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Abstract

Background: The transport of water and urea through the erythrocyte membrane is facilitated by aquaporins such
as aquaglyceroporin (AQP3), and type B urea transporters (UT-B). As they may play an important role in osmotic bal-
ance of maintenance hemodialysis (HD) patients, the aim of the present study was to determine whether any relation-
ship exists between the expression of their genes and the biochemical / clinical parameters in HD patients.

Methods: AQP3 and UT-B (SLC14AT) gene expression was evaluated using RT-gPCR analysis in 76 HD patients and 35
participants with no kidney failure.

Results: The HD group demonstrated significantly higher median expression of AQP3 and UT-B (Z=2.16; P=0.03
and Z=8.82; p<0.0001, respectively) than controls. AQP3 negatively correlated with pre-dialysis urea serum concen-
tration (R=-0.22; P=0.049) and sodium gradient (R=-0.31; P=0.04); however, no significant UT-B correlations were
observed. Regarding the cause of end-stage kidney disease, AQP3 expression positively correlated with erythropoietin
dosages in the chronic glomerulonephritis (GN) subgroup (R=0.6; P=0.003), but negatively in the diabetic nephrop-

(R=047,P=0.03).

athy subgroup (R=-0.59; P=0.004). UT-B positively correlated with inter-dialytic weight gain% in the GN subgroup

Conclusion: Maintenance hemodialysis seems significantly modify AQP3 and UT-B expression but their link to clinical
and biochemical parameters needs further large-scale evaluation.
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Background

Chronic Kidney Disease (CKD) is accompanied by the
retention of uremic toxins, which results in the devel-
opment of uremic syndrome and its complications [1].
In 2016, 2,455,004 patients were treated for end-stage
kidney disease (ESKD) in 79 countries reporting data
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to the United States Renal Data System [2]. Based on
the International Society of Nephrology’s 2019 Global
Kidney Health Atlas survey of 91 participating coun-
tries, the average number of people receiving Kid-
ney Replacement Therapy (KRT) globally was 759 per
million population (pmp) and the average number of
new ESKD diagnoses worldwide was 144 individuals
pmp [3]. Although kidney transplantation is preferred,
hemodialysis (HD) remains the most common form of
KRT [2, 3]. Unfortunately, patients with ESKD treated
with in-center hemodialysis demonstrate poor overall
survival, mainly due to high cardiovascular mortality
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resulting primarily from volume overload and hyper-
tension [4]. In addition, side effects such as hypoten-
sion or disequilibrium syndrome can also result from
the use of HD itself [5].

The effectiveness of HD is determined by the velocity
of transluminal water and toxin transit. Although most
cell membranes exhibit some degree of water permeabil-
ity as a result of simple diffusion through the lipid bilayer,
those of cells in certain organs express specific water
channel proteins, known as aquaporins (AQP), that form
aqueous pores across the plasma membrane [6]. The rate
of transluminal shifts seems to primarily depend on the
expression of AQP and the channels that play key roles
in managing the changes in toxin concentrations within
those three fluid spaces; if highly efficient, it can shorten
the exposure of cells to the adverse effects of transmem-
brane pressure differences.

Thirteen types of AQP (0-12) are known to exist in
humans [7]. Two are expressed on human erythrocytes
(RBC): the water-conducting AQP1 and aquaglycerop-
orin AQP3. AQP3 uniquely allows water and glycerol
and, to lesser extent, urea to pass through the membrane
[8-12]. In human erythrocytes, AQP1 has a copy number
of 59 000 and AQP3 of 2500; in addition, AQP3 appears
to be about 2.4-times as water-permeable as AQP1, and
has an affinity to glycerol of approximately 500/M [11].
The presence of AQP3 in RBCs could protect them from
osmotic stress associated with exposure to high glyc-
erol concentrations [12]. A similar hypothesis has been
advanced by Macey and Yousef [13], who propose that
such a rapid urea transport system protects RBCs from
hypertonic damage in the renal medulla.

Another family of membrane proteins that selectively
transport urea by creating a urea gradient across cell
membranes are urea transporters (UTs). Two mam-
malian UT subfamilies have been discovered: UT-A,
coded for by the gene SLC14A2, and UT-B, coded for by
SLC14A1. The UT-B subfamily has two isoforms (UT-
B1, UT-B2). In humans, the SLC14A1 gene for UT-B1
is highly expressed in the plasma membrane of eryth-
rocytes, and in other organs e.g. renal descending vasa
recta, brain astrocyte, testis Sertoli cell, urothelial cell in
bladder and ureter, and the endothelial cells in blood ves-
sels [14-16]. In the plasma membrane of erythrocytes,
UT-B has been identified as the Jk antigen, which deter-
mines the Kidd blood type in humans [16, 17].

UT-B is able to transport water in mouse erythrocytes,
and it has been found to demonstrate very similar single-
channel water permeability to AQP1 (7.5 x 1071* cm?/s)
[15]; however, due to the fact that fewer copies of UT-B
(14 000 copies) are present than AQP1, the absolute
contribution of UT-B to total water transport in normal
erythrocytes is only about 8%.
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Although the membrane expression of AQP1 in the
RBCs of HD patients has been previously studied [8], lit-
tle if anything is known about the expression of AQP3
and UT-B in this group of patients. Since maintenance
hemodialysis patients are chronically exposed to the
rapid water and toxins movements between water spaces,
the equalizing transluminal osmotic pressure is crucial
to reduce its damaging potential. These should enhance
the channels efficiency or increase their numbers. Thus,
we hypothesized that overexpression of genes encoding
these channels may be noticeable in HD patients. In indi-
viduals in whom the expression of AQP3 and SLCI4A1
would be higher than average, the better dialysis ade-
quacy and improvement of other clinical parameters (e.g.
hemoglobin, inter-dialysis weight gain, sodium gradients
and erythropoietin dosing) might be expected. Therefore,
the aim of the present study was to evaluate if any rela-
tionship exists between biochemical/ clinical parameters
and the relative expression of AQP3 and UT-B genes in
patients receiving maintenance hemodialysis compared
to controls.

Methods

The study was conducted in compliance with the prin-
ciples of the Helsinki Declaration. The study proto-
col was approved by the Medical University of Lodz
Bioethics Committee, Resolution Number RNN 317/17/
KE. According to principles of GCP (Good Clinical Prac-
tice), informed consent was obtained from all patients
prior to their inclusion in the study.

Recruitment of participants and data collection

The study included 76 patients receiving maintenance
hemodialysis (49 men and 27 women), median age
65 years, including 25 patients with diabetes treated with
insulin. All patients were recruited from the Dialysis
Department of the Norbert Barlicki Memorial Teaching
Hospital No. 1.

Kidney replacement therapy was performed exclu-
sively with Fresenius 4008 HD machines, using stand-
ard bicarbonate dialysate fluid (comprising 140 mmol/L
of sodium, 1.25 mmol/L of calcium and 0.75 mmol/L
of magnesium). The potassium content varied depend-
ing on the level of kalemia prior to the HD session. The
dialysis adequacy was evaluated using a single pooled
Kt / V with an average value of 1.2-1.4 and the urea
reduction ratio (URR). The dry weight among patients
was assessed based on the results of a clinical examina-
tion, blood pressure (BP) measurement and whole body
composition spectroscopy (BCM-Fresenius® Medical
Care device) [18]. Mineral and bone disorders related to
renal anemia and chronic kidney disease were effectively
treated among all participants according to the KDOQI
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recommendations [19, 20], as was diabetes [21]. In the
majority of patients, the antihypertensive treatment suc-
ceeded to maintain BP below 140/90 mmHg before and
130/80 mmHg after HD session.

The inclusion criteria for the study were as follows: age
range 18-80 years, fixed frequency (thrice-weekly) HD
regimen and clinically stable status. The exclusion criteria
included uncontrolled hypertension or episodes of recur-
rent symptomatic hypotension, chronic NYHA class
4 heart failure and any cardiovascular event 3 months
before recruitment to the study, severe acute infection
requiring hospitalization.

The biochemical measurements were carried out rou-
tinely in certified central hospital laboratory automatic
analyzers. All assessments, i.e. blood specimens and clin-
ical evaluations, were conducted according to single time
point assessment: one mid-week HD session.

At the time point, inter-dialytic weight gain (IWG),
defined as the difference between current body mass and
dry weight, was also measured as well as other clinical
data. Pre-dialysis sodium gradient was also calculated, i.e.
the difference between serum sodium level and dialysis
fluid sodium level, presented as absolute numbers.

For the standardized variables, several ratios were
recalculated as comparable ratios e.g. erythropoie-
sis stimulating agents (ESA) doses were counted per
short-acting erythropoietin (EPO) and divided by dry
body mass; inter-dialytic weight gain was transformed
to IWG% and ultrafiltration (UF) ratio — ultrafiltration
velocity given as IWG divided by dialyzer surface and
session time.

A sex- and age-matched control group but with no kid-
ney failure was also formed for the sake of comparison.
This group included 35 participants.

AQP3 and UT-B (SLC14A1) expression analysis

The expression of the AQP3 and UT-B (SLC14A1) genes
was evaluated using reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) in the Department
of Pharmaceutical Biochemistry and Molecular Diagnos-
tics, Medical University of Lodz.

Briefly, total RNA was extracted from the peripheral
blood cells of all patients and control group members
using the Total RNA Mini kit (A&A Biotechnology,
Gdynia, Poland) following the manufacturer’s protocol.
The A260/280 ratio (DNA/RNA absorbance to protein
absorbance) was used to assess the purity of obtained
RNA samples. The volume of RNA necessary for the
reverse transcription reaction was calculated on the basis
of absorbance at 260 nm. After isolation, RNA prepara-
tions were stored at — 76 °C pending analysis.

The obtained RNA samples were reverse-transcribed
into cDNA using a High Capacity ¢cDNA Reverse
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Transcription kit (Applied Biosystems; Thermo Fisher
Scientific, Inc., Waltham, MA, USA), according to the
manufacturer’s protocol. The following parameters
were used for the RT-PCR reaction: 25 °C for 10 min,
then 37 °C for 120 min and 85 °C for 5 min. The final
concentration of RNA in the reaction mixture in all
samples was 0.005 pg/pl.

The presence of cDNA was verified by PCR amplifica-
tion of the GAPDH (Glyceraldehyde 3-phosphate dehy-
drogenase) gene; performed using the AccuTaq LA
DNA Polymerase kit (Sigma Aldrich; Merck KGaA,
Darmstadt, Germany), according to the manufactur-
er’s protocol. The reaction mixture consisted of 1 pl
cDNA template, 0.7 pL of 10 puM each primer, 3.5 pL
of 1.5 mM 10 x PCR buffer without MgCl, (Sigma
Aldrich; Merck KGaA), 0.7 pL of 25 mM MgCl, rea-
gent, 0.4 puL of 0.2 mM dANTP (deoxynucleotide) mix,
0.2 pL of 0.5 U AccuTaq LA DNA Polymerase and dis-
tilled water to the final volume of 20 pL. A negative
control containing distilled water instead of the cDNA
template was included in every experiment. Ampli-
fication was performed using MJ Mini Personal Ther-
mal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). The thermocycling conditions for the GAPDH
gene were as follows: Initial denaturation at 96 °C for
1 min, denaturation at 94 °C for 50 s, primer annealing
at 58 °C for 50 s, elongation at 72 °C for 1 min and final
elongation at 72 °C for 7 min.

The mRNA expression of the AQP3 and SLCI4AlI
genes was evaluated by PCR. Amplification was per-
formed with the same procedure as for the GAPDH gene.
The thermocycling conditions were as follows: Initial
denaturation at 94 °C for 3 min, 34 cycles of denaturation
at 94 °C for 50 s, primer annealing at 58 °C for 1 min for
AQP3 and 60 °C for 1 min for SLC14A1 gene, elongation
at 72 °C for 1 min and final elongation at 72 °C for 7 min.
The PCR amplification products were separated by PAGE
on a 2% gel. The size of the reaction products were 209 bp
for AQP3 and 231 bp for SLC14A1.

AQP3 and SLCI4A1 mRNA expression level was
assessed using qQPCR performed in a Rotor-Gene" 6000
thermocycler (Corbett Life Science; Qiagen GmbH,
Hilden, Germany). The primer sequences were as fol-
lows: F 5-GTGAAGCACAAGGAGCAGAT-3; R: 5-TAA
GGTGCTATTTGGGCAAG-3 for AQP3 and F 5- GAA
TGGACGGTCTTTGATTG-3; R 5- ACCTGGTTTTCA
CCCCTAAC-3 for SLC14A1. The reaction mixture con-
sisted of 5 LI RT HS-PCR Mix Sybr® B (A&A Biotechnol-
ogy, Gdynia, Poland), 0.7 pL of 10 uM each primer, 1 pL
cDNA template and nuclease-free water to a final volume
of 10 pL. The thermocycling conditions were as follows:
Initial denaturation at 95 °C for 10 min, 40 cycles of dena-
turation at 95 °C for 10 s, primer annealing for 1 min
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(58 °C for AQP3 and 60 °C for SLCI14A1), elongation at
72 °C for 20 s.

Melting curve analysis was performed following ampli-
fication. The investigated and reference genes were
amplified in triplicate, in separate tubes, during the same
PCR run. A reference gene was used as an internal posi-
tive control and as a normalizer for the correction of
gene expression. Relative changes in gene expression,
determined by RTqPCR- analysis, were estimated based
on the 2724¢4 method.

Statistical analysis

Statistical analyzes were performed using STASTISTICA
13.1 (TIBCO Software, Palo Alto, CA). Nominal variables
were presented as numbers with an appropriate percent-
age, and continuous variables were presented in the form
of a median with the lower and upper quartiles (25-75
percentile). The normality of the distribution was tested
by the Shapiro—Wilk W-test. The differences between
the two groups were assessed using the Mann—Whitney
U-test. The differences between more than two groups
were assessed using the Kruskal-Wallis H-test. Correla-
tions were calculated using the Spearman’s rank correla-
tion test. In all conducted tests, a P value below 0.05 was
assumed as significant. According to post hoc power test
analysis for a study with 76 HD subjects and 35 control
subjects we were able to detect a true difference in the
gene expression of [0.578] of SD with power of 80%. The
Type I error probability was associated with the test as
0.05.

Results

In the study group, the median time for starting HD was
28 months, with the minimum time being six months.
The median HD session time was 240 min. The causes of
end-stage kidney disease included chronic glomerulone-
phritis (GN) in 22 patients, diabetes mellitus (DM) in 22,
hypertension (AH) in 16 and other (viz. polycystic kidney
disease, vasculitis, chronic tubulo-interstitial nephritis,
Alport’s syndrome and unidentified) in 16 patients. The
characteristics of the study group and clinical data are
presented in Tables 1 and 2.

The medians of expression values in the study group
were 1.13 for AQP3 and 16.57 for UT-B (SLC14A1). No
differences in gene expression were observed between
men and women, between diabetic and non-diabetic
patients, or between those treated and not treated with
ACEi / ARB. Despite primary disease, neither AQP3 nor
UT-B expression varied significantly with regard to cause
of end-stage kidney disease (Table 3). In HD group, no
significant correlations were found between most of the
analyzed clinical data and the expression of the aquaporin
or urea channel genes; however, significant negative
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Table 1 Study group characteristics
N=76 (%)
Sex
Males 49 (64.47%)
Females 27 (35.53%)
Cause of end-stage kidney disease
Glomerulonephritis 22 (28.95%)
Arterial hypertension 16 (21.05%)
Diabetes mellitus 22 (28.95%)
Other 16 (21.05%)

Table 2 Study group characteristic and clinical/biochemical
data

Characteristic Me (25-75%)

65.00 (55.50 - 72.00)
28.00 (22.00 - 39.00)
124.00 (103.50 - 150.50)
37.00 (30.00 - 45.00)
7040 (66.52 - 74.01)
10.85 (10.00 - 11.80)
86.83 (30.09 - 134.47)

Age, years

Hemodialysis vintage, months
Urea before hemodialysis, mg/dL
Urea after hemodialysis, mg/dL
Urea reduction ratio (URR), %
Hgb, g/dL

EPO ratio, IU/kg of dry body mass

Interdialytic weight gain (IWG), % 3.43(2.02 -5.15)
UF ratio, kg/dialyser m?/h 9.01 (7.98 - 9.93)
Pre-dialysis sodium, mmol/L 138 (13 6 - 140)
Pre-dialysis sodium gradient 20(1.0-3.0

240.00 (235.00 - 270.00)
0.00 (0.00 - 200.00)

Abbreviations: EPO Erythropoietin, Hgb Hemoglobin, UF Ultrafiltration

Hemodialysis session time, min
Residual renal function, mL/24 h

correlations were observed between AQP3 and pre-dial-
ysis urea serum concentration (R=-0.22; P=0.049) and
pre-dialysis sodium gradient (R=-0.31; P=0.04). More
detailed results are shown in Table 4.

The relationships between clinical data and the expres-
sion of AQP3 and UT-B (SLC14A1) according to cause
of end-stage kidney disease are given in Tables 5 and 6.
AQP3 negatively correlated with pre-dialysis urea and
HD session time in subgroup Other ( R=-0.5; P=0.046
and R=-0.61; P=0.01, respectively). AQP3 expres-
sion positively correlated with the EPO dosages in the
GN subgroup (R=0.6; P=0.003) and negatively cor-
related with EPO doses in the DM subgroup (R=-0.59;
P=0.004).

In participants with glomerulonephritis as the cause of
end-stage kidney disease, UT-B positively correlated with
IWG% (R=0.47; P=0.03) and UF ratio negatively corre-
lated with urea channel expression (R=-0.48; P=0.02).
In patients in whom arterial hypertension was a pri-
mary cause of kidney failure and HD, UF ratio positively
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Table 3 AQP3 and UT-B (SLC14AT) gene expression in study population with major coefficients comparison subdivisions
AQP3 UT-B (SLC14A1)
Me (25-75%) P value Me (25-75%) P value

All patients 1.13(0.73 - 1.49) n/a 16.57 (1534 -17.18) n/a

Sex M: 1.13 (0.60 — 1.46) 045 M: 16.92 (15.60 - 17.16) 0.63
F:1.09(0.77 = 1.53) F:16.17 (15.15-17.45)

DM Y:1.39(0.92-1.82) 0.13 Y:16.95 (15.51-17.16) 0.58
N:1.11(0.57 - 143) N:16.17 (15.27 - 17.19)

Treatment with ACEi or ARB Y:1.05 (0.76 - 1.43) 0.17 Y:16.20 (1515 -17.11) 043
N:1.21(0.68 - 1.82) N:16.92 (15.70 — 17.45)

Residual kidney function Y:1.38 (0.64 — 1.68) 0.28 Y:16.95 (16.09 - 17.47) 0.16
N:1.10 (0.76 — 1.44) N:16.06 (15.15-17.14)

Cause of end-stage kidney disease GN:1.24(0.88 - 1.50) 0.14 GN:16.92 (1592 -17.19) 057

AH: 1.07 (0.62 - 1.33)
DM: 1.30(0.92 - 1.82)
Other: 0.84 (0.50 - 1.29)

AH: 15.88 (15.21-17.01)
DM: 16.76 (15.15 - 17.00)
Other: 16.99 (14.76 — 17.49)

Abbreviations: Me Median, n/a Non applicable, ACEi or ARB Angiotensin converting enzyme and receptor blockers, AH Arterial hypertension, DM Diabetes mellitus, F

Females, GN Glomerulonephritis, M Males, N No, Y Yes

Table 4 Correlations between AQP3, UT-B (SLC14A1) gene
expression and clinical data in the study group

AQP3 Utr-B
(SLC14A1)
R Pvalue R P value
Age, years 0.10 039 001 095

-0.31 0.04 0.19  0.77
-0.22 0.049 008 047
-0.10 039 004 0.71

Sodium gradient (pre-dialysis)
Urea before hemodialysis, mg/dL
Urea after hemodialysis, mg/dL
Urea reduction ratio (URR), % -0.15 020 011 035
Hb, g/dL -0.06 0.60 015 020
EPO ratio, IU/kg of dry body mass 0.03 083 -0.03 079
Interdialytic weight gain IWG, % -0.12 031 0.12 030
UF ratio—IWG/dialyser, kg/dialyser 0.15 019 -0.10 037
m%/h

Hemodialysis session time, min -0.10 037 006 062
Hemodialysis vintage, months -004 076 -0.13 026
Residual kidney function, mL/24 h 0.15 0.20 014 024

Abbreviations: EPO Erythropoietin, Hgb Hemoglobin, UF Ultrafiltration

correlated with UT-B (R=0.64; P=0.008). In the arterial
hypertension group, UT-B expression negatively cor-
related with hemodialysis vintage (R=-0.66; P=0.005);
interestingly, this was the only group where this relation-
ship was observed.

In the control group median AQP3 was 0.70 (0.36 —
1.27) and median UT-B was 1.88 (0.31-4.36). These val-
ues were significantly lower than in the study (HD) group
(Z=2.16; P=0.03 and Z=38.82; p<0.0001, respectively)

(Fig. 1).

Discussion

AQP3 facilitates the transluminal transport of water, glyc-
erol and hydrogen peroxide [22]. Renal medullary aqua-
porin level has been found to be dysregulated in kidney
diseases. For example, reduced AQP3 mRNA expression
has been associated with nephron loss and the develop-
ment of chronic interstitial fibrosis [23]. In addition, a
70% decrease in AQP3 expression has been reported in
the inner medulla, during induced nephrotic syndrome,
which could be a physiological response to extracellular
water reabsorption [24, 25]. Furthermore, AQP3 deletion
in collecting ducts significantly impairs kidney function
and markedly increases kidney damage, as well as renal
oxidative stress, inflammation and apoptosis after renal
ischemia—reperfusion (IR) [26]. It is believed that AQP3
exerts its protective effect on the collecting ducts during
the process of renal IR by facilitating plasma membrane
glycerol transport, and supporting energy metabolism,
i.e. ATP synthesis and mitogen-activated protein kinase
(MAPK) pathways.

The role of AQP3 has been well studied in kidney dis-
eases that may impair kidney function, generally little
is known of its activities in maintenance hemodialysis
patients and its influence on the spectrum of clinical
symptoms; however, epidermal AQP3 has been proven
to be elevated in patients with chronic kidney disease-
associated pruritus (CKD-aP) [27]. Our present findings
indicate increased AQP3 gene expression in the blood of
HD patients compared to controls.

Although uremia, glucose and insulin have been found
to affect AQP3 gene expression, most studies have been
performed in vitro [28, 29]. In vivo studies have rarely
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Table 5 Correlations between AQP3 gene expression and clinical data with subdivision of end-stage kidney disease causes
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GN AH DM Other

R P value R Pvalue R Pvalue R Pvalue
Age, years 0.04 0.88 0.40 012 0.26 0.25 0.29 0.28
Urea before hemodialysis, mg/dL -0.39 0.07 -0.15 0.58 0.02 0.92 -0.50 0.046
Urea after hemodialysis, mg/dL -0.25 0.26 -0.20 046 0.09 0.68 -0.31 0.24
Urea reduction ratio (URR), % -0.13 0.57 0.13 0.64 -0.15 0.50 -0.04 0.90
Hb, g/dL -0.25 0.25 0.10 0.72 032 0.15 -044 0.09
EPO ratio, IU/kg of dry body mass 0.60 0.003 0.16 0.54 -0.59 0.004 0.15 0.57
Interdialytic weight gain IWG, % -0.23 0.29 -0.19 049 0.07 0.77 0.04 0.87
Hemodialysis session time, min 0.04 0.85 -048 0.06 0.06 0.78 -0.61 0.01
UF ratio—IWG/dialyser, kg/dialyser m2/h 0.24 0.29 -0.28 0.29 0.28 0.20 -0.11 0.68
Hemodialysis vintage, months 0.11 0.64 -0.10 0.70 -0.24 0.28 0.06 0.82
Residual renal function, mL/24 h 0.01 0.96 0.25 035 0.36 0.10 -0.06 0.84

Abbreviations: DM Diabetes mellitus, EPO Erythropoietin, GN Primary glomerulonephritis, AH Arterial hypertension, IWG Inter-dialytic weight gain, UF Ultrafiltration

Table 6 Correlations between UT-B (SLC14AT) gene expression and clinical data with subdivision according to end-stage kidney

disease causes

GN AH DM Other

R Pvalue R Pvalue R Pvalue R Pvalue
Age, years -0.21 0.34 048 0.06 0.02 093 0.14 0.62
Urea before hemodialysis, mg/dL 0.30 0.18 -043 0.09 0.21 0.35 0.05 0.86
Urea after hemodialysis, mg/dL 0.11 0.64 -0.20 0.46 0.16 047 -0.10 0.72
Urea reduction ratio (URR), % 0.23 0.30 -0.26 0.34 0.07 0.77 0.33 0.21
Hb, g/dL 0.17 045 -0.34 0.19 0.10 0.65 0.08 0.78
EPO ratio, IU/kg of dry body mass -0.12 0.61 -0.30 0.26 -0.13 0.56 0.36 0.16
WG, % 0.47 0.03 -0.28 0.29 0.40 0.06 -0.10 0.71
Hemodialysis session time, min -0.13 0.57 0.37 0.16 0.23 0.31 0.01 0.96
UF ratio—IWG/dialyser, kg/dialyser m%/h -0.48 0.02 0.64 0.008 0.08 0.72 -0.18 0.49
Hemodialysis vintage, months <0.01 0.99 -0.66 0.005 -0.19 0.40 0.23 0.39
Residual kidney function, mL/24 h 0.03 0.89 0.14 0.60 -0.07 0.76 039 0.14

Abbreviations: DM Diabetes mellitus, EPO Erythropoietin, GN Primary glomerulonephritis, AH Arterial hypertension, IWG Interdialytic weight gain, UF Ultrafiltration

been performed and these have never correlated their
findings with clinical data in HD patients as in the pre-
sent study. In the present study, the HD patients demon-
strated nearly twice the AQP3 and UT-B expression level
than healthy participants. Although these preliminary
findings might be of interest, the possibility to discuss the
overexpression of these genes in the HD group compared
to the control group is limited, as our study is, to the best
of our knowledge, the first on this subject. Presumably,
this may be explained by the need for rapid fluid and
urea movement to ameliorate and equalize transluminal
osmotic pressure [30].

Physiologically, UT-B proteins function to pro-
tect erythrocytes from repeated osmotic pressure-
related injury, thus maintaining their permeation and

morphology. Rapid urea transport mediated by UT-B in
erythrocyte may help establish urea concentration gradi-
ent [31]. An UT-B deficiency decreases the urea perme-
ability of erythrocytes by 45 times [32].

Interestingly, the uremic milieu influences the kinet-
ics of water and urea movements between blood and
brain, reducing UT-B1 expression by 50% and increases
AQP expression (AQP4, APQ 9) by 50% or more [5].
The authors suggest that during rapid removal of extra-
cellular urea through fast dialysis, the low abundance
of UT-B slows the escape of urea from astrocytes. The
resulting osmotic gradient promotes water retention
or entry into brain cells and subsequent brain swelling,
due to the high level of AQPs. This molecular mecha-
nism may well account for the occurrence of dialysis
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disequilibrium syndrome as a neurological complica-
tion of HD [5].

The vast majority of our obtained clinical data did not
correlate with AQP3 or UT-B gene expression. How-
ever, AQP3 was found to be negatively associated with
pre-dialysis urea serum concentration. Chronically
uremic patients experience a steady state of hyperos-
molality, in which urea equilibrates between the blood,
tissues and extracellular extravessel space generating
no osmotic gradient and thus no water movement [5].
Hemodialysis provokes rapid removal of urea from the
blood; this results in the generation of an increased
osmotic gradient that favors water movement into the
cells. The reduced expression of AQP3 in HD patients
with higher pre-dialysis urea might be therefore
regarded as a defense mechanism protecting cells from
edema, making HD safer.

In human peritoneal mesothelial cells, exposure to
osmotic agents such as glucose and mannitol, as in
peritoneal dialysis, can uprate AQP3 protein synthesis
and gene expression, leading to rapid transmembrane
water transport [28]. It is possible that AQP3 may be
involved in regulating the blood glucose level: AQP3
expression in Caco-2 cells was found to be suppressed
by insulin [29]. Surprisingly, our current findings indi-
cate that AQP3 synthesis was still higher in patients
with coexisting DM following residual diuresis or ACEi
/ARB treatment than those in healthy controls; how-
ever, these values were comparable to those in other
groups of HD patients. This may suggest that expres-
sion of AQP3 in HD patients may be upregulated not
only by osmotic stimulation by glucose but also upon
exposure to other factors. The mechanism of gene and
protein AQP3 up-regulation after osmotic stimulation

remains unclear; however, it is known to be upregu-
lated by dehydration [28].

It is also possible that regardless of the cause of end-
stage kidney disease, AQP3 expression may be elevated to
maintain cardiovascular stability in response to ultrafil-
tration during HD, i.e. by quickly shifting water from the
intracellular to extracellular space. AQP3 plays a role in
maintaining intracellular osmolality and cell volume by
providing water to water-deprived cells, and it has also
been suggested that AQP3 expression in the kidney and
extrarenal organs occurs as a response to shifting tonicity.
Hypertonic induction of AQP expression has been dem-
onstrated in MDCK cells, and cells exposed to hyper-
tonic medium containing either trisaccharide raffinose
or NaCl have demonstrated similar changes in AQP3
mRNA level [6]. In addition, hyperosmolarity increased
AQP3 mRNA expression by more than twofold in human
keratinocyte cultures [33]. Exposure to hyperosmolar
NaCl solutions also increased AQP3 protein expression
in human urothelial cells [34]. The authors speculate that
AQP3 responds to urine hypertonicity and mediates the
diffusion of water and urea across the urothelium [34].

In the present study, AQP3 expression negatively cor-
related with the pre-dialysis sodium gradient, calcu-
lated as the difference between serum and dialysis fluid
sodium concentrations (140 mmol/L): lower pre-dialy-
sis sodium gradients, due to higher serum sodium lev-
els, were associated with higher AQP3 levels. This may
play a crucial role in ameliorating rapid shifts of “pure
water” between intra and extracellular water spaces,
especially when patients undergo HD. However, no sig-
nificant difference in AQP3 gene expression was found
between DM subjects and other groups of HD patients;
this observation may be attributed to the interactions
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of the osmotic stimulators: water translocation from
the intracellular to the extracellular fluid driven by
elevated serum glucose level [35] results in a relative
decrease in serum sodium concentration, i.e. transloca-
tional hyponatremia [36].

Increased pre-dialysis sodium gradients has been found
to be a potential contributory factor for increased IWG
in HD patients [37]. Furthermore, some studies suggest
that the reduction of sodium in the dialysate from 140 to
138 or 137 mmol/L, thus lowering its pre-dialysis gradi-
ent, seems to reduce inter-dialytic weight gain [38—40].
As such, based on these previous findings and the nega-
tive correlation observed between AQP3 expression and
pre-dialysis sodium gradient in present study, the impact
on AQP3 expression should be obvious; however, no
direct correlation was observed between IGW and AQP3
expression.

Increased inter-dialytic weight gain is associated with
erythropoietin resistance in maintenance hemodialy-
sis patients [41]. In addition, the presence of extracel-
lular fluid overloading in end-stage kidney disease HD
patients has been associated with EPO hyporesponsive-
ness [42]. In our present study, it was found that patients
with ESKD caused by glomerulonephritis, and with
higher IWG, needed higher ESA doses to correct ane-
mia. In addition, a strong negative correlation was found
between AQP3 and EPO ratio in patients with end-stage
kidney disease caused by DM; median AQP3 expression
was also found to be higher in DM patients than non-
DM patients (1.39 vs. 1.11), but this difference was not
significant.

Glucose has been found to enhance the expression of
AQP3, while insulin depletes it [28]. Higher absolute
values of AQP3 expression have been confirmed in DM
subjects; this can ameliorate water transport both into
and out of cells, resulting in water migration between
intravascular space to extravascular intra- and extracel-
lular spaces. Thus, despite the inter-dialytic weight gain
observed in the DM population of HD patients, reduc-
tions in the volume of water may still occur in the blood
vessels [43]. This could lead to elevated hemoglobin
and hematocrit values in standard measurements and
account for the phenomenon of reduced EPO dosage in
DM patients.

In patients among whom ESKD was caused by glo-
merulonephritis, the expression of UT-B positively
correlated with IWG%. This subgroup is often char-
acterized by a younger age and higher urea produc-
tion due to a higher protein diet, what prompts to use
dialyzers of larger surfaces. This might explain why
UF ratio negatively correlated with UT-B expression.
In contrast, in the arterial hypertension subjects, who
were usually older, less active and on a low-protein diet,
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UT-B positively correlated with ultrafiltration ratio,
probably due to lower IWG%. These reasons might also
account for the negative correlation observed between
UT-B and hemodialysis vintage.

The main findings of this study were significantly
higher expression levels of both, AQP3 and SLCi4Al,
genes in HD patients compared to healthy participants,
what seem to confirm the preliminary hypothesis,
although the improvement in clinical characteristic was
not observed. Nevertheless, this study has taken a first
step in understanding of the role of UTB and AQP3 as
water and urea transporters in end-stage kidney disease,
yet there still remains much to be determined.

Our study has some limitations. The presented results
are limited to the Polish population with a restricted
sample size. This caused the subgroups to be small and
might have resulted in a lack of association between cer-
tain demographic and clinical characteristics. In addi-
tion, as the expression of AQP3 and SLCI4A1 genes in
end-stage kidney disease patients has not been previously
examined, our findings should be treated as preliminary
and interpreted with care. Further studies are needed
with larger numbers of subjects. Nevertheless, the pro-
cess of chronic HD seem to modify the gene expression
level of AQP3 and SLC14A1, although the exact mecha-
nism is still unknown. This may serve as the starting
point for further analysis, which can be the base of more
individualized hemodialysis therapy.

Conclusions

Our findings indicate that maintenance hemodialy-
sis may significantly modify the expression of UT-B
and AQP3; although their link to clinical parameters
remains unclear. Nevertheless, exposure to rapid water
and the subsequent tonicity shifts taking place dur-
ing a HD session may play an important role. However,
our data regarding UT-B and AQP3 level are promising,
and sodium remains an important consideration when
designing more individualized HD.

Abbreviations

AQP3: Aquaglyceroporin 3; AH: Arterial hypertension; ACEi or ARB: Angioten-
sin converting enzyme and receptor blockers; CKD: Chronic Kidney Disease;
DM: Diabetes mellitus; ESKD: End-stage kidney disease; HD: Hemodialysis;
EPO: Erythropoietin; GN: Primary glomerulonephtritis; Hgb: Hemoglobin; KRT:
Kidney replacement therapy; RT-qPCR: Reverse transcription-quantitative
polymerase chain reaction; SLC14AT: Gene for urea transporter B1 (UT-B1); UF:
Ultrafiltration; URR: Urea reduction ratio; UTs: Urea transporter-proteins that
selectively transport urea.

Acknowledgements

The present study was supported by: statutory funds of the Department of
Pharmaceutical Biochemistry and Molecular Diagnostics, Medical University of
Lodz (No. 503/3-015-02/503-31-001) and statutory funds of the Department of
Paediatric Dentistry (No. 503/2-043-02/503-21-002).



Zwiech et al. BMC Nephrology ~ (2022) 23:297

Authors’ contributions

RZ was responsible for research concept and design, literature search, clinical
studies, data acquisition, data analysis, manuscript preparation and manu-
script review. AB-Z was responsible for research concept and design, literature
search, clinical studies, manuscript preparation and manuscript review. EB
was responsible for research concept and design, data analysis, manuscript
preparation and manuscript review. JS edited and reviewed manuscript. AK
performed experimental studies and edited manuscript. BM and DM analyzed
data and performed statistical analysis. DS-K performed experimental studies,
data analysis, manuscript editing, and manuscript review. All authors have
read and agreed to the published version of the manuscript.

Funding
This research received no external funding.

Availability of data and materials

All relevant data are included in the article. The datasets used and/or analysed
during the current study are available from the corresponding author on
reasonable request, due to sensitive data protection.

Declarations

Ethics approval and consent to participate

The study was conducted according to the guidelines of the Declaration of
Helsinki, and approved by the Medical University of Lodz Bioethics Commit-
tee, Resolution Number RNN 317/17/KE. Informed consent was obtained from
all subjects involved in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Author details

'Dialysis Department, Norbert Barlicki Memorial Teaching Hospital, No. 1, Lodz,
Poland. Department of Pediatric Dentistry, Medical University of Lodz, Lodz,
Poland. >Department of Pharmaceutical Biochemistry and Molecular Diag-
nostics, Medical University of Lodz, Lodz, Poland. *Department of Biostatistics
and Translational Medicine, Medical University of Lodz, Lodz, Poland.

Received: 28 February 2022 Accepted: 23 August 2022
Published online: 29 August 2022

References

1. Vanholder R, Pletinck A, Schepers E, Glorieux G. Biochemical and
clinical impact of organic uremic retention solutes: a comprehensive
update. Toxins. 2018;10(1):33.

2. Saran R, Robinson B, Abbott KC, Agodoa LYC, Bragg-Gresham J,
Balkrishnan R, et al. US Renal Data System 2018 Annual Data Report:
Epidemiology of Kidney Disease in the United States. Am J Kidney Dis.
2019;73(3 Suppl 1):A7-A8.

3. Bello AK, Levin A, Lunney M, Osman MA, Ye F, Ashuntantang GE, et al.
Status of care for end stage kidney disease in countries and regions
worldwide: international cross sectional survey. BMJ. 2019;367:15873.

4. OkE, Asci G, Chazot C, Ozkahya M, Mees EJ. Controversies and prob-
lems of volume control and hypertension in haemodialysis. Lancet.
2016;388(10041):285-93.

5. Trinh-Trang-Tan MM, Cartron JP, Bankir L. Molecular basis for the dialysis
disequilibrium syndrome: altered aquaporin and urea transporter
expression in the brain. Nephrol Dial Transplant. 2005;20(9):1984-8.

6. Matsuzaki T, Suzuki T, Takata K. Hypertonicity-induced expres-
sion of aquaporin 3 in MDCK cells. Am J Physiol Cell Physiol.
2001;281(1):C55-63.

7. Campos E, Moura TF, Oliva A, Leandro P, Soveral G. Lack of Aquaporin
3 in bovine erythrocyte membranes correlates with low glycerol per-
meation. Biochem Biophys Res Commun. 2011;408(3):477-81.

8.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

Page 9 of 10

Buemi M, Floccari F, Di Pasquale G, Cutroneo G, Sturiale A, Aloisi C, et al.
AQP1 in red blood cells of uremic patients during hemodialytic treat-
ment. Nephron. 2002;92(4):846-52.

Ishibashi K, Sasaki S, Fushimi K, Yamamoto T, Kuwahara M, Marumo F.
Immunolocalization and effect of dehydration on AQP3, a basolateral
water channel of kidney collecting ducts. Am J Physiol. 1997,272(2 Pt
2):F235-41.

. Manso M, Drake MJ, Fry CH, Conway M, Hancock JT, Vahabi B. Expres-

sion and localization of aquaporin water channels in adult pig urinary
bladder. J Cell Mol Med. 2019;23(5):3772-5.

. Rodriguez RA, Liang H, Chen LY, Plascencia-Villa G, Perry G. Single-

channel permeability and glycerol affinity of human aquaglyceroporin
AQP3. Biochim Biophys Acta Biomembr. 2019;1861(4):768-75.

. Roudier N, Verbavatz JM, Maurel C, Ripoche P, Tacnet F. Evidence for

the presence of aquaporin-3 in human red blood cells. J Biol Chem.
1998;273(14):8407-12.

. Macey R, Yousef LW. Osmotic stability of red cells in renal circulation

requires rapid urea transport. Am J Physiol. 1988;254(5 Pt 1):C669-74.
Yang B, Verkman AS. Analysis of double knockout mice lacking aqua-
porin-1 and urea transporter UT-B. evidence for UT-B-facilitated water
transport in erythrocytes. J Biol Chem. 2002;277(39):36782-6.

. Huang B, Wang H, Yang B. Water transport mediated by other mem-

brane proteins. Adv Exp Med Biol. 2017;969:251-61.

. Yul, LiuT, FuS, LiL, Meng X, Su X, et al. Physiological functions of urea

transporter B. Pflugers Arch. 2019;471(11-12):1359-68.

. Brahm J. The permeability of red blood cells to chloride, urea and

water. J Exp Biol. 2013;216(Pt 12):2238-46.

. Raimann J, Liu L, Tyagi S, Levin NW, Kotanko P. A fresh look at dry

weight. Hemodial Int. 2008;12(4):395-405.

. Kidney Disease: ImprovingGlobal Outcomes (KDIGO) Anemia Work

Group. KDIGO Clinical Practice Guideline forAnemia in Chronic Kidney
Disease. Kidney Int Suppl. 2012;2:279-335

KDIGO Clinical Practice Guideline for the Diagnosis. Evaluation, pre-
vention, and treatment of Chronic Kidney Disease-Mineral and Bone
Disorder (CKD-MBD). Kidney Int. 2009;76:51-130.

. Colagiuri S. Optimal management of type 2 diabetes: the evidence.

Diabetes Obes Metab. 2012;14(Suppl 1):3-8.

Hara-Chikuma M, Satooka H, Watanabe S, Honda T, Miyachi Y, Wata-
nabe T, et al. Aquaporin-3-mediated hydrogen peroxide transport is
required for NF-kB signalling in keratinocytes and development of
psoriasis. Nat Commun. 2015;6:7454.

Bedford JJ, Leader JP, Walker RJ. Aquaporin expression in nor-

mal human kidney and in renal disease. J Am Soc Nephrol.
2003;14(10):2581-7.

Apostol E, Ecelbarger CA, Terris J, Bradford AD, Andrews P, Knepper
MA. Reduced renal medullary water channel expression in puromycin
aminonucleoside—induced nephrotic syndrome. J Am Soc Nephrol.
1997;8(1):15-24.

Agarwal SK, Gupta A. Aquaporins: the renal water channels. Indian J
Nephrol. 2008;18(3):95-100.

Lei L, Wang W, JiaV, Su L, Zhou H, Verkman AS, et al. Aquaporin-3 dele-
tion in mice results in renal collecting duct abnormalities and worsens
ischemia-reperfusion injury. Biochim Biophys Acta Mol Basis Dis.
2017;1863(6):1231-41.

Momose A, Funyu T, Wada R, Shiraiwa Y. AQP-3 in the epidermis of
haemodialysis patients with CKD-associated pruritus is overexpressed.
J Clin Exp Nephrol. 2016;1:7.

Lai KN, Leung JC, Chan LY, Tang S, Li FK, Lui SL, et al. Expression of aqua-
porin-3 in human peritoneal mesothelial cells and its up-regulation by
glucose in vitro. Kidney Int. 2002;62(4):1431-9.

Asai M, Higuchi S, Kubota M, Iguchi K, Usui S, Hirano K. Regulators for
blood glucose level affect gene expression of aquaporin 3. Biol Pharm
Bull. 2006;29(5):991-6.

Mistry K. Dialysis disequilibrium syndrome prevention and manage-
ment. Int J Nephrol Renovasc Dis. 2019;12:69-77.

. Yang B.Transport characteristics of urea transporter-B. Subcell Bio-

chem. 2014;73:127-35.

Yang B, Bankir L, Gillespie A, Epstein CJ, Verkman AS. Urea-selective con-
centrating defect in transgenic mice lacking urea transporter UT-B. J Biol
Chem. 2002,277(12):10633-7.



Zwiech et al. BMC Nephrology

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43

(2022) 23:297

Sugiyama Y, Ota Y, Hara M, Inoue S. Osmotic stress up-regulates aqua-
porin-3 gene expression in cultured human keratinocytes. Biochim
Biophys Acta. 2001;1522(2):82-8.

Rubenwolf PC, Georgopoulos NT, Kirkwood LA, Baker SC, Southgate J.
Aquaporin expression contributes to human transurothelial permeability
in vitro and is modulated by NaCl. PLoS ONE. 2012;7(9):e45339.

Locatelli F, Pozzoni P, Del Vecchio L. Renal replacement therapy in
patients with diabetes and end-stage renal disease. J Am Soc Nephrol.
2004;15(Suppl 1):525-9.

Oster JR, Singer |. Hyponatremia, hyposmolality, and hypotonicity: tables
and fables. Arch Intern Med. 1999;159(4):333-6.

Bruzda-Zwiech A, Szczepaniska J, Zwiech R. Sodium gradient, xerostomia,
thirst and inter-dialytic excessive weight gain: a possible relationship
with hyposalivation in patients on maintenance hemodialysis. Int Urol
Nephrol. 2014;46(7):1411-7.

Zwiech R, Bruzda-Zwiech A.The dual blockade of the renin-angiotensin
system in hemodialysis patients requires decreased dialysate sodium
concentration. Int Urol Nephrol. 2013;45(5):1365-72.

Eftimovska-Otovic N, Stojceva-Taneva O, Grozdanovski R, Stojcev S.
Clinical effects of standard and individualized dialysate sodium in
patients on maintenance hemodialysis. Open Access Maced J Med Sci.
2016;4(2):248-52.

Akdag S, Akyol A, Cakmak HA, Tosu AR, Asker M, Yaman M, et al. The effect
of low-sodium dialysate on ambulatory blood pressure measurement
parameters in patients undergoing hemaodialysis. Ther Clin Risk Manag.
2015;11:1829-35.

Santos EJF, Hortegal EV, Serra HO, Lages JS, Salgado-Filho N, Dos Santos
AM. Epoetin alfa resistance in hemodialysis patients with chronic kidney
disease: a longitudinal study. Braz J Med Biol Res. 2018;51(7): €7288.
Stuard S, Arkossy O, Moissl U, Wabel P, Canaud B, Ponce P. Fluid overload
is associated with erythropoietin hyporesponsiveness in chronic hae-
modialysis patients: results from a large cross-sectional database study.
Nephrol Dial Transplant. 2018;33:1459-60.

Bruzda-Zwiech A, Szczeparniska J, Zwiech R. Xerostomia, thirst, sodium
gradient and inter-dialytic weight gain in hemodialysis diabetic vs. non-
diabetic patients. Med Oral Patol Oral Cir Bucal. 2018;23(4):e406-12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	A potential link between AQP3 and SLC14A1 gene expression level and clinical parameters of maintenance hemodialysis patients
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Recruitment of participants and data collection
	AQP3 and UT-B (SLC14A1) expression analysis
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


