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Abstract

Various molecular and cellular processes are involved in renal fibrosis, such as oxidative stress, inflammation, endothelial
cell injury, and apoptosis. Heat shock proteins (HSPs) are implicated in the progression of chronic kidney disease (CKD).
Our aim was to evaluate changes in urine and serum HSP levels over time and their relationships with the clinical param-
eters of CKD in children. In total, 117 children with CKD and 56 healthy children were examined. The CKD group was
followed up prospectively for 24 months. Serum and urine HSP27, HSP40, HSP47, HSP60, HSP70, HSP72, and HSP90
levels and serum anti-HSP60 and anti-HSP70 levels were measured by ELISA at baseline, 12 months, and 24 months.
The urine levels of all HSPs and the serum levels of HSP40, HSP47, HSP60, HSP70, anti-HSP60, and anti-HSP70 were
higher at baseline in the CKD group than in the control group. Over the months, serum HSP47 and HSP60 levels steadily
decreased, whereas HSP90 and anti-HSP60 levels steadily increased. Urine HSP levels were elevated in children with
CKD; however, with the exception of HSP90, they decreased over time. In conclusion, our study demonstrates that CKD
progression is a complicated process that involves HSPs, but they do not predict CKD progression. The protective role of

HSPs against CKD may weaken over time, and HSP90 may have a detrimental effect on the disease course.
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Introduction

Chronic kidney disease (CKD) in children is caused by
various congenital and acquired kidney diseases, as well
as systemic disorders. However, CKD progresses similarly,
regardless of the underlying pathology. The main reason
for progressive loss of renal function in CKD is fibrosis in
the glomeruli and tubulointerstitial area. Various molecu-
lar and cellular processes affect renal fibrosis, including
oxidative stress, inflammation, endothelial cell injury, and
apoptosis. Progressive renal function loss leads to end-
stage renal disease (ESRD), which requires dialysis or renal
transplantation.

As molecular chaperones, heat shock proteins (HSPs)
have a wide range of intracellular and extracellular
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functions. Under normal circumstances, HSPs are continu-
ously expressed and regulate the turnover of intracellular
proteins as well as cellular integrity (Barutta et al. 2008;
Chebotareva et al. 2017). Under stress conditions, such as
ischemia, oxidative stress, and inflammation, HSP expres-
sion increases and promotes cell integrity by facilitating
protein folding, the refolding of denatured proteins, and the
removal of permanently damaged proteins (Barutta et al.
2008; Chebotareva et al. 2017). HSPs can be released into
the extracellular space and exert a wide range of regulatory
extracellular functions (Barutta et al. 2008; Chebotareva
et al. 2017). The aforementioned factors and processes are
present in CKD. Therefore, HSPs are likely to be involved
in the progression of the disease. There are very limited data
about HSP levels in CKD. Some experimental and clinical
studies showed variability in the urine and serum levels of
various HSPs in CKD, based on analyses of single urine or
serum samples (Musial et al. 2009, 2010; Lebherz-Eichinger
et al. 2012; Musial & Zwolinska 2012).
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Our aim was to evaluate changes over time in urine and
serum HSP levels and their relationships with the clinical
parameters of CKD in children. We also aimed to evaluate
the relationships of HSPs with oxidative stress, inflamma-
tion, endothelial cell injury, and apoptotic markers as part
of the “Progression of Chronic Kidney Disease in Chil-
dren and Markers of Apoptosis, Inflammation, Oxidative
Stress, Endothelial Dysfunction and Heat Shock Proteins:
The PROGRESS STUDY.” Herein, we report the serum
and urine HSP levels of children with CKD over 24 months
(three sampling periods with an interval of 12 months) as the
first part of the PROGRESS STUDY. This is the first study
to evaluate both serum and urine HSP levels in children with
CKD over time.

Materials and methods

Approval for this study was obtained from our local ethics
committee (Project No: 2015/487). Informed consent was
obtained from the parents of all participants.

Study population

From four pediatric nephrology centers, 117 patients (37
females and 80 males) with CKD who presented for routine
follow-ups were enrolled into the CKD group. Patients aged
0-18 years diagnosed with stages 2—5 CKD according to
the Kidney Disease: Improving Global Outcomes (KDIGO)
guidelines (Kidney Disease: Improving Global Outcomes
(KDIGO) CKD Work Group 2013) were enrolled. The
exclusion criteria were a diagnosis of stage 1 CKD accord-
ing to the KDIGO guidelines, previous dialysis treatment or
renal transplantation, and age > 18 years.

The control group consisted of 56 healthy children (27
females and 29 males). The inclusion criteria for the control
group were age 0—18 years, no chronic diseases according to
the medical history, and no other disease or operation within
the 3-month period before, or during, the sampling.

The CKD group was followed up prospectively for
24 months. Upon enrolling in the study, the patients and
control group underwent routine physical examinations.
Height and weight measurements of the patients and controls
were obtained by the same auxologist, according to standard
methods. The estimated glomerular filtration rate (eGFR)
was calculated using the Schwartz formula (Schwartz et al.
2009). The patients were followed-up at pediatric neph-
rology departments implementing CKD protocols. Each
patient’s diet was regulated by a dietician according to
their age, weight, body mass index (BMI), and biochemical
parameters. The annual hemoglobin (Hb), serum parathy-
roid hormone (PTH), calcium (Ca), phosphorus (P), alkaline
phosphatase (ALP), and ferritin levels of the patients were
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obtained from their medical records. Rapid CKD progres-
sion was described as the requirement to undergo dialysis or
renal transplantation, and/or a 25% reduction in eGFR from
baseline. Twelve patients dropped out of the study by month
24 due either to loss to follow-up (n=J5) or dialysis or kidney
transplant treatment (n=7).

Among CKD group, patients with methylmalonic aci-
demia, primary hyperoxaluria, cystinosis, and cystic kidney
disease were accepted as systemic disorders.

Blood and urine samples

Samples were obtained from patients at baseline, 12 months,
and 24 months and were obtained from controls once at
baseline. During the sampling, the patients did not have a
history of infection, operation, or hospitalization in the last
3-month period. Urinary tract infection was excluded by uri-
nalysis and urine culture.

Urine and serum levels of creatinine (Cr), HSP27,
HSP40, HSP47, HSP60, HSP70, HSP72, and HSP90; serum
levels of anti-HSP60 and anti-HSP70; and urine protein lev-
els were measured. HSP27, HSP40, HSP60, HSP70, HSP72,
and HSPIO0 levels are expressed as ng/ml; anti-HSP60 and
anti-HSP70 levels are expressed as pg/ml.

Urine and blood samples were centrifuged for 10 min at
2,000 g. Aliquots of serum and urine supernatant were stored
at — 80 °C until assayed. Serum and urine concentrations
of HSP27, HSP40, HSP47, HSP60, HSP70, HSP72, and
HSP90 were evaluated by commercially available enzyme-
linked immunosorbent assay (ELISA) kits (YH Biosearch,
Shanghai, China) (Cat nos. YHB1476Hu, YHB1477Hu
YHB1478Hu, YHB1479Hu, YHB1480Hu, YHB1481Hu,
and YHB1482Hu, respectively). The detection and quan-
tification limits were > 1 ng/ml for HSP27,> 0.2 ng/ml for
HSP40/HSP90, > 0.5 ng/ml for HSP47/HSP72,> 100 ng/L
for HSP60, and > 2 ng/ml for HSP70. The detection sensitiv-
ity of HSP27, HSP40, HSP47, HSP60, HSP70, HSP72, and
HSP90 was 0.52 ng/ml, 1.09 ng/ml, 0.25 ng/ml, 50.12 ng/L,
1.02 ng/ml, 0.25 ng/ml, and 0.11 ng/ml, respectively. Each
sample was tested in duplicate according to the manufac-
turer’s instructions. The intra-assay coefficients of variation
(CVs) of HSP27, HSP40, HSP47, HSP60, HSP70, HSP72,
and HSP90 were < 10%, and the inter-assay CVs were < 12%.

Serum anti-HSP60 and anti-HSP70 antibody levels were
measured using an ELISA kit (Abbkine, Wuhan, China) (cat
nos. KTE62740 and KTE62741, respectively) according to
the manufacturer’s instructions. Each sample was tested in
duplicate according to the manufacturer’s instructions. The
concentrations for each sample were calculated according to
standard curves of optical density values; the arithmetical
mean was obtained as the final result.

An Architect c16000 analyzer (Abbott Laboratories,
Abbott Park, IL, USA) was used to measure serum and
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urine Cr and urine protein levels, which are expressed as
mg/dl. The urine protein/Cr ratios are expressed as mg/mg.
Fractional excretion of HSPs (FeHSPs) are calculated using
the formula: 100 * (urine HSP X serum creatinine) / (serum
HSP X urine creatinine).

Statistical analysis

Statistical analyses were performed using SPSS software
(version 21.0; IBM Corp., Armonk, NY, USA). Descrip-
tive data are expressed as means + SD (min—-max) or median
(interquartile range). A Chi-square test was performed to
evaluate the qualitative data. The normality of the param-
eters was tested using the Kolmogorov—Smirnov test. A
Mann—Whitney U test was used to compare the CKD and
control groups, the groups with and without rapid CKD pro-
gression, and the groups with and without systemic disor-
der. A Kruskal Wallis test was used to compare the baseline
CKD stage groups. A Friedman test was conducted to test
for significant changes from baseline at 12 or 24 months. A
Wilcoxon test was performed to test for significant pairwise
differences, with the Bonferroni correction applied to adjust
for multiple comparisons. The relationships among variables
were analyzed using Spearman’s correlation coefficients. p
Values < 0.05 were considered statistically significant.

Results

The participants’ mean age was 11.4 +4.9 years (range:
0.1-18.0 years) in the CKD group and 11.6 +3.7 years
(range: 3.6—18.0 years) in the control group (p =0.769).
There was a higher proportion of males in the CKD group
than in the control group (p =0.034). The demographic and
clinical characteristics of the patients are given in Table 1.
There was no difference between baseline and 24-months
urine protein/Cr ratios in our patients (p =0.577).

Comparison of HSPs between the CKD and control
groups

The HSP levels of the CKD and control groups in serum
and urine are given in Tables 2 and 3, respectively. Serum
HSP40, HSP47, HSP60, HSP70, anti-HSP60, and anti-
HSP70 levels at baseline were higher in the CKD group than
in the control group (Table 2). Also, HSP40, anti-HSP60,
and anti-HSP70 levels at 12 and 24 months were higher in
the CKD group than in the control group (Table 2).

All urine HSP levels were higher in the CKD group than
in the control group at baseline, 12 months, and 24 months
(Table 3).

HSP levels of the CKD group over time
Serum HSPs

Serum HSP47 and HSP60 levels steadily decreased, whereas
HSP90 and anti-HSP60 levels steadily increased, over time
(Table 2). In contrast, serum HSP27 and anti-HSP70 levels
increased over time, although the differences among time
points were not statistically significant (Table 2).

At 24 months, serum HSP70, HSP90, and anti-HSP60
levels had significantly increased, whereas HSP47 and
HSP60 levels had significantly decreased, relative to base-
line (Table 2). There were no differences between the base-
line and 24-month serum HSP27, HSP40, HSP72, and anti-
HSP70 levels (Table 2).

Urine HSPs

Urine HSP levels steadily decreased over time, except for
HSP70 and HSP90 (Table 3). Comparing the baseline and
24-month results, urine HSP90 levels increased, whereas
those of all other HSPs significantly decreased (Table 3).
The course of eGFR, urine protein/Cr, and urine HSPs over
time are given in Fig. 1.

Urine HSPs/creatinine

Almost all urine HSPs/Cr levels demonstrated similar pat-
terns of urine HSPs over time except urine HSP90/Cr
(Table 4).

Fractional excretion of HSPs

Although all fractional excretion of HSPs was higher in the
CKD group than in controls, they did not change over time
in the CKD group (Table 5).

Comparison of HSPs according to CKD stages
at baseline and their changes over time with respect
to the baseline stages

When we evaluated the HSPs levels at the baseline CKD
stage, there were no differences between patients at differ-
ent CKD stages in terms of serum HSPs and of most of the
urine HSPs except HSP70 and HSP72 (Table 6). Therefore,
we evaluated the course of HSPs over the years separately for
each CKD stage group at baseline (Tables 7 and 8). Serum
HSP60 levels gradually decreased over time among the CKD
stages 2, 3a, and 3b groups. Serum HSP47 levels decreased
in the CKD stage 3a and 3b groups. Serum HSP70 levels
demonstrated a similar pattern in the whole CKD group as in
the CKD stage 2 and 3a groups over time. Serum HSP90 lev-
els increased over time in the CKD stage 3b group (Table 7).
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Table 1 Patients’ demographics and characteristics

Baseline (n=117)

12 months (n=117)

24 months (n=105)

Age (years)
Mean + SD (min-max)
Gender n
Female/male
BMI
Mean + SD (min-max)
Hypertension
Yes/no
CKD' stage n (%)
Stage 2
Stage 3a
Stage 3b
Stage 4
Stage 5
CKD etiology n (%)
CAKUT?
Inborn error of metabolism
Neurogenic bladder
Cystic kidney disease
Glomerular disease
Others

eGFR® (ml/min/1.73m?)
Mean + SD (min-max)

Hemoglobin (g/dL)

Mean + SD (min-max)

Ferritin (ng/ml)

Mean + SD (min—-max)

Serum calcium (mg/dL) Mean + SD (min—max)
Serum phosphorus (mg/dL)

Mean + SD (min—max)

Serum alkaline phosphatase (U/L)

Mean + SD (min-max)

Parathyroid hormone (pg/ml)
Mean + SD (min-max)

Urine protein/creatinine (mg/mg)
Mean + SD (min—-max)

Medication*
Antihypertensive drugs

1 drug n (%)
2 drug n (%)
3 drug n (%)
Sodium bicarbonate n (%)
Calcium carbonate n (%)
Sevalamer n (%)
Calcitriol n (%)
Vitamin D n (%)
ESAs* n (%)
Oral iron n (%)
Antiepileptic drug n (%)
Oxybutynin n (%)
Immunosuppressive drugs n (%)
Tiopronin n (%)
Cysteamine n (%)
Pyridoxine n (%)

11.4+4.9 (0.1-18.0)

37/80
18.9+4.5 (12.3-34.2)

35/82

17 (14.5)
35(29.9)
33(28.2)
27 (23.1)
5(4.3)

64 (54.7)
13 (11.1)

12 (10.3)

12 (10.3)
4(3.4)

12 (10.3)

42+ 18 (10-86)

11.9+1.8 (7.2-16.5)

108 £115 (5-581)

9.6+0.6 (8.3-11.8)
45+1.0(2.4-9.1)

247 +228 (26-2010)

149 + 158 (18-949)

1.69+2.11 (0.07-12.14)

23 (19.7%)
8 (6.8%)

4 (3.4%)
43 (36.8%)
29 (24.8%)
0 (%0)

26 (22.2%)
33 (28.2%)
9 (7.7%)
44 (37.6%)
5(4.3%)
19 (16.2%)
5(4.3%)

1 (0.9%)
3(2.6%)
3(2.6%)

37/80
19.6+4.5 (12.0-34.2)

46/71

18 (15.4)
18 (15.4)
35(29.9)
35(29.9)
11 (9.4)

37+ 17 (10-79)

11.8+1.8 (7.5-17.0)

128 +153 (4-866)

9.6+0.6 (7.9-11.3)
45+09 (2.1-7.7)

207 £ 102 (65-472)

1994300 (17-1872)

1.61+2.44 (0.08-15.82)

29 (24.8%)
15 (12.8%)
2 (1.7%)
67 (57.3%)
39 (33.3%)
1 (0.9%)
42 (35.9%)
44 (37.6%)
10 (8.6%)
60 (51.3%)
5(4.3%)
21 (18.0%)
5(4.3%)

1 (0.9%)

3 (2.6%)

3 (2.6%)

32/73
19.8+4.9 (10.9-38.3)

43/62

12 (11.4)
18 (17.1)
24 (22.9)
38 (36.2)
13 (12.4)

35+19 (9-89)

12.0+1.9 (7.4-17.7)

130+ 164 (4-759)

9.6+0.7 (7.2-11.5)
45+0.9 (2.4-7.6)

224 +111 (56-549)

2184324 (10-2073)

1.87+3.57 (0.09-31.55)

22 (21.0%)
16 (15.2%)
5 (4.8%)
64 (61.0%)
41 (39.1%)
2 (1.9%)
59 (56.2%)
44 (41.9%)
18 (17.1%)
61 (58.1%)
5(4.8%)
17 (16.2%)
5(4.8%)
1 (1.0%)
3(2.9%)
3 (2.9%)

'CKD chronic kidney disease, 2CAKUT congenital anomalies of the kidney and the urinary tract, *eGFR estimated glomerular filtration rate,
4ESAs erythropoiesis-stimulating agents. *The data of the medication were recorded at the sampling time
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Table 2 Serum heat shock protein levels of CKD group at baseline, 12 months, and 24 months and control

Control group CKD group pF*

Baseline 12 months 24 months

sHSP27 ng/ml 72.7 (47.3-199.3) 104.8 (63.1-220.7) 105.4 (59.4-166.1) 109.5 (64.5-186.3) 0.057
p* 0.050 0.521 0.120
sHSP40 ng/ml 43 (2.5-12.5) 8.4 (5.0-16.9) 7.2 (4.5-11.1) 6.8 (5.0-16.1) 0.072
p* <0.0001 0.032 <0.0001
sHSP47 ng/ml 28.4 (20.0-57.8) 38.3 (22.8-125.0) 30.5 (20.0-48.3) 27.5 (18.2-49.0) <0.0001
p 0.025 0.924 0.737
sHSP60 ng/ml 0.8 (0.5-1.8) 1.2 (1.0-2.5) 1.0 (0.7-2.0) 0.9 (0.6-2.1) <0.0001
p* <0.0001 0.103 0.280
sHSP70 ng/ml 110.5 (73.6-213.2) 143.5 (108.3-309.0) 139.4 (73.2-229.7) 240.9 (141.1-354.3) <0.0001
p* 0.009 0.423 <0.0001
sHSP72 ng/ml 45.2 (28.0-101.7) 49.2 (35.4-80.9) 57.2 (37.2-111.7) 47.5 (37.4-96.6) 0.038
p* 0.233 0.049 0.230
sHSP90 ng/ml 10.8 (7.6-31.6) 14.3 (6.1-49.0) 15.4 (10.1-25.5) 21.9 (12.9-52.5) 0.003
p* 0.974 0.119 <0.0001
Anti-HSP60 pg/ml 14.9 (11.6-18.8) 19.2 (13.6-30.0) 19.5 (14.8-25.2) 29.0 (14.1-39.0) 0.004
p* 0.005 0.003 <0.0001
Anti-HSP70 pg/ml 3.2(24-49) 8.0 (6.0-16.6) 8.7 (5.5-16.2) 10.3 (6.9-17.9) 0.364
p* <0.0001 <0.0001 <0.0001

Data are given as median (interquartile range) as appropriate. sHSP serum heat shock protein, CKD chronic kidney disease, p* p for comparison
of the CKD and control groups, p** p for comparison of three consecutive years of CKD group. Bold values denote statistical significance at the

p<0.005 level

Urine HSP47 and HSP60 demonstrated similar patterns over
time in all CKD stage groups. The decreasing pattern of urine
HSP27 and HSP72 was more noticeable in the CKD stage 3a
and 3b groups. Urine HSP40 decreased over time in all but
the CKD stages 4-5 groups. Changes of urine HSP70 and
HSP90 were significant over time in the CKD stages 3a and
4-5 groups (Table 8).

Comparison of the groups with and without rapid
CKD progression

We evaluated whether baseline HSPs predicted rapid CKD
progression. Baseline serum and urine HSP levels did not
differ between the participants with and without rapid CKD
progression (Table 9), although patients with rapid CKD
progression had higher baseline urine protein/Cr ratio and

Table 3 Urine heat shock protein levels of CKD group at baseline, 12 months, and 24 months and control

Control group CKD group pF*
Baseline 12 months 24 months

uHSP27 ng/ml 62.4 (51.3-71.4) 135.2 (109.0-152.1) 105.8 (72.3-131.5) 99.3 (64.7-145.5) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP40 ng/ml 3.4(2.84.6) 10.8 (8.8-11.8) 8.8 (6.3-15.6) 7.3 (6.5-9.2) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP47 ng/ml 16.4 (5.9-26.6) 46.1 (40.4-129.7) 38.0 (25.644.7) 29.4 (22.5-36.9) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP60 ng/ml 0.7 (0.5-0.9) 1.6 (1.3-2.1) 1.1 (0.8-1.4) 1.0 (0.6-1.2) <0.0001
p* <0.0001 <0.0001 0.004
uHSP70 ng/ml 100.0 (67.5-121.1) 181.7 (160.8-204.6) 150.4 (79.0-193.6) 162.8 (136.2-205.1) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP72 ng/ml 27.0 (13.5-36.9) 61.3 (51.4-83.1) 54.2 (45.9-59.3) 50.2 (34.5-57.5) <0.0001
p* <0.0001 <0.001 <0.0001
uHSP90 ng/ml 9.1 (7.6-11.7) 20.3 (4.6-27.3) 18.9 (15.9-23.7) 22.0 (18.7-46.2) 0.001
p* 0.042 <0.0001 <0.0001

Data are given as median (interquartile range) as appropriate. uHSP urine heat shock protein, CKD chronic kidney disease, p* p for comparison
of the CKD and control groups, p** p for comparison of three consecutive years of CKD group. Bold values denote statistical significance at the

p<0.05 level
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Fig.1 The course of eGFR,
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Table 4 Urine HSP/Cr ratio of CKD group at baseline, 12 months, and 24 months and control
Control group CKD group p**
Baseline 12 months 24 months
uHSP27/Cr ng/mg 59.7 (32.4-104.6) 463.9 (231.0-849.8) 305.4 (186.0-635.5) 285.7 (179.1-557.6) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP40/Cr ng/mg 3.3(2.0-6.1) 37.0 (24.2-78.1) 31.0 (11.0-71.1) 28.0 (13.442.2) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP47/Cr ng/mg 16.4 (6.2-28.1) 214.4 (116.4-495.9) 114.4 (57.8-199.8) 94.6 (49.2-154.1) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP60/Cr ng/mg 0.06 (0.03-0.14) 6.3 (3.4-11.6) 3.7 (1.7-7.0) 2.6 (1.4-5.4) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP70/Cr ng/mg 80.9 (40.2-133.1) 647.8 (380.5-1281.4) 441.3 (247.5-787.2) 547.3 (273.6-868.0) 0.009
p* <0.0001 <0.0001 <0.0001
uHSP72/Cr ng/mg 18.7 (10.5-59.0) 226.4 (120.0-464.0) 185.2 (104.6-345.0) 160.5 (75.4-233.3) <0.0001
p* <0.0001 <0.0001 <0.0001
uHSP90/Cr ng/mg 7.9 (4.9-17.9) 41.8 (16.9-104.4) 69.4 (33.5-166.6) 81.5 (43.5-154.6) 0.052
p* <0.0001 <0.0001 <0.0001

Data are given as median (interquartile range) as appropriate. uHSP/Cr urine heat shock protein/creatinine, CKD chronic kidney disease, p* p
for comparison of the CKD and control groups, p** p for comparison of three consecutive years of CKD group. Bold values denote statistical

significance at the p<0.05 level

lower baseline eGFR levels than patients without rapid CKD
progression (p=0.013 and p=0.005, respectively). These
results demonstrated that baseline HSPs did not predict rapid
CKD progression.

Comparison of the HSPs between groups
with and without systemic disorders

Due to the possible interference of HSPs by other non-
renal organ involvement or systemic disorders in the CKD
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group, we compared HSP levels between the patients with
and without systemic disorders. Only urine HSP27 lev-
els were higher in patients without systemic disorders
(Table 10).

Correlations of clinical parameters with baseline
HSP levels

There was no correlation between serum HSP levels and
age, or serum Ca, P, ALP, PTH, and Hb levels (p > 0.05),
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Table 5 Fractional .excretion Control group CKD Group p*
of heat shock protein of CKD
group at baseline, 12 months, Baseline 12 months 24 months
and 24 months and control
FeHSP27 0.28 (0.16-0.73) 591 (2.04-18.60)  5.29(2.28-16.45)  5.66 (1.98-15.92) 0.569
p* <0.0001
FeHSP40 0.31 (0.13-0.78) 6.24 (2.52-14.51)  7.24(2.71-18.85) 492 (2.31-14.14)  0.268
p* <0.0001
FeHSP47 0.20 (0.07-0.47)  7.66 (1.79-15.59)  5.78 (2.79-16.63)  6.69 (1.97-13.68) 0.448
p* <0.0001
FeHSP60 0.29 (0.14-1.02) 5.94 (2.05-15.52)  6.48(2.14-13.02)  4.90 (2.13-12.67)  0.547
p* <0.0001
FeHSP70 0.30 (0.12-0.65) 6.04 (1.99-14.79)  5.41(2.25-11.83)  4.18 (1.76-10.45) 0.061
p* <0.0001
FeHSP72 0.21 (0.09-0.54)  4.95(1.91-16.99) 4.86(2.14-11.95) 4.83 (2.36-11.24) 0.167
p* <0.0001
FeHSP90 0.28 (0.11-0.72) 5.06 (1.40-12.51)  6.18 (2.07-13.53)  5.96 (2.76-12.55) 0.211
p* <0.0001

CKD chronic kidney disease, FeHSP fractional excretion of heat shock protein, p* p for comparison of
the CKD and control groups, p** p for comparison of three consecutive years of CKD group. Bold values
denote statistical significance at the p<0.05 level

Table 6 Comparison of HSPs according to CKD stages at baseline

Baseline CKD group )4

CKD stage 2 (n=17) CKD stage 3a (n=35) CKD stage 3b (n=33) CKD stages 4-5 (n=32)
sHSP27 ng/ml 109.3 (91.7-148.6) 92.8 (61.7-191.2) 113.2 (64.5-242.6) 97.6 (49.9-250.3) 0.599
uHSP27 ng/ml 135.8 (120.1-151.5) 135.8 (116.04-155.6) 137.8 (126.9-152.6) 132.5 (82.5-149.1) 0.724
sHSP40 ng/ml 8.0 (3.9-11.2) 8.1 (5.0-14.5) 9.9 (5.0-23.1) 9.6 (5.3-17.7) 0.450
uHSP40 ng/ml 9.8 (8.7-11.3) 10.7 (8.0-11.7) 10.2 (8.9-11.8) 11.3 (9.7-12.4) 0.122
sHSP47 ng/ml 46.4 (28.8-109.8) 29.5 (19.7-94.4) 39.2 (25.9-137.7) 43.5 (21.6-129.6) 0.666
uHSP47 ng/ml 44.7 (36.8-152.2) 49.2 (40.4-129.7) 44.1 (38.9-52.8) 46.6 (41.2-115.9) 0.779
sHSP60 ng/ml 1.19 (0.93-1.84) 1.11 (0.94-2.21) 1.20 (1.00-2.87) 1.44 (0.85-3.24) 0.855
uHSP60 ng/ml 1.30 (1.26-1.62) 1.51 (1.30-1.94) 1.79 (1.51-2.02) 1.70 (1.30-2.31) 0.101
sHSP70 ng/ml 120.5 (98.2-204.8) 134.1 (113.8-247.9) 142.8 (113.2-332.5) 158.6 (82.9-337.9) 0.797
uHSP70 ng/ml 162.0 (153.6-173.8) 185.2 (148.5-199.1) 186.3 (165.9-209.5) 198.1 (173.9-216.5) 0.010
sHSP72 ng/ml 47.8 (33.0-72.3) 48.2 (34.6-70.4) 55.7 (40.9-128.1) 45.6 (29.8-97.1) 0.344
uHSP72 ng/ml 55.5 (50.2-69.6) 59.0 (53.1-85.6) 78.1 (59.2-88.9) 57.9 (37.9-76.3) 0.039
sHSP90 ng/ml 14.0 (9.4-19.5) 13.9 (3.2-57.7) 13.0 (6.1-19.6) 16.8 (7.3-62.3) 0.628
uHSP90 ng/ml 20.5 (4.4-27.3) 21.2 (4.5-29.9) 5.3 (4.5-26.2) 20.5 (5.7-26.7) 0.752
Anti-HSP60 pg/ml 19.2 (15.2-24.2) 19.0 (14.1-27.8) 17.8 (11.8-30.0) 20.3 (12.7-37.4) 0.764
Anti-HSP70 pg/ml 8.9 (6.1-13.3) 7.1 (5.6-16.6) 7.8 (6.2-12.6) 9.0 (6.6-37.5) 0.381

CKD chronic kidney disease, HSP heat shock protein, sHSP serum heat shock protein, uHSP urine heat shock protein. Bold values denote statis-

tical significance at the p<0.05 level

except that serum HSP9O0 levels correlated positively with
Hb levels (r=0.208, p=0.025). Serum HSP27, HSP60,
and HSP72 levels correlated negatively with urine protein/
Cr ratios (r=—0.263 p=0.005, r= —0.255 p=0.006, and
r=—0.235, p=0.012, respectively).

Hb levels were negatively correlated with urine
HSP60 and HSP70 levels (r= —0.210 and p =0.023
and r= —0.208 and p =0.025, respectively). Serum
ferritin levels were negatively correlated with urine

HSP27, HSP40, and HSP47 levels (r= —0.243,
p=0.018; r=—-0.245, p=0.017; and r= — 0.260,
p=0.012, respectively) and positively correlated with
urine HSP60 levels (r=0.269, p =0.009). Urine HSP70
levels were positively correlated with urine protein/Cr
ratios (r=0.216 and p =0.022). There was no correla-
tion between urine HSP levels and age, or serum Ca, P,
ALP, and PTH levels (p > 0.05).
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Table 7 The course of serum
HSP levels over time in patients
classified according to baseline

CKD group pr*

Baseline 12 months 24 months

CKD stage
sHSP27 ng/ml
CKD stage 2 109.3 (91.7-148.6) 103.6 (73.8-128.1) 66.7 (41.7-113.0) 0.395
CKD stage 3a 92.8 (61.7-191.2) 123.5 (57.3-160.5) 109.8 (87.0-199.1) 0.166
CKD stage 3b 113.2 (64.5-242.6) 104.5 (60.1-177.1) 131.0 (74.9-232.6) 0.576
CKD stages 4-5 97.6 (49.9-250.3) 88.8 (29.3-166.4) 117.3 (32.6-186.3) 0.326
sHSP40 ng/ml
CKD stage 2 8.0 (3.9-11.2) 5.3(3.4-1.8) 5.1(4.2-5.7) 0.395
CKD stage 3a 8.1(5.0-14.5) 6.3 (4.5-7.8) 7.2 (4.7-16.1) 0.069
CKD stage 3b 9.9 (5.0-23.1) 7.9 (5.7-16.8) 6.7 (6.0-17.3) 0.966
CKD stages 4-5 9.6 (5.3-17.7) 7.6 (4.5-16.8) 7.9 (6.2-19.0) 0.595
sHSP47 ng/ml
CKD stage 2 46.4 (28.8-109.8) 20.9 (15.5-33.4) 27.7 (18.6-43.7) 0.168
CKD stage 3a 29.5 (19.7-94.4) 25.9 (20.8-41.9) 25.4 (19.3-65.6) 0.010
CKD stage 3b 39.2 (25.9-137.7) 30.1 (20.0-41.9) 28.3 (18.2-39.4) 0.024
CKD stages 4-5 43.5 (21.6-129.6) 43.0 (22.0-65.5) 30.0 (16.0-33.6) 0.119
sHSP60 ng/ml
CKD stage 2 1.19 (0.93-1.84) 0.87 (0.64-1.34) 0.66 (0.54-0.90) 0.013
CKD stage 3a 1.11 (0.94-2.21) 1.09 (0.63-1.69) 0.90 (0.56-2.74) 0.005
CKD stage 3b 1.20 (1.00-2.87) 1.01 (0.63-1.29) 0.93 (0.62-2.00) 0.014
CKD stages 4-5 1.44 (0.85-3.24) 1.58 (0.88-2.39) 0.94 (0.60-2.25) 0.141
sHSP70 ng/ml
CKD stage 2 120.5 (98.2-204.8) 89.8 (59.4-202.7) 131.4 (108.9-244.3) 0.030
CKD stage 3a 134.1 (113.8-247.9) 118.0 (72.5-202.4)  251.2(174.1-402.1) <0.0001
CKD stage 3b 142.8 (113.2-332.5) 150.1 (96.0-260.7)  244.2 (173.9-322.3) 0.381
CKD stages 4-5 158.6 (82.9-337.9) 164.0 (99.9-362.0)  246.9 (176.0-395.1) 0.210
sHSP72 ng/ml
CKD stage 2 47.8 (33.0-72.3) 44.7 (30.7-82.9) 39.9 (32.9-44.6) 0.135
CKD stage 3a 48.2 (34.6-70.4) 53.4 (37.7-123.1) 46.9 (39.4-96.6) 0.110
CKD stage 3b 55.7 (40.9-128.1) 57.3 (41.2-95.1) 50.6 (38.3-94.6) 0.485
CKD stages 4-5 45.6 (29.8-97.1) 75.4 (32.3-156.3) 52.4 (41.1-112.0) 0.179
sHSP90 ng/ml
CKD stage 2 14.0 (9.4-19.5) 12.3 (10.3-18.6) 16.5 (11.2-41.7) 0.424
CKD stage 3a 13.9 (3.2-57.7) 16.5 (10.7-73.7) 18.4 (12.9-56.6) 0.244
CKD stage 3b 13.0 (6.1-19.6) 13.9 (8.9-21.8) 24.7 (14.4-50.9) 0.007
CKD stages 4-5 16.8 (7.3-62.3) 21.4 (13.2-71.5) 23.6 (13.5-62.4) 0.468
Anti-HSP60 pg/ml
CKD stage 2 19.2 (15.2-24.2) 20.0 (16.1-22.0) 38.8 (19.9-60.0) 0.097
CKD stage 3a 19.0 (14.1-27.8) 18.0 (14.8-31.6) 28.2 (15.6-38.8) 0.337
CKD stage 3b 17.8 (11.8-30.0) 18.0 (12.3-24.4) 24.9 (15.5-43.0) 0.066
CKD stage 4-5 20.3 (12.7-37.4) 19.9 (14.5-33.3) 22.6 (10.7-36.3) 0.619
Anti-HSP70 pg/ml
CKD stage 2 8.9 (6.1-13.3) 7.5 (4.2-10.2) 8.6 (7.0-9.4) 0.338
CKD stage 3a 7.1 (5.6-16.6) 8.2 (4.7-11.3) 8.5 (6.3-13.0) 0.139
CKD stage 3b 7.8 (6.2-12.6) 8.6 (6.5-12.7) 12.4 (6.6-19.8) 0.507
CKD stages 4-5 9.0 (6.6-37.5) 12.0 (7.9-19.6) 12.3 (9.7-23.5) 0.961
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Data are given as median (interquartile range) as appropriate. sHSP serum heat shock protein. CKD chronic
kidney disease, p* p for comparison of three consecutive years of CKD groups. Bold values denote statisti-
cal significance at the p<0.05 level
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Table8 The course of urint.: CKD group p¥*
HSP levels over time in patients
classified according to baseline Baseline 12 months 24 months
CKD stage
uHSP27 ng/ml
CKD stage 2 135.8 (120.1-151.5) 98.5 (62.3-119.8) 81.4 (60.3-99.1) 0.071
CKD stage 3a 135.8 (116.04-155.6) 109.9 (58.9-141.6) 95.3 (64.7-140.1) 0.003
CKD stage 3b 137.8 (126.9-152.6) 109.6 (79.4-132.2) 105.9 (72.7-119.9) 0.023
CKD stages 4-5 132.5 (82.5-149.1) 106.8 (74.1-124.2) 126.2 (57.5-231.6) 0.006
uHSP40 ng/ml
CKD stage 2 9.8 (8.7-11.3) 7.7 (5.0-12.8) 7.0 (6.4-7.2) 0.030
CKD stage 3a 10.7 (8.0-11.7) 10.3 (6.7-17.2) 6.6 (6.2-7.5) 0.002
CKD stage 3b 10.2 (8.9-11.8) 9.0 (6.9-14.7) 7.5 (6.8-7.9) 0.040
CKD stage 4-5 11.3(9.7-12.4) 8.0 (6.7-16.6) 9.3 (7.5-11.6) 0.468
uHSP47 ng/ml
CKD stage 2 44.7 (36.8-152.2) 28.2 (18.5-43.1) 26.7 (22.0-39.5) 0.004
CKD stage 3a 49.2 (40.4-129.7) 38.0 (18.1-44.2) 28.9 (24.1-34.2) 0.001
CKD stage 3b 44.1 (38.9-52.8) 39.3 (30.0-44.7) 29.8 (22.2-36.7) 0.004
CKD stages 4-5 46.6 (41.2-115.9) 41.1 (30.6-45.4) 30.6 (23.3-39.7) 0.012
uHSP60 ng/ml
CKD stage 2 1.30 (1.26-1.62) 0.96 (0.79-1.17) 0.99 (0.65-1.19) 0.030
CKD stage 3a 1.51 (1.30-1.94) 0.94 (0.62-1.15) 1.04 (0.59-1.14) <0.0001
CKD stage 3b 1.79 (1.51-2.02) 1.14 (0.82-1.88) 0.99 (0.62-1.17 <0.0001
CKD stages 4-5 1.70 (1.30-2.31) 1.27 (1.00-2.09) 0.65 (0.55-1.99) <0.0001
uHSP70 ng/ml
CKD stage 2 162.0 (153.6-173.8) 87.8 (69.7-161.9)  152.8 (138.0-198.0) 0.071
CKD stage 3a 185.2 (148.5-199.1) 148.1 (73.1-181.2)  161.9 (140.2-199.1) 0.032
CKD stage 3b 186.3 (165.9-209.5)  168.0 (104.2-207.5)  166.9 (124.7-210.8) 0.066
CKD stages 4-5 198.1 (173.9-216.5) 1722 (93.6-202.7)  178.1 (144.9-207.9) 0.039
uHSP72 ng/ml
CKD stage 2 55.5 (50.2-69.6) 53.2 (48.6-58.8) 52.0 (34.7-63.9) 0.135
CKD stage 3a 59.0 (53.1-85.6) 54.9 (42.7-59.7) 49.1 (32.0-57.2) 0.001
CKD stage 3b 78.1 (59.2-88.9) 52.3 (41.6-57.7) 50.0 (34.5-55.5) 0.001
CKD stages 4-5 57.9 (37.9-76.3) 55.1 (49.5-60.9) 52.7 (34.9-59.6) 0.141
uHSP90 ng/ml
CKD stage 2 20.5 (4.4-27.3) 18.2 (15.1-19.4) 19.0 (14.9-49.8) 0.931
CKD stage 3a 21.2 (4.5-29.9) 18.8 (15.9-61.8) 21.2 (18.9-51.7) 0.010
CKD stage 3b 5.3 (4.5-26.2) 19.4 (14.3-23.5) 23.1(20.9-54.1) 0.114
CKD stages 4-5 20.5 (5.7-26.7) 18.9 (16.1-23.1) 21.8 (18.8-25.7) 0.002

Data are given as median (interquartile range) as appropriate. uHSP: urine heat shock protein. CKD:
chronic kidney disease, p*: p for comparison of three consecutive years of CKD groups. Bold values
denote statistical significance at the p<0.05 level

Correlations among HSPs

Serum HSPs

Correlations among serum HSPs are given in Table S1. All
serum HSPs were positively correlated with each other,
except that anti-HSP60 was positively correlated only with
serum HSP40, HSP72, HSP90, and anti-HSP70.

Urine HSPs

Urine HSP27 was positively correlated with urine HSP72.
Urine HSP40, HSP47, and HSP70 were positively correlated
with each other. Additionally, urine HSP47 was positively
correlated with urine HSP90. Urine HSP60 was positively
correlated with urine HSP70 and HSP72 and negatively cor-
related with urine HSP47 and HSP90. Also, there was a
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Table 9 Relationship with

baseline heat shock proteins and

rapid progression of chronic

CKD rapid progression (+)
n=61

CKD rapid progression (-)
n=>56

kidney disease Age (years) 13.2 (9.8-15.2) 10.5 (7.2-15.2) 0.084
Gender n 23/38 14/42 0.140
Female/male
sHSP27 ng/ml 108.0 (65.9-219.4) 96.9 (58.1-220.7) 0.574
sHSP40 ng/ml 9.2 (5.1-18.9) 8.2 (4.6-13.3) 0.185
sHSP47 ng/ml 40.8 (24.7-137.7) 34.7 (18.5-98.3) 0.276
sHSP60 ng/ml 1.4 (1.0-2.7) 1.1 (0.8-2.2) 0.184
sHSP70 ng/ml 148.5 (108.3-315.1) 140.1 (108.8-301.9) 0.739
sHSP72 ng/ml 51.9 (38.1-80.9) 48.6 (32.5-85.6) 0.233
sHSP90 ng/ml 15.5 (6.1-38.9) 13.4 (7.0-50.8) 0.836
Anti-HSP60 pg/ml 21.3(13.9-31.9) 18.2 (12.8-26.0) 0.270
Anti-HSP70 pg/ml 7.9 (5.8-13.6) 8.0 (6.4-18.2) 0.569
uHSP27 ng/ml 135.2 (123.6-150.9) 134.9 (92.6-152.5) 0.846
uHSP40 ng/ml 10.9 (8.8-12.0) 10.5 (8.8-11.7) 0.649
uHSP47 ng/ml 45.9 (40.4-140.1) 46.4 (40.3-117.6) 0.956
uHSP60 ng/ml 1.7 (1.3-2.1) 1.5 (1.3-2.0) 0.369
uHSP70 ng/ml 179.0 (161.7-202.4) 183.8 (160.5-207.7) 0.750
uHSP72 ng/ml 61.5 (52.2-85.6) 61.2 (50.5-80.1) 0.618
uHSP90 ng/ml 16.7 (4.6-27.3) 20.4 (4.7-27.0) 0.823
uProtein/Cr baseline mg/mg 1.1 (0.5-3.0) 0.7 (0.2-1.5) 0.013
¢GFR baseline ml/min/1.73 m> 36.2 (26.3-49.0) 50.0 (33.0-59.8) 0.005
¢GFR 24 months mI/min/1.73 m> 21.9 (16.3-29.6) 45.6 (30.0-57.4) <0.0001

Data are given as median (interquartile range) as appropriate. sHSP serum heat shock protein, uHSP urine
heat shock protein, CKD chronic kidney disease, uProtein/Cr urine protein/creatinine, eGFR estimated glo-
merular filtration rate. Bold values denote statistical significance at the p<0.05 level

Table 10 Comparison of
the groups with and without
systemic disorders

CKD group P

With systemic disorders Without systemic disorders

@ Springer

n=28 n=389
sHSP27 ng/ml 72.1 (60.6-304.6) 107.0 (71.5-219.4) 0.517
uHSP27 ng/ml 123.6 (70.6-137.6) 141.0 (123.8-152.6) 0.006
sHSP40 ng/ml 5.6 (3.9-18.4) 8.8 (5.5-16.9) 0.237
uHSP40 ng/ml 10.5 (8.6-11.4) 10.9 (8.9-12.0) 0.166
sHSP47 ng/ml 29.1 (19.2-129.6) 40.7 (23.6-120.4) 0.380
uHSP47 ng/ml 46.0 (41.9-99.0) 46.7 (40.3-152.2) 0.818
sHSP60 ng/ml 1.23 (1.00-2.97) 1.20 (0.94-2.41) 0.793
uHSP60 ng/ml 1.84 (1.36-2.24) 1.57 (1.28-2.00) 0.081
sHSP70 ng/ml 114.5 (87.4-277.7) 148.5 (115.5-310.3) 0.075
uHSP70 ng/ml 178.4 (158.0-206.1) 183.5 (162.0-204.5) 0.754
sHSP72 ng/ml 46.3 (33.8-77.3) 49.2 (36.4-91.6) 0.687
uHSP72 ng/ml 62.9 (49.6-83.1) 61.1(52.1-83.1) 0.747
sHSP90 ng/ml 11.1 (3.4-37.5) 15.4 (8.1-49.0) 0.121
uHSP90 ng/ml 14.4 (4.6-24.8) 20.5 (4.6-28.0) 0.340
Anti-HSP60 pg/ml 16.0 (12.6-25.7) 19.8 (14.1-31.9) 0.160
Anti-HSP70 pg/ml 6.6 (4.9-16.5) 8.3 (6.4-16.6) 0.230

Data are given as median (interquartile range) as appropriate. sHSP serum heat shock protein, uHSP urine
heat shock protein, CKD chronic kidney disease. Bold value denote statistical significance at the p<0.05

level
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negative correlation between urine HSP90 and HSP72. The
correlations among urine HSPs are given in Table S2.

Serum and urine HSPs

Serum HSP40, HSP47, and HSP90 were correlated with the
corresponding urine HSPs (r=0.259, p=0.005, r=0.405,
p<0.001, and r=0.502, p <0.001, respectively).

Discussion

Here, we report HSP dysregulation in children with CKD.
This is the first study to evaluate HSPs over time in children
with CKD and their relationships with disease progression.
Serum and urine levels of almost all of the HSPs changed
during the 2-year study period. Serum levels of HSPs may
not only be affected by kidney disease, and the urine data
may reflect the severity of kidney disease much more than
the serum data. Thus, the results for urine HSPs were more
remarkable than those for serum HSPs. All urine HSP levels
were higher in the CKD patients than in the controls. Addi-
tionally, all of the urine HSPs decreased over time, except
HSP70 and HSP90. Higher levels of urine HSPs reflect the
response to various stress factors, such as oxidative stress,
inflammation, endothelial dysfunction, and apoptosis, all of
which are characteristic of CKD. However, the decrease in
urine HSP levels in children with CKD over time may be due
to a decrease in the upregulation of HSP expression in the
kidney, as viable and functional cell expression diminishes
over time in CKD. It may also be due to the reduced extra-
cellular secretions associated with structural alterations of
HSPs in the uremic milieu. Reduced urine HSP expression
appears to be associated with CKD progression.

HSP90 was the only HSP to increase in urine over time.
Serum HPS90 levels also increased over time. Musial et al.
reported higher serum HSP90-alpha levels in pre-dialyzed
and dialyzed CKD patients than in controls (Musial et al.
2009, 2010). They observed higher serum HSP90-alpha
levels in children on automated peritoneal dialysis than in
pre-dialyzed CKD patients (Musial et al. 2010). HSP90
plays a role in both apoptosis and cell survival (Lebherz-
Eichinger et al. 2013). HSP90 inactivates apoptosis signal-
regulating kinase 1, thus inhibiting JNK-mediated cell death
and promoting cell survival (Lebherz-Eichinger et al. 2013).
HSPIO is also involved in JNK-mediated cell death, pro-
moting apoptosis (Lebherz-Eichinger et al. 2013). Inhibi-
tion of HSP90 prevents fibrosis in various animal models of
renal injury (Harrison et al. 2008; Noh et al. 2012; Barrera-
Chimal et al. 2014; O'Neill et al. 2014). Heat shock tran-
scription factor 1 (HSF1) promotes the production of HSPs
(Chebotareva et al. 2017). HSP90 suppresses the expres-
sion of HSPs by repressing HSF1. Geldanamycin, an HSP90

inhibitor, cleaves HSF1 from the HSP9O/HSF1 complex and
consequently promotes the production of HSP70 and HSP40
(Chebotareva et al. 2017). In our study, increased HSP90
expression appeared to inhibit further increases in HSP70
and HSP40, and attenuated their protective effects in CKD
by inhibiting HSF1.

Ghosh et al. (2018) demonstrated that HSP90 is an impor-
tant chaperone for Hb maturation in erythroid and non-
erythroid cells, enabling heme insertion into Hb-f and Hb-a
(Ghosh et al. 2018). HSP90 inhibitors prevent Hb maturation
by blocking heme insertion (Ghosh et al. 2018). Addition-
ally, some clinical trials on cancer treatments showed anemia
to be a side effect of most HSP inhibitors (Pillai & Ramal-
ingam 2012). We found a positive correlation between Hb
and serum HSP9O0 levels. This implies that increased serum
HSP90 expression has a role in anemia in CKD.

HSP70 and HSP72 are the most abundant HSPs in the
cell. Urine HSP72 levels increase gradually in rats as renal
ischemia progresses (Barrera-Chimal et al. 2011). HSP70
and HSP72 are involved in many intracellular pathways.
HSP70 inhibits apoptosis in various ways and exerts anti-
inflammatory effects, especially by inhibiting the NF-kB
pathway (Maddock and Westenfelder 1996; Neuhofer et al.
2004). A protective role of HSP70 has been demonstrated in
animal models and cell-culture studies, in which urea levels
were elevated (Mao et al. 2008; Barisic et al 2002; Kim
et al. 2014). Inhibition of HSP70 suppressed Treg cells and
abolished their protective effects (Kim et al. 2014). Induc-
tion of HSP70 attenuated fibrosis progression in models of
unilateral ureteral obstruction (Mazzei et al. 2015). Clini-
cal studies evaluating the role of HSP70/72 in CKD are
limited. Musial et al. (2010) found that anti-HSP70 was
elevated in children with CKD, although serum HSP70
levels did not differ from those of controls (Musial et al.
2010). Urine HSP70 levels were increased approximately
fourfold in adults with stage 4-5 CKD compared to healthy
controls (Lebherz-Eichinger et al. 2012). In our study, serum
HSP70 levels were higher in CKD patients than in controls,
although serum HSP72 levels at baseline did not differ
between the groups. However, serum HSP70 levels were
higher at 24 months compared to baseline. Urine HSP70
and HSP72 levels were higher in patients than in controls
during the study period, although they decreased over time.
Anti-HSP70 levels were also higher in patients than in con-
trols and increased over time. Serum HSP70 and HSP72
levels may be dynamically controlled and affected by vari-
ous factors. Progressive decreases in urine HSP72 levels in
children with CKD could provide insights into renal injury.
Our results imply that the renal stress response mediated by
HSP72 decreases as CKD progresses.

HSP40 acts as a co-chaperone of HSP70. HSP40 recog-
nizes unfolding or misfolding proteins and transports them
to HSP70 for refolding (Alderson et al. 2016). HSP47 is an
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important and specific chaperone for collagen biosynthe-
sis (Beck et al. 2000). Overexpression of HSP47 involves
fibrosis and glomerulosclerosis, which proceed in accord-
ance with increasing collagen production (Chebotareva
et al. 2017). HSP47 expression is increased during fibrosis
in mouse models of unilateral ureteral obstruction (Moriy-
ama et al. 1998; Xiao et al. 2012). However, there are no
clear data regarding the roles of HSP40 and HSP47 in CKD.
Urine and serum HSP40 and HSP47 levels were higher in
our patients at baseline, and gradually decreased over time.
HSP40 and HSP47 expression during fibrotic processes may
decrease once fibrosis is completed in some parts of the kid-
ney. Although urinary HSP40 and HSP47 levels decreased
over time, their elevated levels at month 24 indicate that the
overproduction of HSP40 and HSP47 occurs only in those
parts of the kidney in which a fibrotic process continues. A
counteracting mechanism may inhibit increases in HSP47.
In our study, the median serum HSP27 level did not differ
between the patients and the controls and also showed no
increasing or decreasing trend over time. Urine HSP27 levels
were higher in patients than controls, and urine HSP27 levels
decreased over time. Musial and Zwolinska (2012, 2013)
evaluated serum HSP27 in children with CKD and observed
elevated levels in dialysis CKD patients versus pre-dialysis
CKD patients. They concluded that serum HSP27 levels
increase as CKD progresses, except between CKD stages
2 and 3 (Musial and Zwolinska 2018). Lebherz-Eichenger
et al. (2012) demonstrated elevated serum HSP27 levels in
adult CKD stage 3-5 patients, but not in stage 1-2 patients.
Also, although urine HSP27 was elevated in CKD stage 2
and 5 patients, this was not the case in stages 1, 3, and 4
patients (Lebherz-Eichenger et al. 2012). Musial and Zwo-
linska (2018) demonstrated differences in urine HSP27/
Cr levels between CKD patients and controls from stage 4
CKD onward. However, comparison with our study is prob-
lematic because of differences in the study designs. The
aforementioned studies evaluated a single urine or serum
sample in CKD patients, whereas we measured HSPs on
multiple occasions in the same patients. Nevertheless, obvi-
ous dysregulation of HSP27 occurs in children with CKD;
urine HSP27 levels remained higher in our patient group at
month 24. HSP27 plays a role in both extrinsic and intrinsic
apoptotic pathways. HSP27 inhibits apoptotic pathways by
blocking the interaction between Fas and its receptor (Fas-L)
in an extrinsic way and by inhibiting cytochrome c release in
an intrinsic way (Vidyasagar et al. 2012). HSP27 inhibited
apoptosis and promoted autophagy in ischemia/reperfusion-
induced experimental models of acute kidney injury (Mat-
sumoto et al. 2015). The increase in urine HSP27 expres-
sion seen in CKD may reflect a mechanism designed to
suppress apoptosis. HSP27 overexpression has a beneficial
effect in ischemia, toxic tubular injury, and renal fibrogen-
esis (Kim et al. 2010; Vidyasagar et al. 2012; Chebotareva
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et al. 2017). Additionally, overexpression of HSP27 reduces
oxidative stress by increasing levels of glutathione. Multiple
stressors are involved in CKD progression, such as reactive
oxygen species, uremic toxins, inflammation, and apopto-
sis. Increased urine HSP27 levels reflect a protective effect
of these stressors in CKD. Also, HSP27 has a protective
effect against renal fibrogenesis and decreases oxidative
stress. However, this protective effect appears to wane with
decreases in urine HSP27 levels as CKD progresses.

Musial et al. (2009, 2010) demonstrated that serum
HSP60 levels were lower in CKD and dialyzed patients com-
pared to controls; however, anti-HSP60 levels were higher
than in the control group. Our pre-dialysis patient group had
higher serum and urine HSP60 and anti-HSP60 levels than
the controls. However, serum HSP60 and urine HSP60 levels
were decreased, and anti-HSP60 levels increased, at month
24. Thus, HSP60 levels decreased with CKD progression.
Considering this finding together with those of Musial et al.
(2009, 2010), HSP60 levels may be lowest when patients
reach the ESRD stage. Our results indicate that anti-HSP60
has opposite effects to HSP60 on CKD progression, which
implies that anti-HSP60 impedes the beneficial effects of
HSP60 and also reduces the levels thereof.

Despite the fact that FeHSPs were higher in patients
than in controls, they did not change over time. The urine
HSPs always remained at higher levels than in the controls,
although some serum HSPs did not differ between the con-
trols at some points of the study (Tables 2 and 3). According
to these results, we consider that urine HSPs may originate
from the kidney itself. The decrease of urine HSPs over time
without any change in FeHSPs may arise from the deteriora-
tion of the renal stress response rather than from a decrease
in renal excretion of HSPs. Since there was no difference
between baseline and 24-month urine protein/Cr ratios in our
patients, we assume that there was no clinically significant
increase in the permeability of the glomerular filtration bar-
rier in our patient group during the study period. Therefore,
we consider that the HSP changes with time may not be
related to changes of membrane porosity.

There were no differences in patients at different CKD
stages at baseline in terms of most HSPs except urine
HSP70 and HSP72. Some studies reported different HSP70
and 27 levels among the different CKD stages (Musial and
Zwolinska 2018; Lebherz-Eichinger et al. 2012). Because
of the different concept of our study, we evaluated the
course of HSP levels over time in patients who were clas-
sified separately according to the baseline CKD stage
group. We observed that the changes of urine HSPs over
time were more prominent in patients with CKD stage 3 at
baseline, although most HSPs showed the similar pattern
that of the whole CKD group. These results are reason-
able considering that progression and complication rates
of CKD increase in stage 3.
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In addition to their effects and their role as molecular
chaperones, HSPs cooperate with each other and with other
chaperones in intracellular and extracellular environments.
HSP60 and HSP70 have anti-inflammatory properties and
act synergistically to regulate the immune response (Chebo-
tareva et al. 2017). In our study, a positive correlation was
found between HSP60 and HSP70 levels in both serum and
urine, indicating that they work together to reduce inflam-
mation in CKD. Some experimental studies reported that
HSP27, HSP70, HSP60, and HSP90 were co-expressed in
the kidney, under both normal and pathological conditions
(Dihazi et al. 2011; Donnelly et al. 2013; O'Neill et al. 2013;
Chebotareva et al. 2017). HSP40 acts a co-chaperone of
HSP70 in an ATP-dependent manner, and HSP40/70 com-
plexes recruit HSP90. Together, they regulate the integrity
of proteins by forming HSP40/70 and HSP40/70/90 com-
plexes (Kampinga and Bergink 2016; Chebotareva et al.
2017). We demonstrated that serum HSP40, HSP70, and
HSP90 levels were correlated, as were urine HSP40 and
HSP70 levels. Sreedharan et al. (2011) demonstrated that
blockade of HSP70 induction in cultured proximal tubule
cells attenuated the cytoprotective effects of HSP27 over-
production. There was a correlation between serum HSP27
and HSP70 levels, but this was not seen in urine samples.
However, both HSP27 and HSP70 levels were decreased at
month 24 relative to baseline. Although there were some
correlations among HSPs, their synergistic cell-protecting
effects are probably diminished in the uremic milieu.

Despite its relatively small sample size, our study has
important implications. We demonstrated elevated HSP
urine levels in children with CKD, with a tendency to
decrease over time. These results imply that the protective
roles of HSPs in CKD diminish over time. It has been sug-
gested that HSP90 has a detrimental effect on the course
of CKD, which is supported by our finding that serum and
urine HSP90 levels increased over time. CKD progression
is a complicated process; this study demonstrated that HSPs
are involved in, but do not predict, CKD progression.
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