gelatinase) with an intermo-
lecular disulphide bridge of 135 kDa [11]. NGAL is also
formed in other cells apart from leukocytes. In response to
several injuries, NGAL is expressed in kidney, hepatic, or epi-
thelial cells [11–13]. In the kidneys, NGAL is freely filtered by
the glomerulus and reabsorbed in the proximal tubule [14].
After a tubular injury, NGAL is overexpressed in the diseased
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endothelium [15–17]. In this setting, tubular reabsorption is
reduced, and blood and urine NGAL concentrations
increase. In AKI, NGAL increase is observed 24-48 hours
earlier than plasma creatinine peak [18, 19]. However, the
specificity of NGAL to detect AKI could be limited by overex-
pression in other tissues [20]. This could be relevant in criti-
cally ill patients, in whom sepsis could promote NGAL
release from tissues other than renal epithelium [21, 22].
NGAL has been described as a predictor of AKI and the need
of renal replacement therapies (RRT) in patients admitted to
general intensive care units (ICU) [21–24]. However, as a
systematic review by Hjortrup et al. [24] pointed out, the
NGAL role is not fully understood: literature shows that
NGAL might predict AKI with a wide range AUROC, from
0.54 to 0.98. The aims of this study were (1) to evaluate the
capacity of whole-blood NGAL at ICU admission to predict
AKI development and (2) to analyse the effect of sepsis on
its predictive capacity.

2. Methods

2.1. Patients. The study protocol was approved by the Ethic
Committee Board at Hospital de la Santa Creu i Sant Pau
(Barcelona, Spain). We obtained informed consent from par-
ticipants or their guardians. The study prospectively included
100 patients consecutively admitted during 8 months (June
2010-February 2011) in a general ICU. Inclusion criteria
were age over 18 years old and the expected ICU stay of at
least 48 hours. Patients were excluded if they had already
been admitted in the hospital for more than 24 hours, had
any degree of preexisting chronic kidney disease, or were
not expected to survive for at least 24 hours due to a nonre-
versible clinical condition. Physicians attending patients were
blinded to NGAL results throughout the study.

2.2. Clinical and Laboratory Data Collection. Clinical data
included admission diagnosis, demographics, ICU severity
scores, haemodynamic parameters, and urine output.
Patients were initially classified following the AKIN defini-
tion [5] and KDIGO [6] definition for AKI. Both definitions
were based on serum creatinine and urine output obtained
since admission to 6 hours later, at 24 and 48 hours of admis-
sion. Baseline serum creatinine was taken from patients’ pre-
admission records whenever possible and used to estimate
eGFR before ICU admission using the Cockcroft–Gault for-
mula. According to standard criteria [25], patients were also
classified as having sepsis and septic shock.

NGAL was measured at admission and 24 and 48 hours
in EDTA-anticoagulated whole-blood using the Triage®
NGAL Test (Alere Diagnostics, formerly Inverness Medical
Innovations). All samples were analysed in the same batch
to avoid between-batch variability.

2.3. Statistical Analysis. SPSS® version 18 (SPSS Inc.,
Chicago, IL) was used. Variables with normal distribution
are reported as mean ± standard deviation and were com-
pared with Student’s t-test or one-way analysis of variance.
Variables with non-Gaussian distribution are reported as
median and interquartile range (IQR) and were compared

with the Mann–Whitney U or Kruskal-Wallis tests. Categor-
ical data are reported as percentage and were compared by
the chi-square test or Fisher exact test. Reporting of results
followed the STARD (Standards for Reporting Diagnostic
Accuracy Studies) statement. Whole-blood NGAL predictive
values were evaluated by receiver operating characteristic
(ROC) curve analysis. We defined an area under the ROC
(AUROC) curve of 0.60-0.69 as poor, 0.70-0.79 as fair,
0.80-0.89 as good, and 0.90-1.00 as excellent in terms of pre-
dictive value. A p < 0 05 was considered significant.

3. Results

3.1. Clinical Characteristics. We recruited 100 consecutive
patients fulfilling the admission criteria (Figure 1). Ten of
them did not complete the 48 h follow-up due to discharge
(6 cases) or death (4 cases). Mean age was 59 1 ± 17 8 years.
60% of cases were male. The causes of ICU admission were
medical 54% (respiratory 26%, cardiovascular 7%), postsur-
gical care 39% (gastrointestinal 21%, neurosurgery 12%),
and miscellaneous 7%. At ICU admission, twenty-nine were
septic, and twenty of them had septic shock. ICU length of
stay was 10 3 ± 9 6 days, and ICU mortality was 22%.

3.2. Whole-Blood NGAL and AKI. Forty-three patients pre-
sented AKI, 33 at admission (8 stage 1, 11 stage 2, and 14
stage 3) and 10 more within 48 h of the ICU stay; 4 of the
latest group of 10 developed renal failure (stage 3). Nine
patients required renal replacement therapies. wbNGAL
values were 78μg/L (IQR 60-187μg/L) in non-AKI patients
and 263μg/L (IQR 89-314μg/L), 484μg/L (IQR 333-
708μg/L), and 623μg/L (IQR 231-911μg/L) in those with
stage 1, stage 2, and stage 3, respectively (p = 0 0001 for
trend) (Figure 2). Four of 33 patients with AKI at admis-
sion were diagnosed of AKI solely because of urine output
criterion (one patient had stage 1, one patient had stage 2,
and two patients had stage 3); 10 of 33 patients were diag-
nosed of AKI based on changes in sCr, and the remaining
19 patients were diagnosed based in both sCr and drop of
urine output. The incidence and severity of AKI were the
same when AKIN classification was applied within the first
48 h.

In the group of 6 patients discharged before 24 h, admis-
sion wbNGAL and plasma creatinine were of 130μg/L (IQR
60-514) and 78μmol/L (IQR 54-123), respectively; whereas
in the 4 patients who died, wbNGAL was of 773μg/L (IQR
311-1010) and plasma creatinine 165μmol/L (IQR 59-577).
We did not find statistical differences in wbNGAL or serum
creatinine between subgroups of patients who were dis-
charged or passed away.

Whole-blood NGAL values were predictive of AKI both
at admission and within 48h of the ICU stay (Supplemental
Table 1). The area under the ROC curve (AUROC) of
wbNGAL for AKI prediction within 48 hours of ICU
admission was 0.838 (95% confidence interval (CI) 0.760-
0.917, p = 0 0001). The wbNGAL optimal cut-off for AKI
within 48 h of ICU admission was 178μg/L, with sensitivity
of 76.7% and specificity of 78.9% (Figure 3). The AUROC
of admission serum creatinine for AKI within the first 48 h
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Figure 2: Boxplot comparing whole-blood NGAL (wbNGAL)
concentrations (μg/L) and KDIGO score at admission. Boxplots
indicate the median and 25th and 75th percentiles. Whiskers
indicate the 5th and 95th percentiles. Statistical significance (p)
comparing wbNGAL (μg/L) with KDIGO categories is given at the
bottom of the figure.
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for more than 24 h,
chronic kidney disease,

nonreversible cause of ICU admission,
and lack of consent.Eligible participants

n = 100

wbNGAL test at admission
n = 100

Test-negative
wbNGAL < 178 �휇g/L

n = 67

Test-positive
wbNGAL ≥ 178 �휇g/L

n = 33

Inconclusive n = 0

Reference standard:
AKIN at admission

No AKI n = 0
Stage 1 n = 8

Stage 2 n = 11
Stage 3 n = 14

Inconclusive n = 0

Reference standard:
AKIN at admission

No AKI n = 67
AKI = 0

Figure 1: Diagram of whole-blood NGAL to predict AKI, study enrolment and inclusion/exclusion criteria.
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Figure 3: ROC curve for whole-blood NGAL value at ICU
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with gold standard KDIGO classification.
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of ICU admission was 0.904 (95% CI 0.841-0.967, p = 0 0001).
There were no statistical differences between wbNGAL and
plasma creatinine AUROC.

Forty-five patients had wbNGAL > 178 μg/L. They were
more likely to be older, have higher SOFA at admission,
have higher incidence of AKI development, stage 3, sepsis,
or septic shock, and have requirement of vasopressor
drugs and renal replacement therapies during the ICU stay
(Table 1). Six of eighteen patients without AKI at admission
butwbNGAL > 178 μg/L developed AKI within the next 48 h.
Accordingly, wbNGAL identified at admission extra 14.6% of
AKI patients not diagnosed by the serum creatinine criterion.

3.3. Whole-Blood NGAL and Sepsis.wbNGAL concentrations
were 81μg/L (IQR 60-187) and 481μg/L (IQR 247-681) in 71
patients without sepsis and 29 patients with sepsis, respec-
tively (p < 0 0001) (Figure 4). wbNGAL was 623.5μg/L
(IQR 361-798) in those 20 of 29 septic patients who also
had shock. The incidence of AKI in sepsis and septic shock
was 28.6% and 65%, respectively.

Serial measurement of wbNGAL did not improve
AKI prediction in septic patients compared to nonseptic
patients (data not shown). In nonseptic patients, AKI con-
centrations appeared dependent on AKI status: 62μg/L
(IQR 60-99) in non-AKI and 297μg/L (IQR 123-502)

in AKI patients, p < 0 0001. However, when comparing
wbNGAL in septic patients with (632μg/L (IQR 344-1060))
or without (414μg/L (IQR 214-552)) AKI, there was no

Table 1: Clinical characteristics of the study patients depending on the cut-off obtained for AKI prediction.

<178 μg/L ≥178 μg/L p value

n 55 45 —

Age (years) 54 9 ± 18 5 64 ± 15 5 0.009

Male 37 (67) 23 (51) 0.075

Characteristics at ICU admission

SAPS II 37 8 ± 14 3 43 15 ± 15 5 0.095

APACHE II 15 ± 6 9 18 ± 8 2 0.059

SOFA 5 2 ± 2 7 7 7 ± 3 6 <0.0001
AKI admission (%) 6 (10.9) 27 (15.6) <0.0001
KDIGO stage 3 at admission (%) 2 (3.6) 12 (26.7) 0.001

RRT admission (%) 2 (3.6) 3 (6.7) 0.400

Creatinine clearance (mL/min) 109 ± 58 57 ± 52 <0.0001
Cockcroft–Gault 104 ± 47 58 ± 38 <0.0001
Characteristics during ICU stay

Mechanical ventilation (%) 46 (82) 36 (80) 0.410

Vasopressor requirement (%) 6 (11) 22 (49) <0.0001
ICU length of stay (days) 11 1 ± 9 3 9 4 ± 10 0.360

ICU mortality (%) 10 (18.2) 12 (26.7) 0.210

Sepsis 3 (5.5) 26 (57.8) 0.007

Septic shock 2 (3.6) 18 (40) <0.0001
AKI development (%) 2 (3.6) 6 (13.3) 0.070

KDIGO stage 3 development (%) 2 (3.6) 16 (35.6) <0.0001
RRT after admission (%) 0 (0) 4 (8.9) 0.038

RRT total (%) 2 (3.6) 7 (15.6) 0.040

Values expressed as either % per column or mean ± standard deviation. p: value of statistical significance. SAPS II: Simplified Acute Physiology Score II;
APACHE II: Acute Physiology and Chronic Health Evaluation II; SOFA: Sequential Organ Failure Assessment score; AKI: acute kidney injury; KDIGO:
Improving Global Outcomes AKI group classification; RRT: Renal replacement therapies; ICU: intensive care unit.
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Figure 4: Whole-blood NGAL concentrations (μg/L) according to
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statistical difference (p = 0 46). Septic patients with and with-
out AKI presented higher wbNGAL than those with the same
renal status without sepsis (p < 0 0001 for both compari-
sons). wbNGAL values in septic non-AKI patients were
undistinguishable of those of nonseptic AKI patients (p =
0 676). Nine of the 11 non-AKI patients with wbNGAL higher
than the cut-off >178μg/L presented sepsis (Figure 5). In
our study, there were 20 patients with septic shock: 3 had
no AKI (median wbNGAL of 481μg/L, IQR 142-481μg/L),
2 had stage 1 (251, IQR 234-269μg/L), 4 had stage 2 (562,
IQR 421-681μg/L), and 11 had stage 3 (685, IQR 526-
1130μg/L).

4. Discussion

Themain finding of our study is that admission wbNGAL is a
good stratifier of AKI within 48 hours of ICU admission in a
heterogeneous group of critically ill patients (AUROC 0.838
(95% CI 0.760-0.917, p < 0 0001)). The cut-off value higher
than 178μg/L defines a group of patients with higher severity
and higher probability of developing AKI. However, NGAL
concentrations were affected by sepsis status irrespective of
the AKI presence (p = 0 46). Thus, NGAL measures are not
useful to evaluate kidney function in patients with sepsis.

Some studies suggested that NGAL in blood or urine
could be a useful biomarker of AKI [26]. Most of those initial
studies were done in patients after cardiac surgery [7, 27], in
context of contrast-induced nephropathy [28], kidney

transplantation [18], or chronic kidney disease [29]. Fewer
studies were done in general critically ill population, both
paediatric [30, 31] and adult patients [19, 21, 32, 33]. There
is still debate whether NGAL is a good predictor of AKI in
general ICU patients [24]. Our AUROC of wbNGAL is sig-
nificantly higher than that found by Parikh et al. [18] in the
postoperative care in cardiac surgery and by Haase et al.
[22] in a paediatric critically ill population. In our study,
wbNGAL stratified AKI severity, showing increasing concen-
trations with an increased KDIGO stage from median values
of 71μg/L in stage 1 and 186μg/L in stage 2 to 381μg/L in
stage 3 (Figure 2). This increasing pattern in line with the
severity of AKI has also been described by other investigators
in paediatric and adult patients [24, 25]. Although wbNGAL
concentrations in non-AKI patients are similar to those
found by Singer et al. [25], AKI severity categories were lower
in our study. In view of our results, we would suggest clini-
cians to consider wbNGAL as a complementary tool in
patients at AKI risk or receiving nephrotoxic drugs. Despite
NGAL’s promising results in general ICU population, the
AKIKI [34], ELAIN [35], and the most recent IDEAL-ICU
[36] trials showed that wbNGAL combined with KDIGO
staging did not improve the timing of renal replacement ther-
apies or patient’s prognosis.

In our cohort, the AUROC curve of wbNGAL for AKI
prediction showed an optimal cut-off value of 178μg/L.
Our cut-off is close to the ones described in other studies,
around 150μg/L [22, 27, 37]. In critically ill patients, the

AKI+
n = 33 

AKI−
n = 67

Sepsis–
n = 71

Sepsis+
n = 29

p < 0.0001 
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Figure 5: Distribution of admission whole-blood NGAL (μg/L) values at ICU admission depending on AKI and sepsis. AKI+ vs. AKI- and
sepsis+ vs. sepsis- represents the presence or absence of either AKI or sepsis upon admission, respectively. Values show median and
percentiles 25-75. p represents the statistical intragroup differences. wbNGAL values given in μg/L. &Statistical difference between
subgroups of nonseptic AKI vs. septic non-AKI patients (p = 0 676). &&Statistical difference between subgroups of nonseptic non-AKI vs.
septic and AKI patients (p < 0 0001). AKI: acute kidney injury.
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exact time when acute tubular damage occurs is often
unknown. The differences in AUROC described in literature
could also be explained by their study designs. Unlike our
study, those set up in cardiac surgery or radiocontrast admin-
istration had an exact time of a potential onset of renal injury.

We found significant differences in admission wbNGAL
between the groups of patients with AKI and those without.
We also identified a subgroup of patients who presented high
levels of wbNGAL with no increase of creatinine. This sub-
group could be considered false positives or, in our opinion,
a subgroup of patients who may represent subclinical AKI
[22]. Patients with stage 1 showed relatively low wbNGAL
concentrations within the group of patients with AKI. This
finding could be attributable to treated reversible causes of
AKI, like hypovolemia or hypotension. Nickolas et al. [38]
described low levels of urine NGAL in patients with prerenal
azotaemia. Those patients inadequately resuscitated after a
prerenal azotaemia had increasing urinary NGAL concentra-
tions. Similar to our study, this is a clinically relevant finding.
Timely treatment of patients with subclinical AKI or stage 1
could avoid AKI progression to failure and tubular damage.

NGAL is a protein upregulated after a tubular injury
[39]. However, it can also be produced by other organs like
the liver or lung [7] or in different inflammatory situations
[40]. In our study, the serial measurement of wbNGAL did
not improve AKI prediction in septic patients compared to
nonseptic patients. No statistical differences were found
between ROC curves obtained at admission and 48 h later;
both ROC curves produced very similar cut-offs (Supple-
mental Table 1). These results concur with those from
Bagshaw et al. [41], which showed that peak plasma NGAL
did not perform better to predict AKI in septic than in
nonseptic patients. This is clinically relevant because single
sampling at admission decreases costs, and it is easier to
implement in daily routine.

wbNGAL values were higher in patients with sepsis
and much higher in those with septic shock. These data
strongly suggest that wbNGAL not only is a good predictor
of AKI but also can be considered a good severity score in
patients with inflammatory status. Although Mishra et al.
[27] showed that plasma NGAL was independent of inflam-
matory markers like C-reactive protein, Zappitelli et al. [31]
reported that plasma and urine NGAL concentrations at
ICU admission were higher in patients in which AKI was
due to sepsis than in those in which it was due to nonseptic
causes. Like in our study, these authors found that serial
NGAL measurement did not add predictive power to NGAL
concentrations at admission. Other articles also suggested
that the inflammatory status [24] or septic shock could
influence wbNGAL concentrations [22], and this could be
found regardless of the presence of AKI [42]. Kim et al.
[43] described that wbNGAL was significantly higher in sep-
tic patients with AKI regardless of their levels of procalcito-
nin. In our subgroup of 20 patients with septic shock, 3 of
them had no AKI, 2 stage 1, 4 stage 2, and 11 stage 3, with
median wbNGAL of 481μg/L, 251μg/L, 562μg/L, and
685μg/L, respectively. These data favour the hypothesis that
inflammatory status could increase the level of wbNGAL and
could be misleadingly interpreted as a tubular damage when

it has not yet occurred. In these cases, urinary NGAL, which
is not submitted to the influence of inflammatory mediators,
could have better performance in AKI prediction. Besides,
differentiation of monomeric and dimeric plasma NGAL iso-
forms could be crucial to recognise the NGAL concentration
secondary to renal damage or inflammation [44]. Our data
also suggest that NGAL may be a biomarker of illness sever-
ity. In an article by Shapiro et al. [8], NGAL was a good pre-
dictor of septic shock in a panel of multiple biomarkers and
correlated with survival. Wang et al. also described that high
wbNGAL independently predicted mortality and multiple
organ dysfunction syndrome in sepsis and septic shock [45].

On the other hand, a study set up in the emergency
department by Wang et al. [46] suggested that combined
NGAL and TIMP-1 (tissue inhibitor of matrix metallopro-
teinases-1, a cell cycle arrest biomarker for AKI) was use-
ful for the diagnosis and risk stratification of patients with
AKI, including those who also presented with sepsis.
Although cell cycle arrest (CCA) biomarkers are still under
evaluation in different clinical settings, their sole predictive
power and risk stratification appears to be higher than that
exhibited by NGAL. Since CCA biomarkers were presented
in Sapphire study [47], there has been an increasing num-
ber of studies in paediatric [48] and adult critical care pop-
ulations, with clinical implementation in rapid response
teams [49] and KDIGO care bundles [50, 51]. Besides,
unlike NGAL, CCA biomarkers are not determined by
sepsis [52, 53].

Our study has some limitations. First of all, the sample
size was small, and the study was performed in a single cen-
tre. Secondly, we recruited a cohort that might not represent
an average ICU population. We aimed to study the AKI inci-
dence in a population with ideally normal baseline renal
function. AKI is a common complication of many nonrenal
hospitalisations [54–56]. We purposefully excluded patients
with a background of chronic disease and/or admitted in
the hospital for more than 24 hours prior to ICU admission.
However, this is also the main strength of our study, because
our unique cohort of patients were not under the effect of
intrahospital risk factors for AKI that could have acted as
confounding variables. Finally, the point-of-care test used
to analyse wbNGAL was not able to differentiate between
NGAL isoforms, which could have helped to explain the role
of inflammation in wbNGAL concentrations.

5. Conclusions

Our study showed that whole-blood NGAL concentrations
at ICU admission stratified AKI in adult critically ill patients.
Nonetheless, wbNGAL concentrations increased by sepsis
status irrespective of AKI occurrence. Thus, NGAL mea-
sures should be avoided to evaluate kidney function in
patients with sepsis.
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Minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS) are primary glomerulopathies leading to
proteinuria, known as podocytopathies, which share syndromic and morphological similarities. Morphological similarity occurs
in cases of FSGS in which the sclerotic lesion was not sampled in renal biopsy, due to the focal nature of the disease.
Differentiating these entities is very important, especially in cases of suspected FSGS but with sclerotic lesion not sampled, as
they are diseases that apparently have different pathogenic mechanisms and prognosis. The difference in uPAR expression in
situ among these two entities may be related to a distinct molecular mechanism involved in pathogenesis. Thus, finding
biomarkers involved in the pathogenesis and that can also help in differential diagnosis is very relevant. The aim of this work
was to evaluate the potential of urokinase-type plasminogen activator receptor (uPAR) as a biomarker in renal biopsies of
patients with podocytopathies (n = 38). Immunohistochemistry showed that FSGS (n = 22) had increased uPAR expression in
podocytes compared with both the MCD group (n = 16; p = 0 0368) and control group (n = 21; p = 0 0076). ROC curve
(p = 0 008) showed that this biomarker has 80.95% of specificity in biopsies of patients with FSGS. Therefore, uPAR presented a
high specificity in cases of podocytopathies associated with sclerosis and it can be considered a potential biomarker for FSGS.

1. Introduction

Glomerular diseases are among the leading causes of end-
stage renal disease worldwide. The main clinical feature
of patients with glomerulopathies is nephrotic syndrome
(NS), which is characterized by nephrotic range proteinuria
(>3.5 g/day), hypoalbuminemia (serum albumin < 3 g/dl),
hyperlipidemia (serum cholesterol > 200mg/dl), and edema,
affecting both adults and children [1]. Podocytes are highly
specialized epithelial cells with a unique architecture that

covers the outer surfaces of glomerular capillaries, support-
ing the glomerular filtration barrier [2, 3]. Podocyte injury
may lead to effacement of their extensions, the foot process,
leading to proteinuria [4].

Focal segmental glomerulosclerosis (FSGS) and minimal
change disease (MCD) are podocytopathies, characterized
primarily by changes in podocytes [1] and have clinical and
morphological similarities, sometimes making it difficult to
distinguish between them. Morphological similarity occurs
specially in cases of nonsampled FSGS in renal biopsy, as
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sclerosis in this disease, by definition, is a focal finding: not all
glomeruli are affected [5]. Thus, it is very important to find
biomarkers involved in pathogenesis of these entities and
that, in addition, can help in diagnosis [6, 7].

Some authors distinguish these entities based on differ-
ences in their clinical presentations and histological charac-
teristics [8, 9], as opposed to others who believe they are
different manifestations of the same progressive disease, in
which FSGS would be an advanced stage [10]. Pathogenesis
of these entities is controversial, but it seems to be related
to structural and/or molecular podocyte changes, and some
proteins have also been associated with renal damage and
proteinuria [1]. In this way, uPAR/suPAR has been proposed
to have a role in FSGS pathogenesis [11–15].

uPAR is a membrane-bound 45-55 kDa protein with
three domains (DI, DII, and DIII) linked to glycosylphospha-
tidylinositol (GPI). It is found in several immunologically
active cells, as well as in podocytes [16]. Once bound to its
ligand, it can promote cell adhesion, migration, and cell
proliferation disorders [17]. In podocytes, it was observed
that uPAR is able to activate αvβ3 integrin promoting cell
mobility and activation of small GTPases, such as Cdc42
and Rac1, thus allowing contraction of podocytes, which
acquire motility and consequently foot process effacement,
as well as development of proteinuria [18].

uPAR is released from cell surface in a soluble form,
suPAR, which can be found in several body fluids, including
plasma, urine, saliva, and cerebrospinal fluid at different
levels and with similar functions to uPAR [16].

Due to the common recurrence of FSGS after transplan-
tation, it is possible that circulating factors may be involved
in the pathogenesis of this disease [19]. suPAR was thought
to be this possible circulating factor, as circulating suPAR
could activate αvβ3 integrin similarly to membrane-bound
uPAR in podocytes [11].

There are literature controversies concerning the role of
uPAR/suPAR as a biomarker of FSGS as suPAR levels are
also increased in other glomerular diseases [20–23]. How-
ever, a growing body of evidence suggests a role of suPAR
as a scaring factor in FSGS [11, 12, 19, 24, 25].

suPAR has been proposed to have a role in FSGS patho-
genesis although this is debated and unclear. Despite this,
there is no study evaluating the potential of uPAR staining
in renal biopsy as a way of differentiating FSGS from MCD.
So, we decided to explore the role of uPAR in differentiating
FSGS and MCD.

2. Methods

2.1. Patients. Thirty-eight cases of podocytopathies were
selected, comprising patients with FSGS (n = 22) and MCD
(n = 16) from the Nephropathology Service of General
Pathology Discipline of Federal University of Triângulo
Mineiro (UFTM), Uberaba, Minas Gerais State, Brazil. The
groups were divided as follows: (a) the FSGS group, defined
by the presence of segmental sclerosis (increase in
mesangial matrix) and, in electron microscopy, foot pro-
cess effacement, and (b) the MCD group, defined by
foot process effacement as an isolated finding in electron

microscopy. The control group (n = 21) was composed of
autopsy kidneys from patients whose death was not related
to renal or infectious diseases.

The ethics and research committee of Federal University
of Triângulo Mineiro approved this study with the number
1.715.838.

2.2. Renal Histopathology. Renal specimens were evaluated
by direct immunofluorescence, light, and electron micros-
copy similar to the Huang et al. technique [26]. For direct
immunofluorescence, immunoglobulins IgG, IgM, and IgA;
kappa and lambda light chains; complement fractions C3
and C1q; and fibrinogen were detected by fluorescein isothio-
cyanate- (FITC-) conjugated antibodies (Dako, Copenhagen,
Denmark) on frozen tissues. For light microscopy, paraffin
sections were stained with hematoxylin and eosin, sirius
red, silver methenamine stain (PAMS), and Masson’s tri-
chrome. For electron microscopy, in brief, tissue was fixed
in 2.5% Karnovsky +0.2% ruthenium red and latter fixed in
osmium tetroxide 2% and then dehydrated in graded alco-
hols and acetone solutions and embedded in Epon 812.
Ultrathin sections were cut with 60nm thickness and placed
on nickel grids. Then, ultrathin sections were stained with
uranyl acetate and examined with a transmission electron
microscope EM-900 (Zeiss, Germany).

2.3. Immunohistochemistry for uPAR. Renal biopsy sections
were fixed in paraformaldehyde for immunohistochemistry,
and peroxidase and protein blockage was done using
Novolink blocker for 50 minutes each. Then, human anti-
uPAR antibody (1 : 50) was incubated overnight at 4°C. After,
slides were incubated with Post Primary (Novolink Polymer
Detection System Kit, BL, UK) for 50 minutes at room
temperature and then incubated with the polymer (Novolink
Polymer Detection System Kit, BL, UK) for 50 minutes. The
material was then allowed to react with DAB substrate for
staining (1,4-dideoxy-1,4-imino-D-arabinitol-diaminoben-
zidine) (Liquid DAB, Dako, Carpinteria, CA, USA) for
2 minutes, and sections were counterstained with hema-
toxylin and analyzed using a light microscope.

2.4. uPAR Immunostaining Quantification. Immunostained
cells in glomeruli were counted as uPAR-positive cells, in
order to obtain its density in a glomerular area. The result
was expressed in cell density (cell/mm2), in a technique
adapted from Venkatareddy et al. [27].

2.5. Statistical Analysis. Statistical analysis was performed
with the program GraphPad Prism version 6.0. Normality
was tested by the Shapiro-Wilk test. For comparison analysis,
the Kruskal-Wallis test (H) was used followed by the Dunn
posttest. In contingency table analysis, Fisher’s exact test
was used. uPAR diagnostic performance in renal biopsy
was evaluated with the receiver operating characteristic curve
(ROC curve) using sensitivity, specificity, and area under the
curve (AUC) with 95% of confidence intervals (CI); cutoff
points were calculated using nonparametric methods. Differ-
ences were considered statistically significant when p < 0 05.
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3. Results

Patients’ median age was 35.5 years, ranging from 15 to 70
years. Twenty were men and 18 were women. Patients with
FSGS presented a more unfavorable clinical profile, with
higher levels of creatinine (p = 0 0156; U = 56 50), of pro-
teinuria (p = 0 0234; U = 102 0), and increased prevalence
of hypertension (Fisher’s exact test p = 0 0009). Patients’
profile is detailed in Table 1.

A previous study has shown that suPARmay be related to
FSGS pathogenesis. So, we hypothesized that patients with
FSGS have greater in situ uPAR expression in glomeruli than
patients with MCD. It was observed that uPAR podocyte
expression was increased in the FSGS group (Figure 1(c))
compared to both the control group (Figure 1(a); p =
0 0076; Figure 1(d)) and MCD group (Figure 1(b); p =
0 0368; Figure 1(d)). The expression of uPAR was diffuse in
glomeruli without sclerosis and in viable glomerulus cells
within segmental sclerosis.

As uPAR expression was increased in biopsies of patients
with FSGS, we sought to examine how useful uPAR immuno-
histochemistry staining would be to FSGS diagnosis. Using a
ROC curve, an optimum cutoff point at 0.08 cells/mm2

labeled with uPAR was found to have 64.29% of sensitivity,
80.95% of specificity, and AUC of 0.7670 (95% CI of
0.5870-0.9470, p = 0 008, Figure 2(b)). The same was not
observed when the ROC curve was used to evaluate potential
diagnosis of uPAR in MCD (p = 0 3937, Figure 2(a)).

4. Discussion

FSGS and MCD are common glomerular diseases which
present clinical similarities as proteinuria and/or nephrotic
syndrome but have different clinical evolution. In this study,
patients with FSGS presented higher serum levels of creati-
nine and presence of arterial hypertension, which is consis-
tent with literature, as this entity presents an unfavorable
clinical course, does not respond well to corticosteroids,
and progresses to renal failure in a variable period of time
[28]. About 25 to 50% of patients with FSGS have decreased
renal function, and arterial hypertension is present in about
60% of them [29].

In addition to clinical similarities, both entities present
morphological similarities as foot process effacement, and,
in cases in which FSGS sclerosis is not sampled, the
differential diagnosis between these two diseases becomes
challenging.

In this scenario, we looked for a possible biomarker
that would help differentiate these two entities. We chose
uPAR/suPAR, which has been proposed to have a role in
FSGS pathogenesis [11–15].

Of note, our MDC patients had low levels of proteinuria,
which is not in line with literature [29]. However, these
patients presented important hypoalbuminemia, character-
izing the nephrotic condition. This hypoalbuminemia
reflects low levels of serum protein, which results in less pro-
tein in urine. Although there is a consensus recommenda-
tion for renal biopsy only in patients with nephrotic range
proteinuria, renal biopsy indications differ considerably

among nephrologists [30]. Thus, it is possible that the
presence of hypoalbuminemia in our patients contributed
to the indication of biopsy even with nonnephrotic
proteinuria.

In this study, we demonstrate that patients with FSGS
have increased uPAR expression in renal biopsy compared
to patients without renal alteration and patients with MCD.

The protein uPAR is expressed in human glomerular cells
and one of them is the podocyte, as verified by double
immunofluorescence labeling with synaptopodin, a podocyte
marker. The same was observed in glomeruli of animal
models, where uPAR expression in all models of proteinuria
was substantially increased in glomerular cells, including
podocytes. By analyzing vitronectin expression, a protein
that binds to uPAR, a labeling pattern like that of uPAR
was observed in human and animal podocytes. In addition,
culture of podocytes treated with puromycin aminonucleo-
side (PAN) and LPS revealed increased uPAR expression
in these cells with labeling preferentially located on cell
membrane [18].

Using an animal model knockout for PLAUR, uPAR has
been shown to play a direct role in the regulation of podocyte
structure and function, as uPAR deficiency protects against
LPS-induced proteinuria and podocyte injury [18].

A possible mechanism for foot process effacement is
through integrin activation as uPAR is a GPI-anchored
protein without a cytoplasmic tail and uPAR signal

Table 1: Clinical-epidemiological profile of patients.

MCD (n = 16) FSGS (n = 22) p value

Age

Mean ± SD 37 37 ± 14 90 38 32 ± 14 92 0.8484

Median (min–max) 34.5 (15-70) 36 (16-73)

Gender, n (%)

Male 6 (37.5%) 14 (63.64%) 0.1881

Female 10 (62.5%) 8 (36.36%)

Creatinine (mg/dl)

Mean ± SD 0 97 ± 0 51 1 52 ± 0 65 0.0156∗

Median (min–max) 0.9 (0.5-2.4) 1.4 (0.8-3.0)

Proteinuria (g/24 h)

Mean ± SD 2 83 ± 2 15 5 13 ± 3 37 0.0234∗

Median (min–max)
2.15

(0.16-6.19)
4.35

(1.24-14.46)

Albumin (mg/dl)

Mean ± SD 2 85 ± 1 01 2 72 ± 1 01 0.8258

Median (min–max) 2.6 (1.4-4.6) 3.3 (0.8-3.9)

Hematuria

Yes 8 (50.00%) 6 (27.27%) 0.4905

No 8 (50.00%) 11 (50.00%)

Hypertension

Yes 4 (25.00%) 16 (72.73%) 0.0009∗

No 8 (50.00%) 1 (4.54%)
∗p < 0 05.
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transduction seems to be through lateral interactions with
membrane proteins such as integrins [31].

After identification of an integrin-interacting sequence
located in domain 2 of uPAR that activates the αvβ3 signal-
dependent signaling pathways [32], it was observed through
immunogold that the location of αvβ3 integrin and uPAR
was similar in podocytes, suggesting uPAR interacts with this
integrin. In addition, using an antibody that inhibits β3
integrin function, mice did not develop proteinuria in
response to LPS [31]. Another evidence of uPAR interaction
with αvβ3 integrin comes from an experiment with animal
knockout for urokinase, the major ligand of uPAR, in which,
after treatment with LPS, animals presented proteinuria,
showing podocyte lesion triggered by uPAR is independent
of its ligand [18].

It is believed that both urinary and serum suPAR can
activate β3 integrin in a similar manner to the binding of
uPAR to podocyte membrane. To study human podocytes
β3 integrin activity, AP5, an epitope-recognizing antibody
was used and a strong AP5 labeling was observed along
cell membrane of podocytes incubated with urine of
FSGS patients. This expression was reduced with the

addition, in the incubation, of an antibody blocking
uPAR [26]. The same was observed in podocytes cultured
with plasma of patients with recurrent FSGS [11].

The role of uPAR/suPAR as a FSGS biomarker is still
controversial in literature. However, in this study involving
podocytopathies, we observed that uPAR has a specificity
for FSGS and can be considered a scaring factor in this
disease.

4.1. Limitation of Study. Although our sample came from
several Brazilian regions, it would be advisable that studies
involving human samples would be replicated in different
cohorts and ethnicities.

5. Conclusions

Our results demonstrated that uPAR has high specificity
for FSGS cases. Therefore, this marker may be useful in
the diagnosis of FSGS in renal biopsies in which FSGS is
suspected, but the sclerotic lesion was not sampled.
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Figure 1: Evaluation of uPAR in podocytopathies and in the control group. uPAR immunolabeling evidenced by arrows (a) in the control
group; (b) in a case of MCD, in which only rare cells are labeled; and (c) in a case of FSGS in which there are diffusely marked cells,
including cells still viable in the sclerotic segment. (d) uPAR glomerular expression. Kruskal-Wallis one-way analysis of variance followed
by Dunn’s multiple comparison. Horizontal lines represent the median, bars represent 25-75% percentiles, and vertical lines represent
10-90% percentiles. MCD: minimal change disease; FSGS: focal segmental glomerulosclerosis; ∗: significant differences between the FSGS
versus the control group; Δ: significant differences between the FSGS versus the MCD group.
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Background. To examine whether the new urinary biomarkers TIMP2 and IGFBP7 can predict progression within 24 hours and 72
hours from mild and moderate (KDIGO 1 or 2) to severe (KDIGO 3) AKI in patients with septic shock. Methods. A prospective,
multicenter observational study performed in three French ICUs. The urinary biomarkers TIMP2∗IGFBP7 were analyzed at the
early phase (<6 hours) of patients admitted for septic shock with mild and moderate AKI. Results. Among the 112 patients
included, 45 (40%) progressed to the KDIGO 3 level 24 hours after inclusion (KDIGO 3 H24) and 47 (42%) 72 hours after
inclusion (KDIGO 3 H72). The median urinary TIMP2∗IGFBP7 at inclusion (baseline) were higher in the KDIGO 3 group than
in the KDIGO<3 group at H24 and H72. All covariates with a p value < 0.1 in the univariate analysis were included in stepwise
multiple logistic regression models to identify factors independently associated with the risk of KDIGO 3 at H24 and H72.
TIMP2∗IGFBP7 remained independently associated with KDIGO 3 at H24 and H72. Baseline posology of norepinephrine,
baseline urine output, and baseline serum creatinine remained also significantly associated with progression to KDIGO 3 at
H24. Baseline TIMP2∗IGFBP7 and baseline urinary output had the best AUC ROC. A baseline TIMP2∗IGFBP7 > 2 0
(ng/ml)2/1,000 identified the population at high risk of KDIGO 3 H24 (relative risk 4.19 (1.7-10.4)) with a sensitivity of 76%
(60-87) and a specificity of 81% (69-89). But the diagnostic performance at H72 of baseline TIMP2∗IGFBP7 was poor (AUC:
0.69 (0.59-0.77)). Conclusion. The urinary TIMP2∗IGFBP7 concentration and the urine output at the early phase of septic shock
are independent factors to identify the population at high risk of progression from mild and moderate to severe AKI over the
next 24 but not 72 hours. A TIMP2∗IGFBP7 concentration > 2 0 (ng/ml)2/1,000 quadruples the risk of KDIGO 3 AKI within 24
hours. This trial is registered with (NCT03547414).

1. Background

Septic shock is one of the leading causes of death in patients
admitted to the intensive care unit (ICU) [1]. Acute kidney
injury (AKI) occurs in almost 50% of septic patients and is
associated with significant mortality [2]. The definition and
staging of AKI have been standardized. The Kidney Disease:
Improving Global Outcomes (KDIGO) consensus classifica-
tion defines three stages of AKI (AKIN classification) based

on the patient’s urine output and serum creatinine [3]. The
survival rate of ICU patients decreases with incremental
staging of this classification [4]. Patients who will progress
to severe AKI (KDIGO stage 3) and who present the highest
risk of death can be poorly discriminated from patients who
will remain below stage 3 and eventually return to normal
kidney function (transient AKI) [5]. Renal biomarkers are
unable to accurately identify those patients who will progress
to severe AKI (KDIGO 3) [5].
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A new urine test, the NephroCheck™, has been validated
[6]. It corresponds to the product of the urinary concentra-
tions of 2 markers of renal tubule injury (TIMP2 and
IGFBP7) associated with a risk of developing AKI KDIGO
2 or 3 within 12 hours. The product of the urinary concentra-
tions of TIMP2 and IGFBP7, two cell cycle arrest proteins,
has been shown to predict the development of AKI within
12 to 24 hours [7, 8]. The studies have been performed in
unselected critical care patients [9] and in different settings:
emergency room [10], postcardiac surgery [11], and septic
patients [12]. TIMP2 and IGFBP7 are both released by tubu-
lar cells exposed to septic and/or haemodynamic aggression.
Although TIMP2∗IGFBP7 can distinguish patients who will
subsequently develop AKI, it is unknown whether the
baseline urinary concentrations of these biomarkers are also
associated with the risk of progression frommild and moder-
ate (KDIGO 1 or 2) to severe (KDIGO 3) AKI. The aim of
this study was to determine whether the urinary TIMP2∗
IGFBP7 concentration can identify patients with a high risk
of progression to KDIGO level 3 in patients with septic shock
and AKI KDIGO 1 or 2.

2. Methods

This protocol was approved by the Institutional Review
Board (IRB North-West II). Patients or their surrogates were
informed and could decline to participate at any time, and
their decision was recorded in the patient’s files.

All patients admitted in the 16-bed medical ICU in
Amiens University Hospital (France) between March 2014
and September 2016 and all patients admitted in the 32-bed
medical ICU in Montpellier University Hospital (France)
and the 22-bed medical and surgical ICU in Melun General
Hospital (France) between September 2015 and September
2016 with septic shock according to the bone criteria and
AKI KDIGO 1 or 2 within 6 hours after initiation of cat-
echolamines were prospectively included in this study in
order to determine the diagnostic value of TIMP2∗IGFBP7
to identify patients at high risk of KDIGO 3. Exclusion
criteria were patients without AKI (KDIGO 0), anuria, severe
AKI (KDIGO 3), chronic kidney disease (creatinine
clearance < 15 ml/min), decision to withhold treatment,
cardiac arrest, age < 18 years, or pregnancy.

Basal serum creatinine was defined as the serum creati-
nine level measured during the 12 months preceding the
onset of septic shock. In the absence of a previous serum cre-
atinine assay, basal serum creatinine was estimated according
to the KDIGO guideline [3]. All “baseline” parameters have
been recorded at inclusion. Baseline urine output was the
volume of urine excreted by hour during the 4 to 6 hours pre-
ceding the inclusion.

2.1. Measurements. A fresh urine sample was collected on
inclusion (maximum 6 hours after starting catecholamines)
through the urine collecting tube and frozen at -80°C. At
the end of the study, urine samples were thawed and centri-
fuged as recommended by the manufacturer and the urinary
TIMP2∗IGFBP7 concentration was determined using the
NephroCheck™ test (Astute Medical Inc., San Diego, CA,

USA). The NephroCheck™ test simultaneously measures
into the Astute 140™Meter (a benchtop analyzer) the urinary
concentrations of TIMP2 and IGFBP7 on 100μl of urine
mixed with 100μl of buffer. The result is expressed as a single
number corresponding to the product of the TIMP2 and
IGFBP7 concentrations. The coefficients of variation (CV)
given by the manufacturer for the interassay are comprised
of between 8.1% and 11.4% for TIMP2 and between 6.6%
and 7.9% for IGFBP7. The CV for the intra-assay are com-
prised of between 8.0% and 10.7% for TIMP2 and 6.3% and
7.7% for IGFBP7.

2.2. Study Endpoints. AKI was categorized according to
KDIGO guidelines at baseline, 24 hours, and 72 hours after
inclusion [3].

Patients were classified 24 and 72 hours after inclusion
according to the progression of the KDIGO classification or
death: patients who remained KDIGO<3 and patients who
progressed to KDIGO 3 or died.

2.3. Statistics. Results are expressed as median (95% confi-
dence interval), and categorical variables are expressed as
n (%). Comparisons between groups were performed using
the Mann-Whitney test or chi-square test, as appropriate.

The performance of the different parameters to identify
patients with high risk of deterioration of AKI to KDIGO 3
was tested using multiple logistic regression models includ-
ing all covariates with a p value < 0.1 in the univariate analy-
sis. All significant variables in the first logistic regression
model were than retested in a second logistic regression
model. Because the diagnostic performance of the various
parameters depends on the predictive time frame, analyses
were repeated to predict KDIGO 3 at 24 hours and KDIGO
3 or death at 72 hours after inclusion. Nagelkerke
pseudo-R2, a marker of the strength of the final model, is
presented. A Nagelkerke pseudo-R2 close to 1 indicates that
the full model reliably predicts the outcome.

The diagnostic value of each parameter independently
associated with the progression to KDIGO 3 in the logistic
regression models was determined using receiver operating
characteristic (ROC) curve analysis. The best parameter
was determined by comparing the area under the curve
(AUC) using the Hanley-McNeil test at each time point.
The best cutoff values to identify patients at high risk of pro-
gression to KDIGO 3 at H24 and H72 were determined. Also,
we looked at the existing cutoffs for TIMP2∗IGFBP7 (0.3 and
2.0 (ng/ml)2/1,000) described previously [9]. Sensitivity,
specificity, and negative and positive predictive values were
calculated. A p value < 0.05 was considered significant. Statis-
tical analysis was performed using MedCalc version 18.6
(MedCalc Software, Mariakerke, Belgium) software.

3. Results

3.1. Study Endpoints and Population Characteristics. During
the study period, 2,800 patients were admitted in the 3 partic-
ipating centers, including 825 patients with septic shock. One
hundred and twelve of these patients were included in the
study, while 713 patients were excluded because they
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presented at least one exclusion criterion: 487 because of the
absence of AKI, 175 because of severe AKI (anuria or KDIGO
3 at admission), and the remaining 51 for various reasons
(cardiac arrest, chronic renal failure, or withholding of
treatment).

During the 24 hours following inclusion, 45 patients
developed KDIGO 3 AKI (diagnostics based on creatinine
elevation in 14 patients, low urinary output in 9 patients,
and both criteria in 22 patients) and 67 remained below
KDIGO 3. At H72, 32 patients were KDIGO 3, 65 were
KDIGO<3, and 15 patients had died (Figure 1).

3.2. Identification of Patients at High Risk of Severe AKI at
H24. Patients with a diagnosis of KDIGO 3 AKI 24 hours fol-
lowing inclusion (KDIGO 3 H24) presented at inclusion a
higher posology of norepinephrine, volume of fluid adminis-
tered, and lactate level (Table 1). The rate of mortality in the
KDIGO 3 group of patients was higher than that in the
KDIGO<3 patients (28 (62%) vs. 21 (31%), respectively;
p = 0 002). The KDIGO 3 H24 group had a significantly
higher median baseline urinary TIMP2∗IGFBP7 concen-
tration (3.99 (2.17-9.45) (ng/ml)2/1,000) compared to the
KDIGO<3 H24 group (0.93 (0.25-1.59); p = 0 001)
(Table 1 and Figure 2). Median baseline urine output
and baseline serum creatinine were, respectively, higher
and lower in the KDIGO<3 H24 group than in the
KDIGO 3 H24 group (Table 1).

In the logistic regression model, only the baseline posol-
ogy of norepinephrine, baseline TIMP2∗IGFBP7, baseline
urine output, and baseline serum creatinine remained signif-
icantly associated with progression to KDIGO 3 at H24
(Table 2).

The value of urinary TIMP2∗IGFBP7 concentration to
identify patients at high risk of KDIGO stage 3 during the
24 hours following inclusion was superior to that of the base-
line serum creatinine (AUC: 0.83 (0.75-0.90) vs. 0.70
(0.61-0.79), respectively; p = 0 04) and baseline posology of
norepinephrine (0.69 (0.60-0.78), p = 0 03) but was not sig-
nificantly different to that of the baseline urine output (0.73
(0.63-0.81); p = 0 08) (Figure 3). A TIMP2∗IGFBP7 > 1 92
(ng/ml)2/1,000 identified patients who progressed to the

KDIGO 3 within 24 hours with a sensitivity of 78% (63-89),
a specificity of 81% (69-89), a positive predictive value of
73% (58-84), and a negative predictive value of 84%
(73-92). The TIMP2∗IGFBP7 AUC to identify KDIGO 3
were not significantly different between the KDIGO 1
(n = 73) and KDIGO 2 (n = 39) patients at admission
(p = 0 09).

The previously published cutoffs for TIMP2∗IGFBP7 to
identify critically ill patients at high risk of developing mod-
erate to severe AKI were 0.3 and 2.0 (ng/ml)2/1,000 defining
the lowest risk to develop an AKI as below 0.3, the interme-
diate risk as between 0.3 and 2.0, and high risk if higher than
2.0 (9). In our population, a TIMP2∗IGFBP7 < 0 3 identified
the group of patients with the lowest risk of developing
KDIGO 3 with a sensitivity of 30% (19-42) and specificity
of 91% (79-97). A TIMP2∗IGFBP7 > 2 0 identified the popu-
lation at high risk of KDIGO 3 with a sensitivity of 76%
(60-87) and a specificity of 81% (69-89). Compared with
patients with a TIMP2∗IGFBP7 below 0.3, those with a test
score between 0.3 and 2.0 had the same risk for severe AKI
(relative risk 0.84 (0.3-2.7, p = 0 77)) whereas those with a
test score > 2 0 had 4 times the risk for severe AKI (4.19
(1.7-10.4, p = 0 002)) (Figure 4).

3.3. Identification of Patients at High Risk of Severe AKI at
H72. Patients with a diagnosis of KDIGO 3 72 hours follow-
ing inclusion (KDIGO 3 H72) had a higher posology of nor-
epinephrine, volume of fluid administered, lactate level, and
lower mean arterial pressure at inclusion (Table 1). Urine
output (0.71 (0.54-0.95) vs. 0.31 (0.2-0.49) ml/kg/h; p =
0 001), serum creatinine (114 (106-131) vs. 139 (122-170)
μmol/l; p = 0 009), and TIMP2∗IGFBP7 (1.03 (0.77-1.51)
vs. 3.03 (1.81-5.11); p = 0 001) at inclusion were significantly
different between the KDIGO<3 H72 and KDIGO 3 H72
groups (Table 1 and Figure 2). In the logistic regression
model including the presence of baseline mean arterial pres-
sure, baseline posology of norepinephrine, baseline fluid
administered, baseline lactate, baseline TIMP2∗IGFBP7,
baseline urine output, and baseline serum creatinine, only
the baseline creatinine and baseline TIMP2∗IGFBP7
remained significantly associated with progression to
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Figure 1: Flow chart.
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KDIGO 3 at H72 (Table 2). Those two variables were then
introduced alone in the regression model, and only
TIMP2∗IGFBP7 at baseline remained significantly associ-
ated with KDIGO 3 at H72 (Table 2).

The diagnostic performance of baseline creatinine and
baseline TIMP2∗IGFBP7 was poor (AUC: 0.64
(0.55-0.73) and 0.69 (0.59-0.77), respectively). A baseline
creatinine > 156 μmol/l predicted the KDIGO 3 level 72
hours after inclusion with a sensitivity of 47% (32-62), a
specificity of 77% (65-86), a positive predictive value of
59% (42-75), and a negative predictive value of 67%
(55-77). A TIMP2∗IGFBP7 > 2 08 predicted the KDIGO
3 level H72 with a sensitivity of 64% (48-77), a specificity

of 75% (63-85), a positive predictive value of 65% (54-75),
and a negative predictive value of 74% (66-81).

4. Discussion

In the early phase of septic shock, the urinary concentra-
tion of TIMP2∗IGFBP7 identifies the patients at high risk
of progression from mild or moderate to severe AKI
during the following 24 hours but not 72 hours. A test
score > 2 0 (ng/ml)2/1,000 quadrupled the risk of progres-
sing to KDIGO 3.

TIMP2 and IGFBP7 are two proteins released in the
urine by renal tubular cells in response to injury. These
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Figure 2: Individual baseline TIMP2∗IGFBP7 in patients who developed and who did not develop KDIGO 3 AKI at H24 (a) and H72 (b).

Table 2: Stepwise logistic regression risk models for severe AKI 24 hours (H24) or severe AKI and/or death 72 hours (H72) following
inclusion.

AKI KDIGO H24

Variable H24 (OR (95% CI)) p value H24 (OR (95% CI)) p value

Baseline posology of norepinephrine 4.26 (1.16-15.6) 0.03 4.55 (1.43-14.5) 0.01

Baseline fluid administered 1.02 (0.97-1.06) 0.47 — —

Baseline lactate 1.02 (0.80-1.29) 0.87 — —

Baseline creatinine 1.01 (1.01-1.02) 0.001 1.02 (1.01-1.3) 0.001

Baseline urine output 0.19 (0.05-0.77) 0.02 0.19 (0.05-0.74) 0.004

Baseline TIMP2∗IGFBP7 1.42 (1.11-1.83) 0.005 1.42 (1.12-1.81) 0.001

Nagelkerke R2 0.63 0.64

AKI and/or death H72

Variable H72 (OR (95% CI)) p value H72 (OR (95% CI)) p value

Baseline mean arterial pressure 0.97 (0.94-1.01) 0.18 — —

Baseline posology of norepinephrine 1.93 (0.70-5.32) 0.2 — —

Baseline fluid administered 1.03 (0.99-1.07) 0.12 — —

Baseline lactate 1.22 (0.98-1.52) 0.08 — —

Baseline creatinine 1.01 (1.00-1.02) 0.04 1.01 (0.99-1.01) 0.06

Baseline urine output 0.65 (0.30-1.39) 0.27 — —

Baseline TIMP2∗IGFBP7 1.21 (1.00-1.45) 0.04 1.31 (1.12-1.53) 0.001

Nagelkerke R2 0.45 0.29
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molecules are released in the case of inflammation and
ischaemia of tubular cells in order to block the cell cycle
of adjacent tubular cells [13, 14]. Many studies have
already demonstrated the relationship between high uri-
nary TIMP2∗IGFBP7 concentrations and the risk of
developing AKI [6–9, 11]. In the Topaz study conducted
in 420 critically ill adults admitted to 23 participating
ICUs, Bihorac et al. showed that urinary TIMP2∗IGFBP7
was an independent factor associated with AKI (KDIGO
2 or 3) within 12 hours [9]. Two different cutoff values
were tested: TIMP2∗IGFBP7 > 0 3 (sensitivity of 92% and
specificity of 46%) and >2.0 (sensitivity of 37% and spec-
ificity of 95%). The median TIMP2∗IGFBP7 in the AKI
group was 1.6 (0.2-2.8) versus 0.3 (0.2-0.8) (ng/ml)2/1,000
in the non-AKI group. In 50 patients undergoing cardiac
surgery, Meersch et al. found that TIMP2∗IGFBP7 > 0 3
(ng/ml)2/1,000, which was associated with the diagnosis
of AKI (KDIGO≥1) (sensitivity of 80% and specificity of
83%) 4 hours after cardiac surgery [11]. The median
TIMP2∗IGFBP7 4 hours after surgery in the AKI group
was 1.5 versus 0.2 (ng/ml)2/1,000 in the non-AKI group.
The median urinary TIMP2∗IGFBP7 concentrations
observed in our study were particularly high compared
to the values reported in these previous two studies
(Table 1). However, these previous studies included unse-
lected ICU patients (only 20 to 30% of whom presented
sepsis) and excluded patients with KDIGO 2 or 3 AKI.
The present study only included patients with septic shock
who had already developed AKI (KDIGO 1 or 2),

accounting for the more severe kidney injury and the rel-
atively high urinary TIMP2∗IGFBP7 concentrations
observed. Our study is the first to specifically look at the
progression from mild and moderate to severe AKI
whereas others looked at none or mild AKI progression
to moderate or severe AKI [9–12]. Only one study focused
on the specific condition of septic shock [12]. Because
inflammation is associated with the cellular expression of
TIMP2 and IGFBP7 [15], it was also important to confirm
the interest of TIMP2∗IGFBP7 in this setting of septic
patients (one of the leading causes of AKI in ICU).

Although urinary TIMP2∗IGFBP7 concentrations
appear to be an independent factor associated with the onset
of severe AKI, our results show that this diagnostic value is
clinically relevant only at H24 and not at H72. We hypothe-
sized that the risk of developing KDIGO 3 AKI was related to
the early urinary TIMP2∗IGFBP7 concentration reflecting
the severity of the initial kidney aggression. The relationship
between the initial injury and subsequent diagnostics of
severe AKI probably changes with time due to additional kid-
ney injuries (for example, the prescription of nephrotoxic
drugs) or tubular cell repair. Urinary TIMP2∗IGFBP7 con-
centrations are early markers of tubular injury and reflect
the short-term risk of severe AKI diagnostics. In contrast,
serum creatinine and urine output are known to be late
markers of kidney function [16]. The early tubular injury
detected by the release of TIMP2∗IGFBP7 would be asso-
ciated with the worsening of the kidney function. As we
show here, TIMP2∗IGFBP7 seems to be poorly associated
with kidney function later than 24 hours. TIMP2∗IGFBP7
may be considered only as a short-term reflection of the
kidney function.

The results of this study can help to rapidly stratify the
risk of progression to KDIGO 3 AKI over the next 24 hours,
which could have a number of applications, particularly in
clinical research. Several ongoing studies are trying to limit
the development of AKI in populations at high risk of AKI.
For example, nicotinamide and cellular immunotherapy are
currently under study with regard to decreasing the develop-
ment of AKI following cardiac surgery or in the presence of
septic shock. Future clinical studies may also focus on pro-
gression to severe AKI, and our results may help investigators
to select this population at highest risk of severe AKI. The
treatments currently under investigation to avoid the devel-
opment of AKI could then be tested to avoid further dete-
rioration of kidney function and to promote recovery of
kidney function in septic patients.

Our results should not be interpreted as a potential
indication for the early initiation of RRT in this popula-
tion of patients at high risk of progression to KDIGO 3,
as two multicenter randomized controlled trials have
shown that KDIGO 3 per se does not constitute an indica-
tion for the initiation of RRT, which depends on either an
urgent indication (hyperkalemia, pulmonary edema, or
severe acidosis) or prolonged anuria (>72 h) (AKIKI and
IDEAL ICU). Therefore, only some of the patients identi-
fied to be at high risk of progression to KDIGO 3 finally
required RRT, as in our population, TIMP2∗IGFBP7 was
not associated with the need for RRT and only a small
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Figure 3: Receiver operating curve for the diagnostic of severe AKI
(KDIGO 3) within 24 hours following inclusion. ∗p < 0 05 vs.
baseline TIMP2∗IGFBP7.
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proportion of patients who progressed to KDIGO 3 finally
required RRT (16/45 KDIGO 3 at H24).

Our study presents several limits. We did not record the
evolution of the urine output, creatinine, or TIMP2∗
IGFBP7 12 hours after inclusion which could be more sensi-
tive to identifying high-risk patients of KDIGO 3. Only 45
patients were KDIGO 3 at H24 and 47 patients at H72 while
we included, respectively, 6 and 7 variables in the logistic
regression models. The individual values of TIMP2 and
IGFBP7 could not be analyzed separately because the Astute
140™ Meter only provided the product of both biomarkers.
Thus, the exact contribution of each biomarker could not
be determined. The high number of variables included in
the logistic regression models may have resulted in an over-
fitted effect. This emphasizes again the importance to con-
firm the results in a bigger cohort of patients. We used the
bone criteria to define the septic shock instead of the new
SESPIS 3 definition because the inclusions started before
the publication of the SEPSIS3 definition. In 20 patients (10
patients KDIGO<3 H24 and 10 patients KDIGO 3 H24),
no history of basal creatinine was available and we used back
calculation as recommended by the KDIGO. However, a
recent study has shown that back calculation of basal creati-
nine has moderate agreement with the AKI severity based on
the measured basal creatinine, and we may have overesti-
mated the prevalence of AKI [17]. Because it is almost impos-
sible to determine the exact onset of sepsis and AKI in our
population, our results cannot be analyzed according to the
delay between the onset of AKI and the urinary TIMP2∗
IGFBP7 concentrations.

5. Conclusion

In conclusion, the urinary TIMP2∗IGFBP7 concentration
at the early phase of septic shock is an independent factor
to identify the population at high risk of progression from
mild and moderate to severe AKI over the next 24 hours

but not 72 hours. A TIMP2∗IGFBP7 concentration > 2 0
(ng/ml)2/1,000 quadruples the risk of the KDIGO 3 level
within 24 hours.
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Figure 4: Relative risk of acute kidney injury (AKI) KDIGO 3 level within 24 hours (KDIGO 3 H24) in TIMP2∗IGFBP7 strata. (a) KDIGO 3
H24 risk in the stratum with TIMP2∗IGFBP7 values that are between 0.3 and 2.0 and greater than 2.0 relative to the values less than or equal
to 0.3, and (b) KDIGO 3 H24 risk in the stratum with TIMP2∗IGFBP7 values that are greater than 2.0 relative to the values less than or equal
to 2.0. Error bars are 95% confidence interval. ∗p < 0 05 versus >2.0.
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Introduction. Kidney disease is a worldwide health and economic burden, with rising prevalence. The search for biomarkers for
earlier and more effective disease screening and monitoring is needed. Oxidative stress has been linked to both, acute kidney
injury (AKI) and chronic kidney disease (CKD). The aim of our study was to investigate whether the concentrations of systemic
markers of oxidative stress and antioxidant status are affected by AKI and CKD, and to identify potential biomarkers. Methods.
In adult male Wistar rats, AKI was induced by bilateral nephrectomy, and CKD was induced by 5/6 nephrectomy. Blood was
collected 48 hours after surgery in AKI and 6 months after surgery in CKD. Advanced oxidation protein products (AOPP),
thiobarbituric acid reactive substances (TBARS), advanced glycation end products (AGEs), fructosamine, total antioxidant
capacity (TAC), and ferric reducing antioxidant power (FRAP) were measured. Results. Impaired renal function was confirmed
by high concentrations of plasma creatinine and urea in AKI and CKD animals. AOPP and fructosamine were higher by 100%
and 54% in AKI, respectively, and by 100% and 199% in CKD, respectively, when compared to corresponding control groups.
Similarly, there was approximately a twofold increase in AGEs (by 92%) and TAC (by 102%) during AKI. In CKD,
concentrations of FRAP, as an antioxidative status marker, were doubled (by 107%) when compared to the control group, but
concentration of TAC, another marker of antioxidative status, did not differ between the groups. Conclusions. AKI and CKD led
to increased systemic oxidative stress. AOPP and fructosamine could be considered potential biomarkers for both, acute and
chronic kidney damage. On the other hand, AGEs, TAC, and FRAP seem to be disease specific, which could help to differentiate
between acute and chronic kidney injuries. However, this needs further validation in clinical studies.

1. Introduction

Kidney disease can be classified into two types: acute kidney
injury (AKI) and chronic kidney disease (CKD). The global
prevalence of both forms of kidney disease is rising continu-
ously, in part due to the aging population and in part due to a
global increase in the prevalence of hypertension and diabe-
tes. AKI is characterized by a sudden loss of kidney function
within 7 days. CKD develops due to a structural or functional
kidney irregularity that persists for at least 3 months. Both

AKI and CKD result in the accumulation of toxic end prod-
ucts of nitrogen metabolism and creatinine in the blood
[1–3]. Research is focused on the search for more effective
and less costly therapies of AKI and end-stage CKD. More
importantly, the search for screening methods of earlier detec-
tion and more effective disease monitoring is ongoing [4].

Oxidative stress is a state of imbalance between the
generation of prooxidants and the number of antioxidants
present in favor of prooxidants. Free radicals and nonradical
oxidants alter biomolecules, mainly lipids, proteins, and
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nucleic acids, ultimately leading to cell death. Mitochondria
provide the main energy source for cells. In the kidney, renal
tubular cells are especially rich in mitochondria, because the
reabsorption of solutes is highly energy demanding. Renal
tubules are particularly vulnerable to oxidative stress and
damage, since mitochondria are one of the main sites of
intracellular free radical production via the respiratory
chain and NADPH oxidases [5–7]. Increased production of
prooxidants is involved in many pathological pathways of
AKI and CKD [8].

In CKD, impaired mitochondrial function and enhanced
mitochondrial reactive oxygen species (ROS) has been pro-
posed as one of the causes of elevated oxidative stress [9].
Increased production of mitochondrial ROS was shown in
the kidneys of diabetic mice [10–12]. In AKI, oxidative
damage and decreased antioxidant status can develop in the
renal tissue due to ischemia and toxic damage [13–15]. Also,
oxidative stress is a key factor in the pathogenesis of
rhabdomyolysis-induced myoglobinuric AKI [16]. Another
source of oxidative stress in later stages of CKD may be the
presence of uremic toxins and dysregulated metabolic waste
disposal [17–23]. In patients with CKD, uremia-specific risk
factors, including volume expansion, chronic inflammation,
anemia, or a microinflammatory state, are associated with
systemic oxidative stress that in turn could cause inflamma-
tion and further tissue damage [6]. Thus, oxidative stress
can affect the progression of renal disease as well in a bidirec-
tional manner. It can aggravate inflammation, contribute to
the development of fibrosis, via enhanced inflammation
and trigger signaling pathways leading to renal tubular cell
death. Fibrosis and inflammation might increase further for-
mation of ROS [24]. According to the above-mentioned
studies, it has been shown that oxidative stress is strongly
associated with AKI and CKD and their complications. How-
ever, it is still questionable whether an elevated production of
prooxidants is the only reason of oxidative stress. Uremic
toxins bolster inflammation along with oxidative stress by
priming polymorphonuclear leukocytes and triggering an
innate immune response. Uric acid synthesis can further
promote oxidative stress through the activity of xanthine
oxidoreductase. On the other hand, the uric acid itself
can act as an antioxidant [25–27].

Thus, oxidative stress and antioxidant status markers
need to be analyzed in detail. Oxidative status is commonly
assessed in the plasma by measuring the concentrations of
damaged biomolecules by free radicals and other oxidants.
Lipid peroxidation is routinely measured by the thiobarbitu-
ric acid-reacting substance (TBARS) method [28]. For the
evaluation of protein oxidation, advanced oxidation protein
products (AOPP) are assessed [29]. Advanced glycation end
products (AGEs) along with fructosamine are formed as
late-stage products of nonenzymatic glycation of amino
groups of proteins by the carbonyl compound of sugars,
and they are used as markers of carbonyl stress [30]. Total
antioxidant capacity (TAC) and ferric reducing antioxidant
power (FRAP) are commonly used methods for the assess-
ment of the antioxidant status [31, 32].

To our knowledge, only very few studies describing oxi-
dative stress and antioxidant status markers in detail in both

AKI and CKD have been published. The most recent one
suggests that salivary AOPP could be a suitable marker for
the detection of CKD in children with 92% sensitivity and
specificity [33]. Since AOPP are nonspecific, a panel of oxida-
tive stress markers would be more helpful in the detection of
CKD or AKI. Therefore, the main goal of this study was to
experimentally determine the effect of acute kidney injury
and chronic kidney disease on the systemic oxidative status.
In addition, AKI and CKDwere analyzed in parallel to search
for possible differences between the two conditions, which
might prove useful in the differentiation between progressive
CKD and AKI as a complication of CKD or alone.

2. Methods

2.1. Animals. Twelve-week-old adult male Wistar rats were
used in this experiment (n = 40 in total, weighing 294 ± 79
grams, Anlab, Prague, Czech Republic). Rats were housed
in standard cages with wood chip bedding, in a room with
an ambient temperature of 22 ± 1°C, 40-50% humidity, and
a 12/12-hour light/dark cycle. All rats had ad libitum access
to standard rodent chow and tap water throughout the
experiment. This study was approved by the Ethics Com-
mittee of the Institute of Pathophysiology, Comenius
University, and was carried out according to relevant
national legislation.

2.2. Modeling of Acute Kidney Injury. Bilateral nephrectomy
was performed to model AKI. Rats were divided into two
groups, a bilateral nephrectomy group (BNex, n = 11) and a
sham group (BNex sham, n = 6). The animals were bilaterally
nephrectomised in one surgical session, as described
previously [34]. Animals were anesthetized by ketamine
(100mg/kg, Richter Pharma AG, Wels, Austria) and xylazine
(10mg/kg, Ecuphar N.V., Oostkamp, Belgium) administered
by intraperitoneal injection. A midline incision was made in
the BNex group; the kidneys were exposed and decapsulated.
Renal pedicles were tied offwith a suture, and the kidneys were
removed. The incision was closed with an absorbable suture.
Animals in the sham group underwent sham surgery. Both
kidneys of the rats in this group were decapsulated. Animals
were sacrificed 48 hours after surgery, under general anesthe-
sia. Blood was collected into EDTA-coated blood collection
tubes (Sarstedt, Numbrecht, Germany) from the abdominal
aorta. Plasma was obtained by centrifugation (5000 g for 5
minutes) and stored at -20°C until further analysis.

2.3. Modeling of Chronic Kidney Disease. To model CKD, 5/6
nephrectomy was conducted. Rats were divided into two
groups, a 5/6 nephrectomised (5/6 Nex, n = 14) and a sham
group (5/6 Nex sham, n = 9). The animals in the 5/6 Nex
group underwent subtotal (5/6) nephrectomy in two surgical
steps, as reported previously [35]. Briefly, animals were anes-
thetized by ketamine (100mg/kg, Richter Pharma AG, Wels,
Austria) and xylazine (10mg/kg, Ecuphar N.V., Oostkamp,
Belgium) administered by intraperitoneal injection. A mid-
line incision was made on the left side, and the left kidney
was exposed. The kidney was decapsulated, and the upper
and lower kidney poles were removed. Bleeding was stopped

2 Disease Markers



by Gelaspon (Chauvin Ankerpharm GmbH, Rudolstadt,
Germany), and the incision was closed with an absorbable
suture. After the recovery period (14 days later), a similar
incision was made on the right side, the renal vessels were
ligated, and the decapsulated kidney was removed. Animals
in the 5/6 Nex sham group underwent sham surgery. The
kidneys of the rats in this group were decapsulated at the time
of the first surgery. Animals were sacrificed 6 months after
surgery under general anesthesia. Animals were placed in
metabolic cages (4 hours) for urine collection. Plasma sam-
ples were obtained in the same manner as described in the
AKI model.

2.4. Biochemical Analysis. Three hundred and fifty microli-
ters of plasma were used to measure plasma creatinine, urea,
and albuminuria concentrations using the Biolis 24i Pre-
mium automated clinical analyzer (Tokyo Boeki Medical
System Ltd., Tokyo, Japan) [36]. The principle of urea mea-
surement is based on the hydrolysis of urea by urease to form
ammonium and carbonate. The second step is based on the
reaction 2-oxoglutarate that reacts with ammonium in the
presence of glutamate dehydrogenase (GLDH) and the coen-
zyme NADH. This reaction produces L-glutamate [37]. The
measurement of creatinine is based on its reaction with picric
acid in alkaline conditions that results in a reddish complex
[38]. The plasma concentrations of kidney injury molecule
1 (KIM-1) were measured using the commercial rat KIM-1
ELISA kit (R&D Systems Inc., Abingdon, UK) according to
the manufacturer’s protocol.

2.5. Oxidative Stress and Antioxidant Status Analysis.
Markers of oxidative stress and antioxidant status were
measured in plasma samples using a Synergy H1 multimode
microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA).

TBARS were measured by pipetting 20μl of samples or
standards (1,1,3,3-tetraethoxypropane), 30 μl of distilled
water, 20μl of 0.67% thiobarbituric acid, and 20μl of glacial
acetic acid in a microtiter plate. The plates were mixed and
incubated for 45 minutes at 95°C. 100μl of n-butanol was
added into the samples, and the plates were centrifuged
(2000 g/10min/4°C). Seventy microliters of the upper phase
was transferred into a new microtiter plate, and fluorescence
was measured at ex = 515 nm and λem = 535 nm. AOPP was
assessed by mixing 200 μl of samples and standards (chlo-
ramine T mixed with potassium iodide) with 20μl of gla-
cial acetic acid for 2 minutes. Absorbance was measured at
340nm. AGEs were measured by pipetting 20μl of sample
or standards (AGE-BSA) and 180μl of PBS into a dark
microtiter plate, vortexing and measuring fluorescence at

ex = 370 nm and λem = 440 nm. For fructosamine measure-
ment, 20 μl of the samples and standards (16mmol/l
1-deoxy-morpholino-D-fructose) was mixed with 100 μl
of 0.25mmol/l nitroblue tetrazolium containing 1mmol/l
nitroblue tetrazolium and 0.1mol/l sodium carbonate
buffer (pH = 10 35). Samples were incubated at 37°C for
15 minutes. Absorbance was measured at 530nm.

For TAC measurement, samples were mixed with acetate
buffer (pH = 5 8). Absorbance was measured at 660nm as

blank. When the ABTS solution (2.2′-azino-bis(3-ethyl-
benzthiazoline-6-sulphonic acid with acetate buffer)) was
added, the absorbance was measured again at 660nm. The
blank absorbance values were subtracted from the values
obtained by the second measurement. For FRAP assessment,
200 μl of warmed (37°C) FRAP reagent (containing acetate
buffer (pH = 3 6), tripyridyl-s-triazine, FeCl3∗6H2O, and
water) was pipetted into a microtiter plate, and absorbance
was measured as blank. Afterwards, 20 μl of samples and
standards (100mmol/l FeSO4∗7H2O) was added. Absor-
bance was measured again at 530nm. The blank absorbance
values were subtracted from the values obtained by the sec-
ond measurement [39].

For the measurement of proteins, 10μl of the samples
and standards (bovine serum albumin) was mixed with
200μl of the working solution (bicinchoninic acid and
copper sulphate, 49 : 1 ratio, respectively). The plate was
incubated at 37°C for 30 minutes. After cooling, absor-
bance was measured at 562 nm. All markers measured in
plasma were normalized to plasma protein concentrations.
Markers measured in urine were normalized to urinary
creatinine concentrations.

2.6. Statistical Analysis. GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA, USA) was used for the statis-
tical analyses. After testing for normality with the
D’Agostino-Pearson omnibus test, data were analyzed
with the Mann–Whitney U test. The Spearman correla-
tion test and linear regression were used to evaluate
the linear associations between quantitative variables. A
value of p < 0 05 was considered statistically significant.

3. Results

Concentrations of creatinine in the plasma of the BNex
group were 20-fold higher when compared to the BNex sham
group (Figure 1(a); U = 0, p < 0 001). Blood urea in the BNex
group was significantly higher when compared to the BNex
sham group by 484% (Figure 1(b); U = 0, p < 0 001). Plasma
creatinine concentrations in the 5/6 Nex group were signifi-
cantly higher than in the 5/6 Nex sham group by 48%
(Figure 1(c); U = 18, p < 0 01). Blood urea was 2-fold higher
in the 5/6 Nex group than in the 5/6 Nex sham group
(Figure 1(d); U = 10, p < 0 001). One animal in the BNex
group did not show elevated levels of plasma creatinine
(37.56μmol/l), nor urea (11.70mmol/l), which would com-
ply with the modeling of AKI and was thus removed from
further analyses.

There were no differences between the BNex and the
BNex sham groups in TBARS concentrations (Figure 2(a)).
In plasma TBARS, no significant differences were found
between the 5/6 Nex and the 5/6 Nex sham groups either
(Figure 3(a)). Plasma AOPP concentrations were 2-fold
higher in the BNex group, when compared to the BNex sham
group (Figure 2(b); U = 9, p < 0 05). In plasma AOPP, a
significant difference was found between the 5/6 Nex and
the 5/6 Nex sham groups, the first being higher by 102%
(Figure 3(b); U = 28, p < 0 05).
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AGE concentrations were 2-fold higher in the plasma of
the BNex group, when compared to the BNex sham group
(Figure 2(c); U = 0, p < 0 01). No significant differences were
found in plasma AGE concentration between the 5/6 Nex
and the 5/6 Nex sham groups (Figure 3(c)). Fructosamine
concentrations differed significantly between the BNex and
the BNex sham group as well, the BNex group being higher
by 54% (Figure 2(d); U = 4, p < 0 01). In plasma fructosa-
mine, a significant difference was found between the 5/6
Nex and the 5/6 Nex sham groups. The 5/6 Nex group had
3-fold higher fructosamine concentrations (Figure 3(d);
U = 10, p < 0 01). Between the BNex and the BNex sham
groups, there was a significant difference in TAC, the
BNex being 2-fold higher (Figure 2(e); U = 5, p < 0 05).
TAC concentrations in plasma did not differ between
the 5/6 Nex and the 5/6 Nex sham groups (Figure 3(e)).
There were no differences between the BNex and the BNex
sham groups in FRAP concentrations (Figure 2(f)). In
plasma FRAP, a significant difference was found between
the 5/6 Nex and the 5/6 Nex sham groups, the first being
2-fold higher (Figure 3(f); U = 22, p < 0 05).

Additionally, to the plasma concentrations, TBARS,
AOPP, fructosamine, and FRAP were all measurable in the
urine of 5/6 Nex rats. Of these, AOPP differed most signifi-
cantly from the sham group. AOPP in 5/6 Nex were 2-fold
higher in urine when compared to 5/6 Nex sham group

(Figure 4(b); U = 7, p < 0 001). TBARS, fructosamine, and
FRAP in urine were increased in the 5/6 Nex group by
approximately 50% (Figures 4(a), 4(c), and 4(d); U = 40, 34,
and 32, respectively, p < 0 05 for all three markers) when
compared to the control group.

In 5/6 Nex as a model of CKD, urinary AOPP signifi-
cantly and positively correlated with urinary KIM-1
(r = 0 70; p < 0 05). Also, urinary fructosamine and FRAP
significantly correlated with ACR (r = 0 72 and r = 0 82;
p < 0 05, respectively) and albuminuria (r = 0 62 and r =
0 82; p < 0 05, respectively), but neither with plasma nor
with urinary KIM-1 (Table 1).

4. Discussion

The results of this experiment confirmed the association
between elevated systemic oxidative stress and acute and
chronic renal failure. Although proteins are relatively resis-
tant to damage by prooxidants, AOPP concentrations were
2-fold higher in rats with both acute and chronic renal failure
compared to their sham-operated counterparts. A 2-fold
increase in AOPP was present not only in plasma but also
in the urine of CKD rats. These findings are in line with
previous studies in AKI and CKD patients [40, 41]. It
has been proposed that AOPP not only are associated with
CKD but also have a pathogenic role in CKD progression
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Figure 1: Renal function parameters in rats with acute and chronic kidney injury and sham-operated rats. (a) Plasma creatinine in bilaterally
nephrectomised (BNex) and sham (BNex sham) rats, (b) plasma urea in BNex and BNex sham rats, (c) plasma creatinine in 5/6
nephrectomised (5/6 Nex) and sham (5/6 Nex sham) rats, and (d) plasma urea in 5/6 Nex and 5/6 Nex sham rats. ∗∗p < 0 01, ∗∗∗p < 0 001.
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through cellular and molecular mechanisms. These mech-
anisms include triggering a cascade of signaling events that
lead to superoxide generation, NF-κB activation, the over-
production of extracellular matrix, apoptosis of podocytes,
endothelial inflammation, and monocyte activation [42, 43].
Moreover, elevated AOPP were found to be associated with
poor prognosis of patients with IgA nephropathy [44]. On
the other hand, during CKD, the excessive glomerular
protein leakage might contribute to the absolute numbers
of AOPP.

This study found no differences between 5/6 Nex or
BNex animals and the sham groups in oxidized lipid

concentrations measured by TBARS in plasma, contrary to
other studies. A previous study showed that products of lipid
peroxidation could be increasing in AKI in a time-dependent
manner. It could be argued that these damaged lipids would
have increased should the experiment lasted longer,
although, in the mentioned studies, lipid peroxidation prod-
ucts were already significantly higher after 48 hours in rats
with AKI [45, 46]. On the other hand, urinary TBARS were
higher in CKD rats, suggesting their clearance from circula-
tion despite reduced renal function. Unfortunately, due to
the anuria of the BNex rats, we were unable to determine
the urinary levels of TBARS in the acute setting.
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Figure 2: Oxidative stress and antioxidant status markers in the plasma of bilaterally nephrectomised (BNex) and sham (BNex sham) rats. (a)
TBARS: thiobarbituric acid reactive substances, (b) AOPP: advanced oxidation protein products, (c) AGEs: advanced glycation end products,
(d) fructosamine, (e) TAC: total antioxidant capacity, and (f) FRAP: ferric reducing antioxidant power. ∗p < 0 05, ∗∗p < 0 01.
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Products of carbonyl stress, such as fructosamine and
AGEs, are produced during aging and accumulate in circula-
tion and tissues. Kidneys play an important part in their dis-
posal, and fructosamine and AGEs have been shown to be
elevated when kidney function is compromised [47, 48].
The results of this experiment showed that the concentration
of fructosamine was higher in AKI and CKD, but AGEs were
higher only in the AKI model. This could indicate that the
remaining kidney function in the mild 5/6 Nex model of
CKD was sufficient to filter AGEs from circulation. The rea-
sons of the accumulation of AGEs during uremia are not fully
understood. Increased concentration of circulating AGEs in

patients with kidney diseases may result from an increased
production due to uremia-related consequences or decreased
renal disposal [49]. According to previous results, low molec-
ular weight AGEs are easily removed from the body by renal
clearance [50]. Thus, it seems that a partial maintenance of
low molecular weight AGE disposal by the damaged kidneys
prevented the elevation of plasma AGE concentrations in 5/6
Nex. However, it has also been shown that one fraction of
plasma AGEs is linked to binding proteins, mainly albumin
in uremic patients. Glomerular filtration or dialysis does
not remove these proteins. Thus, accumulation of higher
molecular weight AGEs could not be explained by decreased
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Figure 3: Oxidative stress and antioxidant status markers in the plasma of 5/6 nephrectomised (5/6 Nex) and sham (5/6 Nex sham) rats. (a)
TBARS: thiobarbituric acid reactive substances, (b) AOPP: advanced oxidation protein products, (c) AGEs: advanced glycation end products,
(d) fructosamine, (e) TAC: total antioxidant capacity, and (f) FRAP: ferric reducing antioxidant power. ∗p < 0 05, ∗∗p < 0 01.
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renal clearance [51]. In addition, the elevated urinary levels
of fructosamine in 5/6 Nex rats confirm their clearance via
the kidneys.

The results also showed that the concentrations of anti-
oxidant status markers were higher in the 5/6 Nex and BNex
groups than in controls—more precisely, FRAP was higher in
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Figure 4: Oxidative stress and antioxidant status markers in the urine of 5/6 nephrectomised (5/6 Nex) and sham (5/6 Nex sham) rats. (a)
TBARS: thiobarbituric acid reactive substances, (b) AOPP: advanced oxidation protein products, (c) fructosamine, and (d) FRAP: ferric
reducing antioxidant power. ∗p < 0 05, ∗∗∗p < 0 001.

Table 1: Correlation coefficients (Spearman) between plasma markers, thiobarbituric acid reactive substances (TBARS), advanced oxidation
protein products (AOPP), advanced glycation end products (AGEs), fructosamine, total antioxidant capacity (TAC), and ferric reducing
antioxidant power (FRAP), and urinary markers, TBARS, AOPP, fructosamine, FRAP, plasma creatinine, blood urea nitrogen (BUN),
urinary kidney injury molecule-1 (uKIM-1), plasma kidney injury molecule-1 (pKIM-1), albumin/creatinine ratio of urine (ACR), and
albuminuria in 5/6 nephrectomised (CKD model) and sham rats.

Plasma creatinine
(μmol/l)

BUN
(mmol/l)

pKIM-1
(pg/ml)

uKIM-1
(pg/ml)

ACR
(g/mol)

Albuminuria
(mg/day)

Plasma markers of OS

TBARS (μmol/g) -0.42 n.s. -0.38 n.s. 0.06 n.s. -0.30 n.s. 0.33 n.s. 0.39 n.s.

AOPP (μmol/g) -0.12 n.s. 0.05 n.s -0.15 n.s. -0.05 n.s. -0.07 n.s. -0.08 n.s.

AGEs (g/g) -0.60∗ -0.38 n.s. -0.38 n.s. -0.62∗ -0.32 n.s -0.11 n.s.

Fructosamine (mmol/g) 0.10 n.s. 0.17 n.s. -0.43 n.s. -0.05 n.s. -0.06 n.s. 0.07 n.s.

TAC (μmol/g) 0.01 n.s. 0.10 n.s. 0.28 n.s. 0.17 n.s. 0.0 n.s. -0.08 n.s.

FRAP (μmol/g) 0.07 n.s. 0.10 n.s. 0.06 n.s. 0.12 n.s. 0.14 n.s. 0.12 n.s.

Urinary markers of OS

TBARS (μmol/mmol) 0.23 n.s. 0.44 n.s. -0.06 n.s. 0.26 n.s. 0.30 n.s. 0.01 n.s.

AOPP (μmol/mmol∗g) 0.23 n.s. 0.06 n.s. 0.38 n.s. 0.70∗ 0.51 n.s. -0.10 n.s.

Fructosamine
(mmol/mmol)

-0.31 n.s. -0.32 n.s. 0.13 n.s. 0.17 n.s. 0.72∗ 0.62∗

FRAP (μmol/mmol) -0.33 n.s. -0.28 n.s. 0.49 n.s. 0.32 n.s. 0.82∗∗ 0.69∗

∗p < 0 05, ∗∗p < 0 01.
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the 5/6 Nex group, and TAC was found to be elevated in the
BNex group when compared to sham animals. These results
are in line with a different study showing higher TAC in a rat
model of AKI than in sham-operated animals [52]. Another
study involving CKD patients has shown higher FRAP
concentrations in patients than in controls [53]. In addition,
urinary FRAP levels were also elevated in 5/6 Nex, confirm-
ing the situation observed in plasma. Although we cannot
fully explain the difference between AKI and CKD, this could
be potentially used as a differentiating marker between AKI
and CKD. It is assumed that the antioxidant activity rose as
an answer to present systemic oxidative stress in both disease
states. Paradoxically, the antioxidant status may increase in
renal disease because of the accumulation of uremic toxins
with scavenging capacity, such as indole derivatives and hip-
purate [48, 52]. In addition, the difference might be the result
of the differences of the measured substances between the
two methods. While TAC includes the SH/thiol groups pres-
ent in proteins and reduced glutathione, these are not
detected by the FRAP method. Due to the complete anuria
in the BNex rats compared to the known proteinuria in the
5/6 Nex model, the higher TAC in BNex might be attributed
to a higher amount of small molecular weight proteins in the
plasma of BNex rats [54].

To further address the applicability of the oxidative stress
markers in renal disease, we correlated them with the
standard plasmatic and urinary markers of renal function
and injury.

In CKD, we found a negative correlation between plasma
AGEs vs. plasma creatinine and uKIM-1. Whether this
observation is of any prognostic or diagnostic value is cur-
rently unknown. In the urine, there was a positive correlation
between AOPP and uKIM-1, suggesting that urinary AOPP
might closely reflect proximal tubular injury. On the other
hand, urinary fructosamine and FRAP correlated with ACR
and albuminuria, but not with uKIM-1, suggesting that they
might more closely reflect glomerular injury. However,
further studies are needed to prove these assumptions.

The limitation of this study is that the urinary concen-
tration of oxidative stress and antioxidant status markers
could not be assessed in BNex rats, due to anuria which
is typical for this model [55]. Further studies will be aimed
at the models with residual kidney function, which are not
completely anuric.

In conclusion, this study confirms the association of AKI
and CKD with elevated systemic oxidative stress markers.
Furthermore, to our knowledge, this study is the first to
describe this particular set of oxidative stress and antioxidant
status markers measured parallel in AKI and CKD. It shows
that oxidative damage to proteins is apparent in both disease
states in plasma and in urine. Nevertheless, we do not report
elevated lipid peroxidation in kidney disease in plasma, nei-
ther in AKI nor in CKD. Interestingly, in the urine, we found
elevated markers of lipid peroxidation in CKD, which might
suggest urine as a superior fluid for the determination of lipid
peroxidation in CKD. Carbonyl stress is apparent by an
increase in fructosamine in both disease states, but the rem-
nant kidney function in CKD appears to be sufficient to
excrete AGEs of lower molecular weight. Antioxidant status

can also increase in AKI and CKD, likely due to an increase
in uremic toxins with antioxidant capacity. However differ-
ent antioxidant systems probably take part in increased
oxidative stress during CKD and AKI. Future studies
should be focused on AOPP and fructosamine as potential
biomarkers, and data on their dynamics and urinary con-
centrations in AKI should be gathered. Further clarifica-
tion of different antioxidant mechanisms during AKI and
CKD is needed.
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Mutations in the COL4A3 gene are frequently reported to be associated with various types of hereditary nephropathy. COL4A3
encodes the α3 chain of type IV collagen, which is the main structural protein in the basement membrane. Mutations in this
gene are always related to kidney performance, and deafness and ocular lesion have also been reported. In this study, using
next-generation sequencing, we investigated the DNA of a family visiting a clinic for hearing loss. A new missense mutation was
found in COL4A3 of 5 patients, c.3227C>T (p.P1076L). Based on these results, we predict that the mutation is pathogenic and
leads to abnormal collagen IV. Here, we report for the first time on this autosomal dominant syndrome, characterized by
hearing loss and eye abnormalities, but without renal damage, in all carriers. Since the oldest patient in the trial was less than 50
years old, however, we recommend that renal examination be reviewed regularly. Our results reveal expansion in the mutation
spectrum of the COL4A3 gene and phenotypic spectrum of collagen IV disease. Our study suggests that next-generation
sequencing is an economical and effective method and may help in the accurate diagnosis and treatment of these patients.

1. Introduction

Type IV collagen, the major structural component of base-
ment membranes (BMs), is a multimeric protein composed
of 3 α subunits. These subunits are encoded by 6 different
genes, α 1 through α 6, each of which can form a triple helix
structure with 2 other subunits to form type IV collagen [1].
Trimers composed of α3, α4, and α5 chains are restricted in
expression to specific BMs of the kidney, inner ear, and eye
[2]. The COL4A3 gene encodes α3 chains, and it is concluded
that pathogenic COL4A3 mutations account for Alport
syndrome (AS) [3]. Variants in the COL4A3 gene also cause
diabetic kidney disease from maturity-onset diabetes in the
young and those with familial benign hematuria (FBH)
[4]. In addition, recent studies support that the COL4A3
gene is a newly discovered pathogenic gene related to focal

segmental glomerulosclerosis (FSGS) [5–7]. Autosomal
dominant Alport syndrome causes hematuria, proteinuria,
or progressive kidney disease. It also can be accompanied
by late-onset high-tone sensorineural hearing loss and/or
ocular abnormalities [8]. Hearing loss is directly related to
the progression of renal failure in Alport syndrome [9].
The characteristics of FBH are persistent or recurrent hema-
turia without proteinuria, renal failure, or extra renal symp-
toms [10]. FSGS is a kind of proteinuria and end-stage renal
disease (ESRD) associated with glomerular tissue pathologi-
cal changes [11].

Recently, we enrolled a Chinese family on the clinic with
a new mutation in the COL4A3 gene. Profound hearing loss
and retinitis pigmentosa (RP) were found in pathogenic gene
carriers, but kidney impairment was not present. Mutations
in the COL4A3 gene that often lead to more atypical
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phenotypes have received increasing attention, because
clarifying the new pathogenesis can promote the develop-
ment of new treatment methods and create new areas of
research on hearing impairment. Targeted next-generation
sequencing (NGS) was used to identify the genetic cause of
deafness in this family.

2. Materials and Methods

2.1. Subjects. The program was approved by the Ethics
Committee of Shanghai Jiao Tong University Affiliated Sixth
People’s Hospital. The present study recruited all 7 family
members. In addition, 250 healthy donors were recruited as
controls for a mutation analysis. All participants involved
in the study were of Han ethnicity and provided written
informed consent prior to the study’s commencement.

2.2. Phenotype Evaluation. The hearing levels of all participat-
ing members were measured by pure tone audiometry or
auditory brainstem response. Ophthalmologic examination
included fundus photography, a visual field test, and an elec-
troretinogram. Through physical and radiological examina-
tion, pathological changes in the middle ear were excluded
as were the presence of cochlear lesions and vestibular aque-
duct syndrome. Additional auditory evaluations included
otoscopic examination, an otoacoustic emissions test, and
temporal bone high-resolution computed-tomography scan-
ning. Examinations also included ophthalmologic exams,
routine urine exam, urine protein quantitation, and blood
biochemical analysis (retinal and liver function) of all
family members.

2.3. Genetic Analysis. To make a precise diagnosis, we
performed targeted NGS of related deafness genes. The col-
lection of 5mL peripheral blood samples taken from individ-
uals was used for the following experiment. A capture panel
(NimbleGen, Madison, USA) of deafness genes had been pre-
viously designed and assessed by our group. The capture
panel included all exons together with the flanking exon
and intron boundaries (±15 bp) of 180 genes. Genomic
DNA of each subject was extracted using a QIAamp DNA
Blood Midi Kit (Qiagen, Hilden, Germany). The DNA was
then fragmented by sonication using a Covaris LE220
(Woburn, Massachusetts, USA) to generate a paired-end
library (200–250 bp). The library was enriched by array
hybridization [12]. The magnitude of enrichment of the
products was then evaluated with an Agilent 2100 Bioanaly-
zer (Santa Clara, California, USA) and ABI StepOne™
real-time PCR system (Applied Biosystems, Foster, CA,
USA). Then, captured library sequencing was carried out
using a BGISEQ-500 analyzer (BGI, Shenzhen, China) fol-
lowing the manufacturer’s standard sequencing protocols to
generate paired-end reads. Image processing and base calling
were executed using Illumina Pipeline software (version
1.3.4) to generate raw data.

2.4. Mutational Analysis. We performed bioinformatics pro-
cessing and analyzed the data after receiving the raw data.
Previously published filtering criteria were used to generate
“clean reads” for further analysis [12]. The “clean reads”

(with a length of 90 bp) originated in targeted sequencing
and filtering were then aligned to the human genome refer-
ence (hg19) using the BWA (Burrows-Wheeler Aligner)
Multi-Vision software package [13]. We used SOAPsnp soft-
ware [14] and SAMtools [15] to detect SNVs and indels,
respectively. All SNVs and indels were filtered and estimated
through cross-referencing against multiple databases, includ-
ing NCBI dbSNP, HapMap, 1000 Genomes project, and a
database containing DNA from 250 healthy Chinese adults.
We used the following three different bioinformatics algo-
rithms to predict the variants, including missense mutations
and frame shift mutations: Polyphen-2 (http://genetics.bwh.
harvard.edu/pph2/), SIFT (http://sift.jcvi.org/), and Muta-
tion Master (http://www.Mutationtaster.org/). Furthermore,
amino acid conservation was analyzed using the UniProt
database (https://www.uniprot.org/).

2.5. Sanger Sequencing. Candidate gene mutations were vali-
dated using conventional Sanger sequencing methods. The
primers were designed using the online Primer3 software.
The PCR products were purified by shrimp alkaline enzyme
(SAP) (from Promega) and exogenous enzyme I (EXO I)
(from Epicentre) and sequenced using a BigDye® Terminator
Cycle Sequencing Ready Reaction Kit, version 3.1 (Foster,
CA, USA). An ABI 3730xl sequencer (Carlsbad, CA, USA)
was used to analyze the sequencing products. The sequencing
documents were analyzed by PolyPhred software.

3. Results

3.1. Clinical Phenotype. Figure 1 shows the audiograms of
family members. The proband and his sister had bilateral
hearing loss that began in their first decade and gradually
developed to severe hearing loss in the second decade. The
proband’s mother had mild hearing loss while his father
was completely normal. No inner ear malformation of any
subject was found by temporal bone high-resolution
computed-tomography scanning. Ophthalmoscopy demon-
strated retinal bone spicule pigmentary changes, retinal ves-
sel attenuation, and diffuse macular atrophy in both eyes of
the proband (Figure 2(a)). The proband and his sister also
suffered from night vision disturbance and reduction of the
visual field (Figure 2(b)). The proband and his sisters had
an established clinical diagnosis of RP (Figure 2(c)). How-
ever, the proband’s mother was unaffected by RP, but she
was nyctalopic. But son (III-1) of II-3, a 2-year-old male,
had normal phenotypes in the ear, eye, and kidney. All family
members received routine blood and urine tests (including
urinary sediment quantification), which showed no hematu-
ria, proteinuria, or impaired renal function. Clinical charac-
teristics are presented in Table 1 for all members.

3.2. Identification of Pathogenic Mutations in COL4A3.
Sequence analysis of DNA in this pedigree identified a novel
heterozygous mutation: C to T in exon 38 of COL4A3 (NM_
000091, c.3227C>T), which led to an amino acid substitution
(p.Pro1076Leu) (Figure 3(a)). The missense mutation in
COL4A3 was absent in the 250 healthy controls. The
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mutation was found in I-1, II-1, II-2, II-3, II-4, and III-1, con-
sistent with an autosomal dominant mode of inheritance.

3.3. Bioinformatics Analysis of the COL4A3 Mutation. The
variant sequence was highly conserved across different spe-
cies (Figure 3(b)). To further evaluate the possible deleterious
consequence of the novel COL4A3 missense mutation, three
different in silico algorithms were used. SIFT analysis classi-
fied the variant as “intolerance” with a score of 0.01 (the
threshold for intolerance is 0.05). The PolyPhen-2 software
predicted the p.P1076L substitution to be probably damag-
ing, with a score of 0.732. Additionally, the MutationTaster
software supported the pathogenic effect of the variant,
which was reported to be “disease-causing.” These results

suggest that the novel variant would substantially alter the
function of the resulting protein.

4. Discussion

In this study, we identified a novel mutation (c.3227C>T)
in COL4A3. Mutations in COL4A3 always lead to kidney-
related pathogenic phenotypes, but the family in the study
presented recognized diagnostic challenges in kidney dis-
ease, including atypical clinical features. Increasing evi-
dence has shown that identical variants in COL4A3 are
benign, but related to autosomally recessive AS, FSGS,
and FBH [1, 5, 10]. The transmission of AS can be auto-
somal dominant, autosomal recessive, or X-linked, and
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Figure 1: (a) Pedigree of a family with the COL4A3 mutation. Affected family members are shown in black symbols. The arrow identifies the
proband in the family. (b–f) Audiogram of the affected members in the family. The red mark represents the right ear, and the blue mark
represents the left ear. (g) Result of auditory brainstem response in III-1. The results show that the child’s hearing is normal.
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the prognosis is poor. On the contrary, BFH showed a
good autosomal dominant pattern of prognosis [16]. All
COL4A3 mutations in previous research are summarized
in Table 2. The age of onset is inconsistent. Most patients
had the renal and extra renal phenotype, while others had

only the renal phenotype. Rosado et al. found another
COL4A3 heterozygous mutation, which, in a few of the
carriers, was also associated with a lack of kidney disease,
but there was mild deafness [9]. However, a particular
COL4A3 mutation without renal damage in all carriers
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Figure 2: (a) Retina (right) reveals a retinopathy pigmented with attenuated retinal arterioles (white arrows). The midperiphery reveals
bone spicule-like pigmentation (black arrows). (b) Reduction of the visual field. (c) An electroretinogram indicated dysfunction in the
binocular retina.

Table 1: Clinical and genetic data for the family with the COL4A3 c.3227C>T (p.P1076L) mutation.

Subject I-1 I-2 II-1 II-2 II-3 II-4 III-1

Age 47 50 20 21 22 16 2

Gender F M F F F M M

Hearing loss Mild Normal Profound Profound Profound Profound Normal

Hematuria No No No No No No No

Microhematuria No No No No No No No

Proteinuria (g/24 h) 0.095 0.099 0.100 0.106 0.120 0.059 0.008

Creatinine (μmoI/L) 54 66 58 67 59 73 27

Renal failure No No No No No No No

Nyctalopia Yes No Yes Yes Yes Yes No

Visual field loss No No Yes Yes Yes Yes No

Pigmented retinopathy No No Yes Yes Yes Yes No

Genotype Heterozygote Normal Heterozygote Heterozygote Heterozygote Heterozygote Heterozygote

M/F: male/female.
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has not been reported. The proband and his sister in this
study had severe hearing loss and eye abnormalities, but
no renal impairments, such as hematuria and proteinuria,
were found. In addition, the III-1, 2-year-old male, had no
abnormality phenotype. We hoped that the ultrastructure
of the glomerular basement membrane could be examined
by renal biopsy, but this diagnostic test was refused.

Type IV collagen is usually an extracellular structural
protein and constitutes a collagen branch network, which is
an important component of BMs [1]. The type IV collagen
molecule consists of three chains, each of which consists of
three similar components: (1) a “7S” domain at the amino
terminus, (2) a long collagen domain of about 1400
Gly-X-Y repeats interrupted by a short non-collagen region
and forming a triple helix with the other two chains—the X
and Y positions are usually proline and hydroxyproline but
also can be any residue—and (3) a non-collagen “NC1”
domain of about 230 residues at the carboxyl terminus,
folded into a globular structure. COL4A3 is located on
2q36-37, encoding an α3 collagen chain of type IV collagen
[5, 27]. Figure 3 shows a schematic diagram of the molecu-
lar structure of type IV collagen in the organ of Corti and
amino acid mutation sites of the α3 chain of type IV colla-
gen in our study.

Even if environmental factors and different lifestyles
influence the characteristics of disease in different family

members [21], protein structure affected by mutation is the
most important. The mechanism by which the mutation
affects the function of COL4A3 is not fully understood, yet
the different clinical manifestations of the COL4A3mutation
can be explained in this way. By integrating the altered colla-
gen chain into the final network, normal structure and func-
tion are disrupted [28].

The COL4A3mutation in this family is located in the col-
lagen domain. Proline can form an alpha helix structure in
protein, destroying the α-helix, which will destroy the colla-
gen skeleton. Type IV collagen α3, α4, and α5 chains are
known to aggregate in the endoplasmic reticulum (ER) to
form helical heterotrimers. Mutated COL4A3 chains retained
in the ER are associated with activation of the UPR pathway,
leading to cytotoxicity and apoptosis [29]. Synthesis of the
same amount of normal and abnormal chains will lead to
the 1 : 1 ratio between the abnormal and normal molecules.
Abnormal collagen homopolymers may cause the molecular
folding, secretion, and extracellular matrix formation [30].
Other similar studies have also mentioned that misfolded
proteins can be secreted into BM or accumulate in podocytes,
disrupting glomerular selective barrier properties and acti-
vating downstream pathological pathways [31, 32]. Zehnder
et al. discovered that in human cochlea, the α3 chain is specif-
ically expressed in collagen bundles in the basement mem-
brane, spiral ligament, and spiral margin. These results
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Figure 3: (a) Heterozygous mutation from C to T in exon 38 of COL4A3 identified by sequence analysis. (b) Conservation analysis of the
collagen type IV α3 chain p.Pro1076 amino acid residue. The result shows that the amino acids at this site are highly conservative, and the
mutant amino acids might have a great influence on structure and function. (c) Schematic diagram of the molecular structure of type IV
collagen in the organ of Corti and amino acid mutation sites in the α3 chain of type IV collagen. Type IV collagen is abundantly
expressed in the basement membrane, and mutation will affect the structure and function of the whole cochlea.
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suggest that hearing loss may be due to cochlear microme-
chanical changes or are consistent with the helical ligament
dysfunction hypothesis [2]. Type IV collagen α3 chains are
also found in the basement membranes of the conjunctiva,
cornea, iris, lens capsule, and Descemet’s and Bruch’s mem-
brane [33]. Therefore, mutation in the COL4A3 gene leads to
structural and functional disorders of type 4 collagen in the
affected basement membrane. Ultimately, it leads to abnor-
mal ocular phenotypes.

The special phenotype of COL4A3 in this study may also
be due to haploinsufficiency [34]. Studies have shown that
the heterozygous COL4A3 mutation can lead to a decrease
in expression [4]. A mutant gene in an allele causes the
amount of protein encoded by a heterozygous mutant gene
to fail to reach the threshold required for the normal func-
tioning of the protein encoded by the two alleles thus causing
the protein encoded by the heterozygous mutant gene to fail
to perform its normal physiological function, which is

functionally equivalent to a nonsense mutation [35]. If hap-
loinsufficiency is a mechanism by which COL4A3 mutations
affect gene expression regulation, the kidney can avoid the
effect of partial loss of COL4A3 function, because COL4A3
may be expressed at a much higher level in the kidney than
in the cochlea and eye [36, 37]. Thus, COL4A3 levels may
be sufficient to maintain kidney function, which may not be
the case in the cochlea and eyes that exhibit much lower
levels of expression. Alternatively, the mutant COL4A3 pro-
tein may lose some of its functions, but not others, rather
than just lowering the overall level of COL4A3 function. If
the key function is related to the cochlea and the eye, but
not to the kidney, the mutation can affect the cochlea and
the eye, but not the kidney.

One of the important specificities of the heterozygous
COL4A3 mutation reported here is that the renal phenotype
was not found in I-1, II-1–II-4, and III-1. The wide pheno-
typic transformation with COL4A3 mutations and the

Table 2: The clinical characteristics of patients carrying COL4A3 mutations.

References Populations Age Gender Mutation state Mutation Hematuria Proteinuria
Hearing
loss

Ocular
lesions

[16] UK 47 M Heterozygous
c.3418+1G>T
c.4664C>T; + + + +

[17] Spanish 58 M Heterozygous c.998G>A; + + + —

[18] Sri Lankan 14 F Homozygous
c.1219G>T; c.1223_

1224delGG
+ + + —

[9] Spanish 32 F Heterozygous c.345 delG; + + + +

[19]
Ashkenazi
Jewish

2 F Homozygous c.40_63del + + + —

[19] UK 14 UK Heterozygous c.40_63del + + — —

[19] Spanish UK F
Compound
heterozygote

c.40_63del — + + +

[20] Cypriot 32 F Heterozygosity c.2621-2622delGAinsT + + + +

[20] Cypriot UK M Heterozygosity c.3229G>A + + — —

[6] Caucasian 8 F
Compound
heterozygous

del393G_E131fsX151
2806C>T + + + —

[6] Caucasian 35 F Heterozygous c443G>T + + — —

[6] Caucasian 33 M Heterozygous c4981C>T _ + — —

[6] Caucasian 36 F Heterozygous c2083G>A + + + —

[21] Chinese 45 M Heterozygous c. 2290G >A + + — —

[22] Turkish 15 F Heterozygous C.2T>C + + + +

[23] Italian 13 F Heterozygous c.872G>A + + — —

[24]
African
American

14 M
Compound
heterozygous

c.4486C>T c.4546C>T + + + —

[25] Slovenia 56 F Heterozygous c.3547_3548in-sGGA + — — —

[25] Slovenia 38 M Heterozygous c.1459G>T + — — —

[26] Chinese 28 F Homozygous c.3725G>A + + + +

Current
study

Chinese 16 M Heterozygous c.3227C>T — — + +

Current
study

Chinese 47 F Heterozygous c.3227C>T — — + +

Current
study

Chinese 2 M Heterozygous c.3227C>T — — — —

UK: unknown; M/F: male/female; +/-: positive/negative.
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presence of incomplete penetrance suggest that a simple
Mendelian model is inadequate to explain the genetic mech-
anism of the disease [38].

5. Conclusion

In summary, the study expanded the phenotypic spectrum of
COL4A3mutation carriers. It is noteworthy that although we
have found a heterozygous COL4A3 mutation (c.3227 C>T)
that may cause extreme deafness and ocular abnormalities,
we should continue to monitor possible delayed kidney dis-
ease. Further, the autosomal dominant pattern in this case
suggests to us the importance of this mode to deafness and
ocular abnormalities, though 70 to 85% of the mode of inher-
itance of neurosensory hearing impairment occurs in an
autosomal recessive pattern. Moreover, the novel pathogenic
mutation identified in this study will be important for carrier
testing and premarital screening for this family and their rel-
atives in the future.
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