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Abstract

Pre-eclampsia is a hypertensive disorder of pregnancy characterised by hypertension and
sodium retention by the kidneys. To identify changes in sodium uptake proteins in the
tubules of the distal nephron, we studied their expression in urinary extracellular vesicles or
exosomes (UEVSs). Urine was collected from women with pre-eclampsia or during normal
pregnancy, and from healthy non-pregnant controls. uEVs were isolated by centrifugation
and analyzed by Western blot. Expression, proteolytic cleavage and phosphorylation was
determined by densitometric analysis normalized to the exosome marker CD9. Results
showed a significant increase in phosphorylation of the activating S130 site in NKCC2, the
drug target for frusemide, in women with pre-eclampsia compared with normal pregnant
women. Phosphorylation of the activating sites T101/105 in NKCC2 was similar but the acti-
vating T60 site in NCC, the drug target for thiazide diuretics, showed significantly less phos-
phorylation in pre-eclampsia compared with normal pregnancy. Expression of the larger
forms of the a subunit of ENaC, the drug target for amiloride, was significantly greater in pre-
eclampsia, with more fragmentation of they subunit. The differences observed are predicted
to increase the activity of NKCC2 and ENaC while reducing that of NCC. This will increase
sodium reabsorption, and so contribute to hypertension in pre-eclampsia.

Introduction

Pre-eclampsia complicates 3-8% of pregnancies resulting in significant maternal, fetal and
neonatal morbidity and mortality [1]. The multisystem manifestations of pre-eclampsia occur
after 20 weeks gestation with common clinical features including hypertension and proteinuria
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[2]. The pathogenesis of pre-eclampsia involves placental release of soluble fms-like tyrosine
kinase (sFlt-1), a non-membrane-associated circulating form of the receptor for vascular endo-
thelial growth factor (VEGF), which inhibits endothelial VEGF signalling leading to reduced
nitric oxide synthesis, endothelial injury, endotheliosis, glomerular dysfunction and protein-
uria [3]. Generalized edema is a common manifestation of pre-eclampsia, with proteinuric
patients displaying avid sodium retention, which occurs despite suppression of the renin-
angiotensin-aldosterone system and intravascular contraction [4, 5].

Although the sodium transporters responsible for sodium retention in pre-eclampsia are
unknown, the most important transporters affecting renal sodium reabsorption in inherited
disorders of hypo- or hypertension are the Na-CI2-K co-transporter 2 (NKCC2), the Na-Cl
co-transporter (NCC) and the epithelial sodium channel (ENaC) [6]. These proteins are found
on the apical surface of unique areas of the distal nephron, and are the drug targets for loop
diuretics, thiazide diuretics, and amiloride, respectively. NKCC2 and NCC are activated by
phosphorylation, which is associated with surface expression and regulated primarily by the
WNK-SPAK/OSR-1 pathway [7]. SPAK and OSR-1 phosphorylate NKCC2 on the T101 and
105 sites in the intracellular N-terminus of the molecule [8]. Phosphorylation of T105 increases
co-transporter activity in vitro whereas phosphorylation of T101 has little effect [9]. NKCC2 is
also phosphorylated on S130 by protein kinase A (PKA) and, to a lesser extent, the energy
sensing kinase AMPK [10, 11]. S130 is the second major activating phosphorylation site in the
N-terminus of NKCC2 [9]. Mutation of both T105 and S130 renders the co-transporter inac-
tive[9]. NCC is phosphorylated at three residues by SPAK and OSR-1, but the T60 phosphosite
appears to be the most important for co-transporter activity [12].

By contrast, ENaC activity is determined by cell surface expression and regulation of chan-
nel open probability, which is influenced by activating proteolytic cleavage of the o and y sub-
units [13-15]. The o subunit is activated by intracellular furin-mediated cleavage at two sites
in the N-terminus, which removes an inhibitory domain [16]. There are also less well-charac-
terised potential cleavage sites for extracellular proteases. The y subunit is cleaved once by
intracellular furin [16]. Further extracellular cleavage by proteases occurs C-terminal to the
initial site and removes a 43-amino acid domain, leaving an approximately 50 kD subunit
detected by C-terminal antibodies. The y subunit is subject to a number of other, less well-
characterised proteolytic events by a range of proteases, potentially generating smaller molecu-
lar weight forms.

We have previously shown that development of obesity-related hypertension in mice is
associated sequentially with increased expression of NCC, followed by increased phosphoryla-
tion of S130 and T101/105 (using human amino acid numbering) [17, 18]. Changes in sodium
transporters in the distal nephron have not been well-studied in human pregnancy. Nielsen
et al reported that the abundance of the o subunit of ENaC was increased in normal preg-
nancy, particularly a 50 kD species, but they were unable to identify any differences in expres-
sion of either the o or ¥ subunits between women with normal pregnancies and those with
pre-eclampsia [19].

Previously, the expression and activity of sodium transporters has been difficult to study in
vivo in human subjects. It has been reported, however, that apical transporters appear in the
urine through the secretion of uEVs, which are membrane vesicles that originate as internal
vesicles of multivesicular bodies [20-23]. We hypothesized that hypertension in pre-eclampsia
is associated with altered expression and activity of renal tubular sodium transporters and that
these changes will be detectable and measurable in urinary uEVs. To study this question, we
examined expression and phosphorylation of sodium transport proteins from the distal neph-
ron in urinary uEVs from subjects with pre-eclampsia, and compared it with uEVs from
women during normal pregnancy and healthy women of reproductive age.
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Methods
Study design and participant groups

A cross-sectional, non-interventional study of adult subjects >18 years old was conducted in
two tertiary referral centres (Austin Health and Mercy Hospital for Women). The study was
approved by the Human Research Ethics Committees of Mercy Health and Austin Health. All
subjects gave written informed consent prior to participation in the study. Patients with pre-
eclampsia and normotensive pregnant controls were recruited from clinics and inpatient units
at Mercy Hospital for Women. Healthy non-pregnant female subjects were recruited from
medical student volunteers at the Austin Health Clinical School, University of Melbourne. The
period of recruitment was from February 2015 to December 2016. At the time of recruitment,
demographic information was obtained from participants, including age, gestation and parity
in pregnant groups, body mass index, medical history and current medications.

Patients were included in the pre-eclampsia group if they met the following criteria: new
onset of hypertension after 20 weeks of gestation, which was defined as office seated systolic
blood pressure >140mmHg and/or diastolic blood pressure >90mmHg, plus an additional
clinical or biochemical feature of renal, haematological, hepatic, neurological or fetal involve-
ment as per the guidelines of the Society of Obstetric Medicine of Australia and New Zealand
(SOMANZ) and the International Society for the Study of Hypertension in Pregnancy
(ISSHP) [2, 24].

Criteria for the normotensive pregnant group were: (a) seated office blood pressure <140/
90mmHg, (b) no systemic features of pre-eclampsia, and (¢) in the third trimester of their
pregnancy. Healthy female volunteers were predominantly medical students recruited from
Austin Health Clinical School (University of Melbourne). Exclusion criteria for the healthy
control group were pregnancy, any history of hypertension, BP > 140/90, and any history of
kidney disease.

Measurement of blood pressure

Study participants were rested for at least 5 minutes in a seated position with the arm sup-
ported at heart level prior to having measurements taken with an aneroid sphygmomanometer
(Welch Allyn, NY, USA). Two readings of blood pressure were obtained from each arm and
the overall average was recorded in the data entry form.

Urine collection, processing and storage

Morning urine samples (up to 40 ml) were collected from study subjects in sterile containers. 1
ml of urine was removed and frozen at -80° C for biochemical analysis. Sigma Protease Inhibi-
tor (PI) Cocktail (Sigma-Aldrich, Missouri, USA; 125ul PI/ 10ml urine) was added immedi-
ately to the remaining sample. Samples were then centrifuged at 1,600xg for 10 min at 4°C to
remove whole cells, large membrane fragments and other debris. Supernatants were stored at
-80° C until processed.

Isolation of urinary uEVs by differential centrifugation

UEVs were isolated from urine by centrifugation as described [25]. Urine samples (9ml) were
thawed by continuous vortexing, aliquoted into three 3ml polycarbonate tubes and centrifuged
(Beckman Optima benchtop ultracentrifuge) at 17,000xg for 10 min at 4°C. Supernatants were
centrifuged at 200,000xg for 1h at 4°C and crude exosome pellets were recovered. The pellet of
each tube was re-suspended in phosphate buffered saline (PBS) supplemented with PI (125ul
PBS/ 10ul PI), pooled into one clean tube and more PBS/PI solution was added to a final
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Table 1. Antibodies used in the study.

volume of 3ml. The sample was centrifuged again at 200,000xg for 1h at 4°C. The exosome pel-
let was re-suspended in 50ul of PBS/PI solution. The sample (41ul) was transferred to an
Eppendorf tube with the addition of 12yl of Laemmli sample buffer containing SDS, glycerol
and dithiothreitol to final concentrations of 1.5%, 6% and 60mg/ml, respectively, in a final vol-
ume of 60pl. Samples were stored at -80°C until use.

Western blotting

Exosome samples were heated at 95°C for 5 min and resolved on 4-15% precast gradient gels
(Bio-Rad, California, USA). The proteins were then transferred electrophoretically to polyvi-
nylidene fluoride (PVDF) membranes, and processed as we have previously described [11].
Blots were cut at approximately 100 kD so that the two halves could be blotted separately.
Immunoreactive proteins were detected by enhanced chemiluminescence with the SuperSignal
Chemiluminescent System (Perkin Elmer). Western blots were quantified by densitometry
(Scion Image for Windows, Scion Corporation, Frederick, Maryland). If the membrane was to
be probed with another primary antibody, antibody bound to the membrane was stripped by
an incubation in Reblot stripping solution (Chemicon) for 15 min. Quantification of Western
blots was performed by densitometry with analysis using Image]J software [National Institutes
of Health (NIH), Bethesda, MD].

Densitometric data is shown in the Figures as box-and-whisker plots (middle line in the
box is the median value, with box limits at the 25™ and 75" percentile; whiskers extend to
include all values). Variability of the assays was estimated using a sample from a normal con-
trol analysed on 3 separate occasions (S1 Fig). This was not found to be excessive.

Primary antibodies

Rabbit polyclonal antibodies against phospho-NKCC2-S130 (pS130), phospho-NKCC2-T101/
105 (pT101/105) and phospho-NCC-T60 (pT60) were produced and validated by our labora-
tory as previously described [26, 27]. Rabbit polyclonal antibodies were purchased commer-
cially for total NKCC2, ENaC-alpha and ENaC-gamma (Stress Marq, British Columbia,
Canada), NCC (Abcam, Cambridge, UK) as well as a rabbit mAb against CD9 (Cell Signaling
Technology, Massachusetts, USA) (Table 1).

Urinary electrolytes

These were performed using an autoanalyzer. The concentration of urinary sodium was not
determined below 20 mmol/L and chloride below 60 mmol/L.

Antibody Species Immunising antigen Source
Anti-NKCC2 Rabbit polyclonal Rat N-terminus aa 33-55 Stress-Marq
Anti-pNKCC2-T101/105 Rabbit polyclonal Human N-terminus aa 99-110 Fraser et al [26]
Anti-pNKCC2-5130 Rabbit polyclonal Mouse N-terminus aa 121-130 Cook et al [27]
Anti-NCC Rabbit polyclonal Rat N-terminus aa 74-95 Abcam
Anti-pNCC-T60 Rabbit polyclonal Human N-terminus aa 54-66 Fraser et al [26]
Anti-a-ENaC Rabbit polyclonal Rat N-terminus Stress Marq

aa 46-68
Anti-y-ENaC Rabbit polyclonal Rat C-terminus aa 629-650 Stress Marq
Anti-CD9 Rabbit monoclonal Human around aa 178 Cell Signaling Technology

https://doi.org/10.1371/journal.pone.0204514.t001
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Statistical analysis

Using Image ] software, band densities were quantified and given individual densitometry val-
ues. If no band was detectable then the densitometry was recorded as zero. Correction for dif-
ferent exposures across blots was made by dividing the value of each sample with the average
of all samples probed by the specific primary antibody. Data were tested for normal distribu-
tion and, in all instances, the data were not normally distributed and the Kruskall-Wallis test
was used to establish a difference between groups. Dunns’ multiple comparison test was then
used to identify specific differences in the data. Expression of transporters was normalised to
the expression of the tetraspanin CD9, which was used as an exosome marker [28]. Phosphory-
lation of transporters was determined as a ratio of expression of the protein and CD9. These
statistical analyses were performed using GraphPad InStat v3 software. A ‘p’ value < 0.05 was
considered significant.

In a second analysis, bands on Western blots were scored as present or absent and the num-
ber of individuals with visible bands in each of the groups compared with Chi-square or 3-way
Fisher’s exact test. This calculation was performed using the webpage Vassarstats.net. Provided
the result was significant (p<0.05) comparisons were then made using a 2-way Fisher’s exact
test between each of the groups and a Bonferroni correction for the number of comparisons
made (n = 3).

Linear regression was performed in the PE group, using Microsoft Excel and GraphPad, to
determine whether there was any correlation between the parameters noted. The regressions
made involved all of the Western blot data as densitometric ratios with CD9, systolic and dia-
stolic blood pressures, and urinary protein/creatinine ratio.

Results
Subject characteristics

A total of 24 women with pre-eclampsia (the PE group), 24 normotensive pregnant women
(the NP group) and 21 non-pregnant normotensive women (the NC group) were recruited for
the study. The characteristics of all of the study subjects are summarised in Table 2. One sub-
ject in the NC group had missing pNKCC2 and pNCC data.

Table 2. Characteristics of subjects in the PE, NP and NC groups at enrolment.

Study groups Pre-eclampsia Normotensive pregnant Non-pregnant control P-value
N=24 N=24 N=21 (PEvsNP)
Age (yrs) 31.0+£5.4 31.8+£3.9 25.1+1.3 n.s.
Gestation (week) 31.6+£3.4 32.2+3.7 n/a n.s.
Primiparous (%) 58 38 n/a n.s.
SBP! (mmHg) 151.5£13.8 113.1+£7.8 104.3£10.5 <0.001
DBP? (mmHg) 92.7+£8.2 68.1+£7.9 69.0£8.0 <0.001
BMI® (kg/m?) 28.8+8.6 29.546.6 20.5+1.9 n.s.
Urine Pr/Cr (mg/mmol)* 220 10 6 <0.001
(11-896) (6-14) (4-13)

ISystolic blood pressure
“Diastolic blood pressure

*Body mass index

*Urine Pr/Cr was done on 23 subjects in the PE group, 17 in the NP group, and 21 in the NC group.

Data are expressed as mean + standard deviation if parametric or median (IQR) if not parametric. n.s. = not significant

https://doi.org/10.1371/journal.pone.0204514.t002
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NKCC?2 expression and phosphorylation

NKCC2 was detected at approximately 150 kD on Western blots (Fig 1A). A probable dimeric
form at >200 kD was not quantitated. The level of NKCC2 expression was significantly differ-
ent between groups with greater expression in the PE group compared with NP (p<0.05; Fig
1B). There was significant more phosphorylation of NKCC2 on S130 in the PE group, whether
expressed as a ratio of total NKCC2 or as a ratio of CD9 (p<0.001; Fig 1C and 1D). Visible
bands for pS130 were seen in 23/24 subjects with PE, compared with 6/24 and 6/20 subjects in
the NP and NC groups, respectively (p<0.001; Table 3). The difference between PE and NP
was significant (p<0.001, 2x2 Chi-square with Bonferroni correction). Phosphorylation of the
SPAK/OSR1 phosphosites T101/105 was less in the PE group when expressed as a ratio of total
NKCC2 (p<0.05) but not CD9 (Fig 1E and 1F). There was no difference in the number of sub-
jects in each group showing a visible band for T101/105 (Table 3).

NCC expression and phosphorylation

NCC ran at approximately 150 kD and, again, probable dimeric forms seen at a higher MW
were not quantitated. There was no difference between the groups in expression of NCC (Fig
2A and 2B), but phosphorylation of the SPAK/OSR1 site at T60 was significantly less in the PE
group compared with normal pregnancy (p<0.001) and normal controls (p<0.05; Fig 2C).
When expressed as a ratio of CD?9, the reduction in T60 phosphorylation in women with pre-
eclampsia was still present (p<0.01; Fig 2D). Detectable phosphorylation of T60 was seen in
11/24 in the PE group, 21/24 in the NP group and 18/20 in the NC group (p<0.001; Table 2).

C pS130/NKCC2 E pT101_105/NKCC2
A NC NP PE 30-
. o . N e N . ~ ek ok 8 *
Q N -
pS130 ‘ - = g 3
Z 27 T 61 —r
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Fig 1. Western blot and densitometry showing expression of NKCC2. (A) Representative Western blot from normal controls (NC), women with normal pregnancies
(NP) and with pre-eclampsia (PE) probed with antibodies against NKCC2, pNKCC2 (S130 and T101/105), and CD9. (B) Densitometric analysis of total NKCC2
normalised for CD9 in the three groups. Difference between groups by Kruskall-Wallis test p<0.002. (C and D) Densitometric analysis of total NKCC2 pS130
normalised for total NKCC2 (C) and CD9 (D) in the three groups. Difference between groups by Kruskall-Wallis test p<0.0001 for both comparisons. (E and F)
Densitometric analysis of total NKCC2 pS130 normalised for total NKCC2 (E) and CD9 (F) in the three groups. Difference between groups by Kruskall-Wallis test
p<0.01 for (E) and not significant for (F). Individual comparisons by Dunns’ test *p<0.05, **p<0.01, ****p<0.0001.

https://doi.org/10.1371/journal.pone.0204514.9001
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Table 3. Detection of bands for phosphorylated forms of NKCC2 and NCC, and for ENaC proteins.

Species PE NP NC P-value®
NKCC2-pS130 23/24 6/24 6/20 <0.001"
NKCC2-pT101/105 15/24 21/24 16/20 n.s.
NCC -pT60 11/24 21/24 18/20 <0.001"
a-ENaC (total) 20/24 12/24 13/21 <0.05"
a-ENaC 90-100 kD 2/24 3/24 4/21 n.s.
a-ENaC 75 kD 18/24 2/24 2/21 <0.001"
a-ENaC 50 kD 14/24 7/24 11/21 n.s.
v-ENaC (total) 18/24 15/24 12/21 n.s.
v-ENaC 90-100 kD 0/24 5/24 3/21 n.s.
v-ENaC 75 kD 9/24 8/24 8/21 n.s.
v-ENaC 57-62 kD 11/24 1/24 0/21 <0.001°
v-ENaC 50 kD 8/24 1/24 4/21 n.s.

The numerator is the number with a detectable band, and the denominator is the total number of samples analysed.
One NC subject with missing pPNKCC2 and pNCC data. n.s. = not significant.

*P-value refers to a 2x3 way contingency table comparing all groups analysed by or

*Chi-square or

SFisher’s exact test.

https://doi.org/10.1371/journal.pone.0204514.t1003

ENaC expression in urinary uEVs

a-ENaC subunit. The organisation of a-ENaC and proteolytic sites are shown in Fig 3A
and 3B. The antibody used in this study was directed against amino acids 46-68 at the rat pro-
tein N-terminus (Fig 3B). Multiple bands from 50-100 kD were quantitated together and sig-
nificantly greater in PE compared to both NP and NC (p<0.001; Fig 3C and 3D). A major
band at 75 kD was seen in 18/24 in the PE group, 2/24 in the NP group and 2/21 in the NC
subjects (Table 3). The difference between PE and NP was significant (p<<0.001). There were
also bands at 50 and 90-100 kD seen in some subjects from all groups (Table 3), but their pres-
ence did not differ between groups. There were a number of lower MW bands seen in all
groups. These occurred at 15, 25, 30, 32, 35, 37.5 and 40 kD. They were present in 13/24 PE, 9/
24 NP and 7/21 NC subjects. There was no discernible pattern to their appearance or obvious
difference between groups.

v-ENaC subunit. The organisation of a-ENaC and proteolytic sites are shown in Fig 3A
and 3B. Using an Ab directed against the C-terminus of y-ENaC, major bands of 75, 57-62
and 50 kD were seen (Fig 3C). Combined evaluation of all three bands by densitometry
showed a significant difference between the PE and NP groups (p<0.05), as well as a more
marked difference between PE and NC (p<0.001; Fig 3E). The 75 kD band was present in sim-
ilar numbers of subject in each of the three groups (Table 3). Bands between 57-62 kD, how-
ever, were significantly different between groups (p<0.001; Table 3). There was a significantly
greater number of women in the PE group showing these bands compared with the NP group
(p<0.01). The 50 kD band was seen in 8/24 subjects in the PE group but was not different
between groups (Table 2).

Urinary electrolytes. Urinary electrolytes were available for 23, 17 and 24 subjects in the
PE, NP and NC groups, respectively, including a few subjects who did not have Western blot
data. There were no differences in urinary Na/Cr or K/Cr ratios between the three groups.
There were 4/23 subjects in the PE group and 4/21 in the NC group with urinary sodium levels
below the limit of detection. Undetectable values for urinary chloride occurred in 15/23

PLOS ONE | https://doi.org/10.1371/journal.pone.0204514  September 24, 2018 7/15


https://doi.org/10.1371/journal.pone.0204514.t003
https://doi.org/10.1371/journal.pone.0204514

o @
@ ’ PLOS | ONE Renal sodium transporters in pre-eclampsia

C T60/NCC
10_ *kk
A NC NP PE -
r = A\ T A W F = " 8_l
oT60 . S
Z 6
=4 S
NCC total . iu_a
. . _ O 44 1 —
O
CD9 Z
TS e e - ”
0 ,i | ==
NC NP PE
B Ncc/cD9 D Te0/CD9
25+ 15+
()] *k
20+ -1
2 3 _
S 15 g 101
O —
O H
Z Q N
10 >
5-
5 —_ _
0 I e = 0 { : j }_{_}
NC NP PE NC NP PE

Fig 2. Western blot and densitometry showing phosphorylation of NCC and pNCC. (A) Representative Western blot from normal controls (NC), women with
normal pregnancies (NP) and with pre-eclampsia (PE) probed with antibodies again NCC-pT60, NCC, and CD9. (B) Densitometric analysis of total NCC
normalised for CD9 in the three groups. No difference between groups by Kruskall-Wallis test. (C and D) Densitometric analysis of total NCC pT60 normalised for
total NCC (C) and CD9 (D) in the three groups. Difference between groups by Kruskall-Wallis test p<0.001 for (C) and p<0.002 for (D). Individual comparisons by
Dunns’ test *p<0.05, **p<0.01, and ***p<0.001.

https://doi.org/10.1371/journal.pone.0204514.9002

subjects in the PE group, 6/17 in the NP group and 9/24 of the normal controls. There was a
trend to a difference between the groups for urine chloride but it was not significant (p = 0.09;
Chi-square).

Linear regression analysis in women with PE

Blood pressure did not correlate with any of the Western blot data. Proteinuria, expressed as
urinary protein/creatinine ratio, was positively correlated with NKCC2 S130, y-ENaC 50kD
and y-ENaC 75kD species (Fig 4A-4C). Multiple positive correlations were observed between
the intensity of the bands observed in Western blot (Table 4). The more surprising included a
positive relationship between NKCC2 S130 phosphorylation and the intensity of a-ENaC
expression (Table 4). The association between total NKCC2 and a-ENaC was weaker.
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Fig 3. Expression of a-ENaC and y-ENaC by Western blot. (A) Schematic of human o-ENaC and y-ENaC, modified from Kleyman et al [16]. Antibody binding sites,
based on similarity to the rat sequence used to generate the original antibody is shown. For human a-ENaC it was 78% identical to the rat sequence over amino acids
20-42, while for y-ENaC it was 86% identical over the residues 628-649. M = predicted transmembrane region (derived using DAS-TMfilter). Intracellular (IC) and
extracellular regions shown. (B) Effect of cleavage on the o.- or B-subunit of ENaC. Predicted antibody binding sites shown. (C) Representative Western blot from
normal controls (NC), women with normal pregnancies (NP) and with pre-eclampsia (PE) probed with antibodies again o-ENaC, y-ENaC, and CD9. The symbol Q in
(C) represents the area of the blot used in densitometry. (D and E) Densitometric analysis of total o-ENaC (D) and y-ENaC (E) normalised for CD9 in the three groups.
Difference between groups by Kruskall-Wallis test p<0.0001 for (D) and p<0.005 for (E). Individual comparisons by Dunns’ test *p<0.05, ***p<0.001 and
#*45.<0,0001.

https://doi.org/10.1371/journal.pone.0204514.9003

Discussion

Greater phosphorylation of NKCC2 on S130 in the PE group might be predicted to lead to
increased sodium reabsorption, particularly with increased total NKCC2 expression. However,
phosphorylation of NKCC2 on the SPAK/OSR1 sites T101/105 was less in the PE group, so it
becomes difficult to predict the overall effect on NKCC2 activity. Notwithstanding the com-
plexity, a role for increased co-transporter activity by NKCC2 in the pathogenesis of PE
appears consistent with the observation that in women with antenatal pre-eclampsia, postnatal
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Fig 4. Linear regression analysis of proteinuria and sodium transporter band intensities in women with PE. (A)
NKCC2 pS130 vs urine protein/creatinine ratio, p = 0.014, n = 19. (B) y-ENaC 50kD species vs urine protein/
creatinine ratio, p = 0.001, n = 19. (C) y-ENaC 50kD species vs urine protein/creatinine ratio, p = 0.002, n = 19.

https://doi.org/10.1371/journal.pone.0204514.9004
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Table 4. Linear regression analysis of sodium transporter densitometry as a ratio with CD9.

NKCC2 pS130 NKCC2 pT101/105 NKCC2 NCC T60 NCC a-ENaC v-ENaC 75kD v7-ENaC 50kD
pS130 0.428° 0.621
0.001 <0.0001
pT101/105 0.246 0.422 0.320
0.019 0.001 0.006
NKCC2 0.428 0.246 0.498 0.248
0.001 0.019 0.0002 0.018
pT60 0.422 0.774
0.001 <0.0001
NCC 0.320 0.774
0.006 <0.0001
o-ENaC 0.621 0.498 0.399 0.305
<0.0001 0.0002 0.002 0.008
v-ENaC 75 kD 0.248 0.399 0.868
0.018 0.002 <0.0001
v-ENaC 50 kD 0.305 0.868
0.008 <0.0001

*Linear regression data expressed as R* values (upper line) and ‘p’ value (lower line).

All sodium transporter densitometry values used to derive regressions were expressed as a ratio with the densitometry of CD9. N = 22 for each comparison.

https://doi.org/10.1371/journal.pone.0204514.t004

frusemide is associated with a reduced requirement for antihypertensive therapy in hospital
[29], although frusemide is not specific for NKCC?2 alone.

Although there is no data concerning the mechanism whereby pS130 increases in vivo, as
outlined earlier, phosphorylation of NKCC2 on S130 can be mediated by AMPK [27] or PKA
[10] in vitro. Whether phosphorylation of S130 can be used to infer activation of AMPK or
PKA in the sections of the renal tubule expressing NKCC2 is not established. Phosphorylation
of specific phosphosites in target proteins is often used to assess activity of a protein kinase in
tissues and cells, one of the best examples being AMPK where phosphorylation of S79 in acetyl
CoA carboxylase is widely used as an indicator of AMPK activity [30]. This is an intriguing
possibility for future study.

The data for NCC were unexpected, with less phosphorylation on the putative SPAK/OSR1
site Thr60 in the PE group compared with the others. There was a trend to reduced chloride in
the urine of women with PE, which could affect WNK-SPAK-OSRI signalling [31] but the
data is not reliable due to the relatively high end cut-off for the assays of urinary chloride
excretion. Moreover, intracellular chloride is generally considered an inhibitor of the
WNK-SPAK-OSRI pathway in the distal convoluted tubule [31], so reduced chloride in the
distal convoluted tubule would be expected to increase NCC phosphorylation. The change
might be due to unknown alterations in humoral regulation, reducing WNK-SPAK-OSRI sig-
nalling in the thick ascending limb and the distal convoluted tubule.

Both o and y-ENaC species were increased in this study. The greater expression of the o
subunit was marked, but requires careful interpretation. The antibody used was directed at the
N-terminus, so that the commonly cleaved species would probably have been missed as they
were below the molecular weight where quantitation was performed. In effect, the data shows
that women with pre-eclampsia have more uncleaved o-ENaC than controls. Neilsen et al, by
contrast, found that most pregnant women had a 70-75 kD species as well as a 50 kD species
using an antibody able to detect cleaved species [19]. In their study, the 50 kD species was sig-
nificantly increased in both NP and PE groups compared with NC. As they state, the 50 kD
species likely represents a double furin-cleaved species. This would not have been detected in
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the current study. The 50 kD species noted in the current study is novel and not predicted by
current evidence. Another interesting finding was the correlation between a-ENaC and phos-
phorylation of NKCC2 on S130. At present, there is no mechanism known to link these events.

Cleaved forms of y-ENaC were significantly more common in urinary uEVs from women
with PE than in normal pregnancy. This is consistent with a previous study showing that patients
with pre-eclampsia have more urinary plasmin, and that amiloride-sensitive inward currents in
M1 cells increased with exposure to urine from pre-eclampsia patients [32]. Interestingly, the
presence of the 75kD and 50kD species of y-ENaC correlated with the degree of proteinuria. A
similar phenomenon has been noted with other forms of proteinuria, where proteases present in
the urine are considered to contribute to fragmentation of the y subunit [14, 15].

There are several areas where this study differs from previous work. Firstly, use of CD9 as a
loading control for urinary uEVs, rather that urine creatinine as others have reported [19],
requires justification. Salih et al have recently reported that secretion of CD9 is consistent with
urinary creatinine excretion [33]. Given the high purity of uEVs obtained from urine by Pisit-
kun et al [20] use of CD9 appears to be an easier, more direct, and likely more consistent
marker for exosome loading that urine creatinine.

A second issue with study of urinary uEVs is how well they reflect expression and phos-
phorylation of proteins in the kidney. In studies of Gitleman’s and Bartter’s syndromes, there
is evidence that urinary uEVs reflect the differences seen in the kidney compared with normal
[34]. As reviewed by Salih et al [35], the ability of urinary uEVs to reflect more subtle changes
has been addressed in animal and human studies. Esteva-Font et al showed that expression of
NKCC2 and NCC correlated well with their expression in the kidney in two rat models of
altered salt handling [36]. Qi et al showed that a 20-fold increase in a peptide from y-ENaC
could be identified in urinary uEVs from individuals with increased aldosterone, using mass
spectrometry [37]. Wolley et al were able to demonstrate changes in expression and phosphor-
ylation of NCC following mineralocorticoid administration [23]. Finally, Zachar et al reported
that expression of the y subunit of ENaC was present in urinary uEVs, but that the urinary
uEVs contained lower molecular weight “cleaved” forms compared with blots of whole kidney
cortex [38]. The data suggest that expression of NKCC2 and NCC reflects their abundance in
the kidney, and that altered phosphorylation of NCC can be demonstrated in uEVs. There is
little data concerning o-ENaC, but expression of y-ENaC in uEV's seems biased towards
smaller forms, possibly reflecting recent expression at the cell surface compared with y-ENaC
seen in blots of kidney cortex, which will contain molecules not at the cell surface.

Conclusions

This is the first study to identify changes in expression of ENaC and phosphorylation of NCC
and NKCC2 in PE. NKCC2 phosphorylation on Ser130 increases its co-transporter activity.
Phosphorylation of NCC was less in the PE group, and this is predicted to reduce its activity.
The effect might be due to reduced sodium flowing into the distal convoluted tubule due to the
increased upstream activity of NKCC2 in the PE group. The changes in expression of the o
and y subunits of ENaC are novel, with the presence of truncated forms of y-ENaC and greater
expression of o-ENaC predicted to increase sodium uptake. This study, therefore, identifies
NKCC2 as a major contributor to sodium retention in pre-eclampsia, with ENaC likely to
have a lesser role because of its smaller capacity.

Supporting information

S1 Fig. Reproducibility of Western blot data in a normal control subject. Assays were per-
formed on different days using a single preparation from a single urine sample. The uEVs
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were thawed on three separate occasions. (A) Blots from three assays. (B) Densitometric results
expressed as mean + 1 S.D.n = 3.
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