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Platelets are small, anucleated cell fragments that activate in response to a wide variety of stimuli, triggering a
complex series of intracellular pathways leading to a hemostatic thrombus formation at vascular injury
sites. However, in essential hypertension, platelet activation contributes to causing myocardial infarction and
ischemic stroke. Reported abnormalities in platelet functions, such as platelet hyperactivity and
hyperaggregability to several agonists, contribute to the pathogenesis and complications of thrombotic
events associated with hypertension.
Platelet membrane lipid composition and fluidity are determining for protein site accessibility, structural
arrangement of platelet surface, and response to appropriate stimuli. The present study aimed to demonstrate
whether structural and biochemical abnormalities in lipid membrane composition and fluidity characteristic of
platelets from hypertensive patients influence the expression of the Epithelial Sodium Channel (ENaC),
fundamental for sodium influx during collagen activation. Wb, cytometry and quantitative Reverse
Transcription-Polymerase Chain Reaction (qRT-PCR) assays demonstrated ENaC overexpression in platelets
from hypertensive subjects and in relation to control subjects. Additionally, our results strongly suggest a key
role of β-dystroglycan as a scaffold for the organization of ENaC and associated proteins.
Understanding of themechanisms of platelet alterations in hypertension should provide valuable information for
the pathophysiology of hypertension.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Platelets play a critical role in maintaining hemostasis, which is
accomplished by platelet aggregation, forming a clot at the site of
injury to a blood vessel. Upon contacting the damaged vessel wall,
platelets rapidly slow down and adhere to the exposed subendothelial
ExtraCellular Matrix (ECM), which contains thrombogenic macromole-
cules responsible for firm adhesions and cell activation.

Activated platelets undergo reorganization of their cytoskeletons,
which translates into shape changes and the release of their intracellular
granule contents, strengthening the activated state of the cells to recruit
additional platelets to the injury site. This results in the formation of a
hemostatic thrombus to seal the wounded vessel [1]; aberrant
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thrombus formation has severe pathological consequences, leading to
fatal thromboembolism and tissue ischemia of vital organs.

Hypertension is a common illness that affects N972 million persons
in the world and accounts for 9.4 million deaths each year [2], 45% of
deaths due to heart disease and 51% to stroke as a consequence of
activated platelets [3]. The latter in turn release vasoactive agents and
growth factors contributing to cardiovascular complications associated
with hypertension [4,5]. In response to hypertension, platelets display
different morphological [6] and biochemical modifications, including
altered Ca2+ metabolism [7], increased production of Reactive Oxygen
Species (ROS), and altered Nitric Oxide (NO) bioavailability [8].

These biochemical modifications could involve mechanisms
related with alterations of membrane fluidity and microviscosity
that might also affect membrane permeability, transport systems,
receptor functions, or enzyme activities. Additionally, it has been
suggested that membrane fluidity can be modified by the state of
membrane components, the cytoskeletal proteins, and the intracellular
Ca2+ and sodium Na+ contents [9].
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The Epithelial Sodium Channel (ENaC) a highly selective Na+

channel is involved in mechanosensation, nociception, fluid volume
homeostasis, and control of arterial blood pressure [10,11]. In platelets,
ENaC is dispensable for migration and alpha and dense granule
secretion, whereas Na+ influx through this channel is fundamental for
platelet collagen activation and in addition, it is associated with inter-
mediate filaments and proteins from the Dystrophyn–Glycoprotein
Complex (DGC) [12].

The DGC is a multimeric transmembrane protein complex in which
Dystroglycan (Dg) is the central protein [13]. Dystroglycan is composed
of α and β subunits that are non-covalently associated [14]. The α
subunit of Dystroglycan (α-Dg) is an extracellular protein that binds
laminin and laminin G-like domains of other ligands [15,16,17]; while
the β subunit of Dg (β-Dg) has a single transmembrane domain, and
its cytoplasmic tail binds dystrophin [18]. In this manner, Dg forms a
transmembrane link between the ECM and the actin cytoskeleton
through its interactions with laminin and dystrophin. The cytoplasmic
domain of β-Dg is associated with the Ras/MAPK signalling pathway
through the adapter protein Grb2 [19]. This evidence reveals that
β-dystroglycan plays a dual role: as a mechanical adhesion and as a
signalling molecule.

Because the composition and properties of the plasma membrane
influence the functions of proteins embedded in membranes, the aim
of the present study was to investigate whether there was a structural
abnormality or alterations in the composition of the plasmamembrane
related with ENaC expression and sodium influx in platelets from
hypertensive patients. Therefore, we determined protein expression
by Western blot and Flow Cytometry (FC) assays and, by qRT-PCR, the
messenger RNA(mRNA) expression of ENaC. Additionally,we evaluated
membrane characteristics such as platelet membrane fluidity, platelet
membrane cholesterol, phosphatidylserine, phosphatidylcholine, and
sphingosine, as well as caveolin-1 and β-dystroglycan expression as
integral membrane proteins. Correlation of the alterations found in
plasma and in the platelet biochemical profile with arterial tension
was discussed.
2. Experimental section

2.1. Materials

The populations studied included 25 controls and 25 patients
with essential hypertensionwho gave signed consent for the procedure
to be carried out. Anthropometric data and relevant characteristics
of the two groups are presented in Table 1. Individuals were defined
as hypertensive if, on three consecutive occasions, Systolic Blood
Pressure (SBP) was N140 mmHg or if the Diastolic Blood Pressure
(DBP) was N90 mmHg. The subjects were following their usual diets,
which appeared to be comparable, on the basis of informal dietary
histories; all patients were already diagnosed and were receiving
Table 1
General characteristics of hypertensive patients and controls.

Parameter Hypertensive Controls

Sex (%male/%female) 21/79 45/55
Age ± SD (years) 61 ± 8.9 39 ± 10
BMI 28.6 ± 3.09 23 ± 2.16
Platelet count × 103 (μl) 246.5 ± 144 234.1 ± 130.3
SBP (mmHg) 131 ± 18 116 ± 6
DBP (mmHg) 84 ± 13 77 ± 10
Glucose mg/dl 93.1 ± 6.6 92.7 ± 6.7
Total Cholesterol mg/dl 94 ± 18.8 101 ± 41
Tryglycerids mg/dl 74 ± 14.8 49.5 ± 20
Cortisol (pg/ml) 7305 ± 5298 7021 ± 4671
Aldosterone (pg/ml) 54.65 ± 19.79 18.32 ± 19.8

Values are the mean ± SD of 25 patients and controls in each group.
BMI, body mass index; SBP, systolic blood pressure; DBP, dystolic blood pressure.
treatment. Patients with diabetes mellitus and dyslipidemias were
not included in the study.

2.2. Platelet isolation

Platelets were obtained by venopuncture from healthy controls who
had not received any drug during the 10 days prior to sampling and
from hypertensive subjects under treatment; both populations signed
informed consent for the procedure to be carried out. Blood was imme-
diately mixed with citrate anticoagulant including dextrose at pH 6.5
(93 mM sodium citrate, 70 mM citric acid, and 140 mM dextrose) at a
blood:anticoagulant ratio of 9:1. Platelet-rich plasma was obtained
from total blood by centrifugation at 100 ×g for 20min at room temper-
ature and was subsequently mixed with an equal volume of citrate
anticoagulant and centrifuged at 400 ×g for 10 min. The platelet pack
was suspended andwashed twicewith Hank's Balanced Saline Solution
(HBSS) without calcium (137 mM NaCl, 5.3 mM KCl, 1 mM MgCl2,
0.28 mM Na2HPO4.12H2O, 0.87 mM NaH2PO4, 0.44 mM KH2PO4,
4.1 mM NaHCO3, and 5.5 mM glucose).

2.3. Chemicals and standards

High-Performance Liquid Chromatography (HPLC)-grade solvents,
chloroform (CHCl3), and Methanol (MeOH) HPLC grade, were
obtained from J.T. Baker (Center Valley, PA, USA), while standard
phospholipids of biological origin, cholesterol, PG from chicken egg,
PhosphatidylCholine (PC) from egg yolk, PhosphatidylSerine (PS)
from bovine brain, and SphingoMyelin (SM) from bovine brain
were purchased from (Sigma-Aldrich, St. Louis, MO, USA).

2.4. Analysis of cell-surface antigens by immunofluorescence flow cytometry

Platelets from hypertensive and control individuals were incubated
with monoclonal antibody for 30 min at 4 °C, washed twice with
Phosphate-Buffered Saline (PBS) solution, and suspended for 30 min
at 4 °C inwith the corresponding secondary antibody (Molecular Probes
Kallestad Laboratories, Inc., Austin, TX, USA). Then, the cells were
washed three times and subjected to immunofluorescence flow cytom-
etry in a FACScan (Becton Dickinson, San Jose, CA, USA). Fluorescence
data were collected in log scale. Results were indicated as percentages
of positive cells for each antigen.

2.5. Aldosterone and cortisol determination

Blood serum from controls and hypertensive patients were proc-
essed by Enzyme-Linked Immunosorbent Assay (ELISA) for quantitative
detection of aldosterone and cortisol levels (Enzo Life Sciences, Inc., Ann
Arbor, MI, USA) according to the manufacturer's instructions. Plates
were read at 405 nm on a microplate reader (Molecular Devices,
Sunnyvale, CA, USA) using soft-max-Pro software (Molecular Devices).
A standard curve was plotted, and the aldosterone and cortisol
concentration in each sample was determined by interpolation
from the standard curve.

2.6. Antibodies used

Epithelial sodium channel alpha rabbit polyclonal antibody (Cat.
No. ab65710) was purchased from (Abcam, Cambridge, MA, USA)
and mouse anti-β-dystroglycan (MANDAG2), from the Developmental
Studies Hybridoma Bank. Caveolin-1 polyclonal antibody (Cat. No.
sc-53564) and p-Thr mouse monoclonal antibody (H-2) were obtained
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA) and
β-dystroglycan polyclonal antibody PY892 (Cat. No. 617102) was
purchased from (Biolegend, San Diego, CA, USA).
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2.7. Western blotting

Lysates from 1 × 106 resting and adherent platelets obtained in
Sodium Dodecyl Sulfate (SDS) and β-mercaptoethanol were boiled for
5 min, subjected to 10% SDS-PolyAcrylamide Gel Electrophoresis
(PAGE), and transferred onto nitrocellulose membranes using a semi-
dry system (Thermo Electron Co., Milford, MA, USA). Membranes
were incubated with appropriate primary antibodies, then with
HorseRadish Peroxidase (HRP)-conjugated secondary antibodies
visualized using an enhanced chemiluminescence Western blotting
analysis system (Santa Cruz Biotechnology, Inc.) andwere subsequently
documented using T-mat G/RA film (Kodak, Rochester, NY, USA).
Negative controls comprised transferred strips incubated solely with
HorseRadish Peroxidase (HRP)-conjugated secondary antibodies.
Densitometry analysis was performed by Win Image Studio Digits Ver
4.0 (LI-COR, Inc., NE, USA) software using GAPDH as a loading control
to normalize the data.

2.8. Immunofluorescence staining

Meg-01 cells were adhered with poly-D-lysine-coated coverslips
and, after 60 min, were permeabilized and fixed with a mixture of 2%
p-formaldehyde, 0.04% NP40 in the cytoskeleton stabilizing solution
PHEM??? and triton 0.2%. Meg-01 cells were first incubated with the
specific primary antibody diluted in PBS 0.1% Bovine Serum Albumin
(BSA) to b-Dg MANDAG2 (Pereboev, A., 2001) and incubated for 2 h.
Cells werewashedwith PBS solution and incubated for 1 hwith second-
ary anti-goat, anti-mouse conjugated to Alexa-Fluor-568 (Molecular
Probes, Eugene, OR, USA). For counterstaining, nuclei were dyed for
30 min with 40,6-diami-dino-2-phenylindole (Sigma Chemical Co.),
washed, and mounted. Slides were observed using a Leica confocal
instrument model TCS-SP5 Mo, and images were taken at 63× zoom
3× at 1024 × 1024 pixels with an HCX PL APO 63/1.40–0.60 DIL CS oil
immersion. Optical sections [z] were captured at 0.18 mm. Immunoflu-
orescence quantification was performed using ImageJ (NIH, Bethesda,
MD, USA) from 25 cells observed from 3 independent experiments.

2.9. Electron microscopy

Suspended platelets were fixed in 2.5% glutaraldehyde/formaldehyde
in Dulbecco's Phosphate-Buffered Saline (DPBS) solution with a pH of 7.4
for 30 min. Platelets were rinsed in phosphate buffer for 5 min before
being fixed for 30 min with 1% Osmium tetraoxide (OsO4). The samples
were then rinsed 3 timeswith PBS for 5min andwere dehydrated serially
in 30, 50, 70, and 90% and three times in 100% ethanol. The material was
critical point dried, mounted, and coated with carbon. Samples were ob-
served with a Jeol Scanning Microscope JSM-6510, and micrographs
were taken at 25 kV. The representative platelet area from hypertensive
patients and controls was measured using ImageJ software (U.S. National
Institutes of Health [NIH], Bethesda, MD, USA).

2.10. Fluorescence measurements

TMA-DPH at a final concentration of 1 mM was incubated at room
temperature with a suspension of 2 × 107 washed platelets/ml in a
solution of sodium/potassium–Tris medium (137 mM NaCl, 5.4 mM
KCl, 11 mM dextrose and 25 mM Tris–HCl adjusted to ph7.4
for 20 min, after which the platelets were centrifuged and resuspended
in the same solution. The final concentration of the solvent N,N-
dimethylformamide was maintained at b0.02 vol%. All fluorescence
measurements were performed in quartz cuvettes and were recorded
at 25 °C under moderate stirring (250 rpm) with an ISS PC1 Photon
Counting Steady-state Spectrofluorometer (Champaign, IL, USA),
coupled with Vinci software. Excitation and emission wavelengths
were set at 365 and 428 nm, respectively. Fluorescence anisotropy and
polarization were automatically calculated for the software.
2.11. RNA isolation

RNA was isolated from control and hypertensive platelets
utilizing TRIzol® LS Reagent (Ambion, Life Technologies Corp., Carlsbad,
CA, USA) and dissolved in 25 μl of ultrapure water. The quantity
of RNA was measured using a spectrophotometer (NanoDrop
2000c; Thermo Scientific, Inc). Samples with RNA concentration
(A260/A280 ≥ 1.8 ng/μl) and purity (A230/A260 ≥ 2.0 ng/μl)
were selected.

2.12. Quantitative reverse transcription-PCR (qRT-PCR)

qRT-PCR was performed employing the KAPA SYBR FAST One Step
qRT-PCR kit (Kapa Biosystems, Inc., Wilmington, MA, USA). Primers
were α-ENaC forward (5′CTTTGGCATGATGTACTGGCA-3′) and reverse
(5′-GGAAGACGAGCTTGTCCGAGT-3′) [20] and GAPDH. PCR were
performed in a 20-μl total reaction volume in a Step One Real Time
PCR system (Applied Biosystems, Foster City, CA, USA. An initial cycle
step at 95 °C for 5 min was followed by 40 cycles with a 12-s denatur-
ation at 95 °C, 12 s annealing with a temperature of 64 °C, followed by
a 12-s primer extension at 72 °C, and finally, for 15 s at 95 °C to ensure
complete extension, and for 1 min at 60 °C and 15 s at 95 °C to generate
a melt curve. PCR products were visualized by means of 1.0% (w/v)
agarose gel containing ethidium bromide. The comparative CT (ΔΔCT)
method was selected to determine the amount of target nucleic acid
sequence in each sample relative to that of the control samples.

2.13. Sodium influx

[Na+]i was evaluated in platelets suspended in 140 mM NaCl,
4.9 mM KCl, 1.2 mM MgCl2, 1.4 mM KH2PO4, 5.5 mM glucose,
and 20 mM HEPES (pH 7.4) Platelets were loaded with the SBFI
sodium-sensitive fluorescent dye (10 μM) (Life Technologies, Eugene,
OR, USA), as we have described previously [12]. The time course was
recorded of the fluorescence emission of platelet cells upon collagen
activation (10 μg/ml), and each sample was recorded using an LS-55
Spectrofluorometer (Perkin-Elmer, Waltham, MA, USA) equipped with
a water-jacketed cell holder for temperature control. All experiments
were performed using cells with a 0.4-cm path length at 25 °C.
Excitation wavelengths were either 345 or 385 nm, correspondingly,
and the fluorescence emission was collected at 500 nm.

2.14. Platelet membrane lipids

Platelets (2 × 106) from hypertensive and control individuals were
lysed with 100 μl of a 2× lysis buffer (0.5% NP-40, 2 mM Na3VO4,
PSMF) containing a protease inhibitor cocktail and diluted to 1000 μl
with PBS solution containing 1 mM of resveratrol (Sigma-Aldrich Co.,
St Louis, MO, USA). This suspension was extracted with 3 ml of
chloroform:methanol (2:1, v:v) by stirring with a vortex for 2 min.
The mixture was centrifuged for 5 min at 2000×g. Chloroform fraction
was obtained and evaporated to dryness under reduced pressure at
room temperature in a BÜCHI R-215 Rotary Evaporator, coupled with
a BÜCHI V-700 Vacuum Pump and a cold-water recirculating BÜCHI
Chiller F-105 (BÜCHI Labortechnik AG, Flawil, Switzerland). The extract
recovered was diluted in 1 ml of methanol for its analysis.

2.15. Platelet membrane lipid quantification

High Performance Liquid Chromatography (HPLC) was carried
out with an Agilent 1220 Infinity LC System Controller attached to an
UltraViolet (UV) light detector, which was programmed to process
data at 205 nm at 0.013-min (40-Hz) resolution. Control of equipment,
data acquisition, processing, and handling of chromatographic informa-
tion were accomplished by the EZChrom Elite Compact software
program (Agilent). Analyses were undertaken on a Zorbax RX-C18
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column (4.6 × 250 mm, 5-μm particle sizes, Agilent) coupled with a
Zorbax RX-C18 guard column (4.6 × 12.5 mm, 5-μm particle sizes,
Agilent). An isocratic mobile-phase methanol:acetonitrile (80:20)
system was employed (HPLC grade; J.T. Baker, Ecatepec, Edo. Méx.,
México). The flow rate was maintained constant at 1.0 ml/min
for 30 min. All standards and samples were solubilized in methanol
(1 ml), and a volume of 20 μl was injected. A standard curve of
four lipid mixtures was performed, injecting serial dilutions from
2.5 × 10–2 to 2.5 × 10–3 mg/ml (Cholesterol) or from 2.5 × 10−1 to
2.5 × 10−2 mg/ml for D-Sphingosine, 1,2-Diacyl-sn-glycero-3-
phospho-L-serine, and L-α-Phosphatidylcholine (Sigma-Aldrich,
St. Louis MO, USA). The peak area obtained for each of the samples
was extrapolated from the standard curve, thereby obtaining the lipid
concentration in each of the extracts. The results are reported as μg of
lipid (standard) content per mg of protein. We included sphingosine,
which forms a primary part of sphingolipids, a class of cell membrane
lipids that includes sphingomyelin, an important and abundant
phospholipid.

2.16. Meg-01 cell culture and differentiation

Meg-01 cells were cultured in RPMI-1640 medium supplemented
with 10% Fetal Bovine Serum (FBS), 400 mM L-glutamine, 50 lM
gentamicin, 25mMHEPES, 2 g/l sodium bicarbonate, and 1mM sodium
pyruvate in a humid atmosphere of 5% CO2 at 37 °C. For differentiation
into amegakaryocyte phenotype, Meg-01 cells (diffMeg)were differen-
tiated with I 2–0-TetradecanoylPhorbol-I 3-Acetate (TPA) 10−7 M for
7 days [21]. Cell viability was assessed by exclusion of 0.2% Trypan
blue and was routinely N90% before and after differentiation.

2.17. Plasmids and transfection

Short hairpin RNA (shRNA) constructs targeting dystroglycan
or control shRNA were purchased from GeneCapoeia, Rockville,
MA, USA) (ID: HSH003950-CH1). Meg-01 cells (2 × 106/ml) were
transfectedwith 2 μg psi-H1 using a Nucleofector II (Amaxa), according
to the manufacturer's recommendation (Lonza Walkersville, Inc.,
Walkersville, MD, USA). Twenty-four hours later, transfection cells
were selected. For functional assays, selected cells were differentiated
for 7 days.

2.18. Statistical analysis

Statistical analysis was carried out with the GraphPad Prism® for
Windows ver. 5 software (GraphPad Software, Inc., La Jolla, CA, USA).
Relative protein expression and relative mRNA expression were
analyzed with an unpaired Student t test. Statistical significance was
defined as p b 0.05.

3. Results

The present study included 25 patients and controls of both genders.
Table 1 presents a summary of the sociodemographic characteristics
of the sample. For BMI, categories were considered as follows:
Underweight ≤ 18.5; Normal weight = 18.5–24.9; Overweight =
25–29.9, and Obesity = 30 or over.

3.1. ENaC Is overexpressed in HTA platelets

Recently, by means of an RT-PCR strategy and Western blot-based
detection, we reported the expression of ENaC in platelets from healthy
individuals [12].

Total platelet lysates of normal individuals and of hypertensive
patients were processed for Western blot assays using and anti-α-
ENaC polyclonal antibody. The α-ENaC antibody detected the
corresponding band migrating to ∼75 kDa; GAPDH was employed
as load control (Fig. 1A). We quantified the relative expression level of
α-ENaC by Western blotting, and our results demonstrated significant
overexpression of the channel in hypertensive patients compared
with healthy subjects (Fig. 1B). To further confirm these results, plate-
lets from hypertensive patients were processed for immunofluores-
cence flow cytometry analysis. Mean Fluorescence Intensity (MFI) for
hypertensive patients corresponded to 12.76 ± 3.373, while controls
had 6.521 ± 2.506.

Finally, to confirm increased protein expression, we performed
α-ENaC mRNA relative expression by qRT-PCR assays (Fig. 1C). Our re-
sults indicate that the mRNA and the protein corresponding to α-ENaC
were more expressed in hypertensive compared with normal subjects.

3.2. Altered influx of ENaC in hypertensive platelets

To corroborate the functionality of ENaC in hypertension, 10 μg/ml of
collagen was added to activate platelets from control and hypertensive
subjects tomeasure [Na]I (sodium influx). Both samples were excited at
345 and 385 nm, and the ratio of fluorescence-emission intensities was
registered at 500 nm, as previously described [12]. Fig. 2A depicts the
representative plots displayed for control samples with baseline values
of 2.0 fluorescence units of [Na]I; collagen added increased [Na]I,
with registered values of up to 2.2, reaching baseline values after
100 s. The behavior is noteworthy of the samples of some controls and
patients. There were few control samples in which response to collagen
corresponded to an inverted slope prior to reaching baseline values.

In general, the [Na]I in the patients' samples increased from base-
line values up to 2.35, which were maintained for N300 s, compared
with controls; however, some heterogeneous behaviors were
observed. Patients 4 and 10 (Fig. 2B) and patient 6 (Fig. 2C) exhibited
[Na]I values that dropped to 1.4 or to 1.6 (Fig. 2D), respectively,
without any increase in [Na]I values. Fig. 2C presents the [Na]I of 4
patients and 1 control, who belonged to the same family and who
showed different sodium influx; patient 19 did not register [Na]I, in
contrast to control 10 who sustained [Na]I and did not reach baseline
values. Fluorescence values of [Na]I of patients with non-controlled
arterial tension plotted in Fig. 2D were heterogeneous and did not
reflect arterial tension values.

Our results clearly suggest the presence of abnormalities in [Na]I in
hypertensive patients, owing to ENaC properties.

3.3. Caveolin is overexpressed in hypertensive platelets

Membrane microviscosity is one of the physical properties of cell
membrane that modified in hypertension [9]. To assess feasible
abnormalities in platelet membrane, wemeasured the fluorescence po-
larization of TriMethylAmmonium-DePhenylHexatriene (TMA-DPH)
incorporated into the lipid bilayer of suspended platelets from
hypertensive and normotensive subjects. Fluorescence anisotropy of
TMA-DPH was significantly decreased in platelets of hypertensive
patients compared with those of control subjects (Fig. 3A), while
polarization values increased and were expressed as membrane
microviscosity (1/P) (Fig. 3B). These results clearly indicate that
hypertension was associated with an increase of membrane fluidity.

To investigate whether the increase of plasma-membrane fluidity in
hypertensive platelets exerted an effect on caveolin-1 expression,
we performed Wb of platelet lysates from hypertensive and control
subjects using an antibody directed against caveolin-1. Bands corre-
sponding to caveolin-1 were more expressed in platelets from
hypertensive patients compared with the bands of non-hypertensive
subjects; normalization of caveolin-1 relative values with GAPDH
demonstrated significant differences (Fig. 3C).

To ascertain that differences in membrane microviscosity were
evident, suspended and collagen-activated platelets from hypertensive
and normotensive individuals were processed by scanning electron
microscopy. Fig. 3D presents representative images of control and



Fig. 1. Epithelial Sodium Channel (ENaC) is overexpressed in hypertensive patients A. Total lysates of hypertensive and control individuals were analyzed by Western blot utilizing
antibodies against α-ENaC (75 kDa). Quantitative analysis using GAPDH as loading control depicted. B) Values shown are mean ± Standard Deviations (SD) from bands of the 24
patients with Arterial HyperTension (AHT) and controls. **P b 0.005. B. Mean Fluorescence Intensity (MFI) of α-ENaC was quantified by Flow Cytometry (FC) from hypertensive and
control individuals. Values shown are mean ± Standard Deviations (SD) from the 24 patients with Arterial HyperTension (AHT) and controls. ***P b 0.005. C. Messenger RNA (mRNA)
expression of α-ENaC was examined by quantitative Reverse Transcription-Polymerase Chain Reaction (qRT-PCR) of hypertensive and control individuals. Values presented are
mean ± Standard Deviations (SD) from the 24 patients with Arterial HyperTension (AHT) and controls. ***P b 0.05.

1895D. Cerecedo et al. / Biochimica et Biophysica Acta 1858 (2016) 1891–1903
hypertensive platelets; resting control platelets were characterized by
the presence of short filopodia,whichwere numerous andwith discrete
pores in collagen-activated platelets. Resting and collagen-activated
Fig. 2. Epithelial Sodium-activated Channel (ENaC) in hypertense, collagen-activated platelets
ENaC activity of representative control samples. B) Platelet ENaC activity of representative hy
belonging to the same family. D) Platelet ENaC activity shown for hypertensive patients with n
platelets fromhypertensive patients showed extensivefilopodia protru-
sion and presence of microvesicles, even under resting conditions
(arrows) (Fig. 3D). Although these morphological changes could not
. Ratios of fluorescence intensities registered at 345 and 385 nm were plotted. A) Platelet
pertensive patients' samples. C) Platelet ENaC activity shown for patients and a control
on-controlled blood pressure.

Image of &INS id=
Image of Fig. 2
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be quantified, we evaluated the area of resting and collagen-activated
platelets from hypertensive and control subjects. We detected differ-
ences between the platelet, area although these did not show statistical
significance. However, the morphological characteristics in hyperten-
sive platelets are indicative of a hyperactivation state; this condition
was corroborated with P-selectin determination by Flow Cytometry
(FC) analysis (Fig. 3F). Mean Fluorescence Intensity (MFI) is significant
increased for hypertensive platelets.
3.4. Hypertensive platelet membrane composition

Factors that have been shown to influence membrane fluidity in-
clude cholesterol content and fatty acid composition of the lipid bilayer;
fluidity increases with decreasing cholesterol content or increasing
unsaturated fatty acyl composition [22]. To confirm this assumption,
we performed platelet membrane lipid composition employing the
HPLC technique.

Image of Fig. 3
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Linearity of measurement was evaluated by analyzing different
concentrations (2.5 × 10−2 to 2.5 × 10−3 mg/ml) of the standards
solutions. Calibration curves were constructed for combining the four
standards together (Supplemental Fig. 2) and by plotting average peak
area against concentration. The slope and correlation co-efficients
were also determined. All of the samples were performed by duplicate.

Chromatograms of cholesterol and phospholipid standards are
depicted in Fig. 4A. In the analysis of platelet lipids, individual cholester-
ol and phospholipid peaks were identified by comparing retention
times with those of the standardized phospholipids of that particular
phospholipid.

Major peaks representing retention times of 2.16, 3.00, 5.73,
and 15.41 min correspond to cholesterol (1), phosphatidylserine (2),
sphingosine (3), and phosphatidylcholine (4), respectively. It is
noteworthy that phosphatidylcholine is a very complex molecule
containing glycerol, choline, and diverse fatty acids; therefore, in the
present study, we refer to themore abundant peak of this phospholipid.
On the other hand, the sphingosine peak presents a displacement in
patient and control samples with respect to the mixture of standards
from 5.73 to 9.39 min.

Hypertensive membrane platelets had lower cholesterol and phos-
phatidylcholine concentrations (average range, 0.005–0.038 μg/mg
protein respectively) compared with control individuals (0.01–0.095);
in contrast, phosphatidylserine and sphingosine were more expressed
in hypertensive subjects, with average values of 37.0 and 0.027 μg/mg
of protein, respectively, compared with controls (17.4 and 0.025)
(Fig. 4B).
3.5. β-dystroglycan is downexpressed in hypertensive platelets

Recently, we reported the association of β-Dystroglycan (β-Dg), an
abundant transmembrane protein, with caveolin-1 in human platelets
[23]; therefore, wewanted to determine the effect of caveolin-1 overex-
pression onβ-Dg levels. To achieve this,we performedWbof platelet ly-
sates from hypertensive and control subjects. Bands of 43 kDa from
hypertensive platelets were less intense than bands observed for
control platelets, in contrast with the band observed at 50 kDa, which
was more evident in hypertensive platelets (Fig. 5A). Densitometry
analysis of the 43 kDa band showed that the diminution in hypertensive
patients possesses statistical significance.

To confirm this downregulation, we quantified Dg mRNA by
qRT-PCR assays (Fig. 5B). Our results indicate that Dg is underexpressed
in hypertensive compared with normal subjects.

We also determined the expression of β-Dg PY892 in controls and
hypertensive platelets. Fig. 5B shows that β-Dg PY892 bands were
more expressed in lysates from hypertensive patients compared with
control subjects.

It has been proposed that caveolin-1 scaffolds and organizes
signalling components in proximity to receptors via a β-stranded
Cav Scaffolding Domain (CSD) [24]. Because we have detected
overexpressed caveolin-1, we wanted to assess the activated pattern
of platelet proteins. Thus, we performed a WB assay of platelet lysates
utilizing a threonine-phosphorylated antibody. Our results showed
more extensive and intense threonine-phosphorylated protein pattern
Fig. 3. Alterations in platelet membrane fluidity, composition, and morphology in hyperten
1-[4-(TriMethy1Amino)-phenyl-6-Phenyl-1,3,5-Hexatriene (TMA-DPH) for 30 min at 37 °C. I
was registered as fluorescence anisotropy. Values shown are mean ± Standard Deviations (
controls were incubated with 1-[4-(TriMethy1Amino)-phenyl-6-Phenyl-1,3,5-Hexatriene (TM
spectrophotofluorometer and was registered as fluorescence polarization; membrane fluidity
and controls. **P b 0.05. C. Total lysates of hypertensive and control individuals were analyz
GAPDH as loading control is illustrated. Values shown are mean ± Standard deviations (SD) fr
platelets from patients with AHT and controls were processed for scanning electron microsco
from the membrane, in contrast with hypertensive platelets, which that exhibited microves
activated platelets with the presence of long filopodia and microvesicles (white arrows), whi
and HTA patients platelets processed for scanning electron microscopy. F. Mean Fluorescence
patients and control individuals. Values presented are mean ± Standard Deviations (SD) from
expression in platelets from hypertensive patients than in control
platelets, suggesting a hyperactivated stage (Fig. 5C); it was corroborat-
ed with quantification of the more evident band (arrow) observed
in controls and patients. The image is representative of the subjects
included in the study.

3.6. β-dystroglycan is a scaffold for ENaC

Recent studies indicated that caveolin-1 is closely related with
β-dystroglycan [23].We assessedwhetherβ-dystroglycanwas essential
for ENaC expression. To address this, we transfected and differentiated
Meg-01 cell line to megakaryocytic lineage (platelet precursors)
employing a small interfering RNA (RNAi) to target Dystroglycan
(Dg RNAi). The RNAi also expressed GFP to identify unequivocally
individual RNAi-treated cells. As negative control, RNAi, which is
predicted not to block the translation of any specific gene, was
utilized (control RNAi). Effectiveness of RNAi treatment in reducing
β-dystroglycan expression in these cellswas evaluated byWestern blot-
ting, immunofluorescence assays, and qRT-PCR (Supplemental Fig. 3).
Through all of these methods, β-Dystroglycan reduction was evident
by N50% in Green Fluorescent Protein (GFP)-expressing cells that
co-express Dg-specific RNAi, compared with control RNAi-treated cells.

In order to reveal the subcellular distribution of ENaC in non-
differentiated Meg-01 cells and differentiated into megakaryocytes
(platelet precursors), we assayed double immunofluorescence staining
utilizing an antibody raised against ENaC and TRITC-phalloidin to
stain F-actin. In non-differentiated Meg-01 cells, ENaC was uniformly
distributed in the plasmamembrane, co-localizingwith actin filaments,
while in differentiated cells, ENaCwas faintly observed in the cytoplasm
andwith a patched patternmainly distributed in the plasmamembrane
that might belong to currently forming platelets. Relative ENaC levels
increased during differentiation process (Fig. 6A).

To determine the impact of β-dystroglycan deficiency on ENaC, we
analyzed the subcellular distribution of transfected and differentiated
Meg-01 cells with confocal microscopy to detect ENaC. Images
corresponding to ENaC clearly showed its overexpression, with a more
intense label at the plasma membrane in RNAi-transfected cells
(Fig. 6B) even more than in non-transfected differentiated cells; this
observation was revealed by relative immunofluorescence units. It is
important to mention that after exposure to TPA to differentiate
Meg-01 cells, cytoplasmic blebs were evident and the shape of the
nucleus became irregular.

We next corroborated the consequences of β-dystroglycan
depletion on the relative expression level of ENaC by Western
blotting. Our results demonstrated significant overexpression of
ENaC in RNAi-transfected cells compared with RNAi control cells
(Fig. 6C), these results confirmed by qRT-PCR assays (Fig. 6D).

4. Discussion

In the present study, we compared 25 hypertensive patients with
normotensive subjects. Our results showed evidence of alterations in
the biochemical and functional profile of plasma membrane platelets
from hypertensive subjects.
sive patients. A. Platelets from hypertensive patients and controls were incubated with
ncorporation of TMA-DPH intensity was measured using a spectrophotofluorometer and
SD) from patients and controls. **P b 0.05. B. Platelets from hypertensive patients and
A-DPH) for 30 min at 37 °C. Incorporation of TMA-DPH intensity was measured using a
is expressed as 1/P. Values shown are mean ± Standard Deviations (SD) from patients
ed by Western blot utilizing antibodies against caveolin-1. Quantitative analysis using
om bands of the 25 patients with AHT and controls. **P b 0.005. D. Resting and activated
py. Ultrastructure analysis of resting platelets presents some short protrusions extending
icles (white arrows) and fibrin fibers. Typical morphological changes were observed in
ch were more evident for hypertensive platelets. Scale = 1 μm. E. Area (μm2) of control
Intensity (MFI) of P-selectin was quantified by Flow Cytometry (FC) from hypertensive
the 25 patients with AHT and controls. ***P b 0.0005.
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Fig. 5. β-Dg is downregulated in hypertensive patients. A. Total lysates of hypertensive and control individuals were analyzed by Western blot utilizing an antibody against β-Dg.
Quantitative analyses utilizing GAPDH as loading control are depicted. Values presented are mean ± Standard Deviations (SD) from bands of 24 AHT patients and controls. **P b 0.005.
B. Total lysates of hypertensive and control individuals were analyzed by Western blot utilizing an antibody against β-Dg PY892 (43 kDa). Representative samples of AHT patients
were included. C. Total lysates of hypertensive and control individuals were analyzed byWestern blot utilizing an antibody against phospho-threonine. Representative samples of AHT
patients were included. Densitometry analysis of the more evident band (arrow) observed in controls and patients in Western-blot analysis. Values shown are mean ± standard
deviations (SD) from three independent experiments (n = 3) *p b 0.05.
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Arterial hypertension is associated with multiple structural and
functional alterations of the cell membrane, which include changes in
membrane permeability, receptor properties, signal transduction, ion
transport, and calcium handling [9]; the fluidity of the lipid environ-
ment influences transmembrane proteins, modulating their transport
activity characteristic of a given bilayer [25,26].

The Epithelial Sodium Channel (ENaC) mediate Na+ entry into epi-
thelial cells and play a critical role in the regulation of extracellular
fluid volume and blood pressure [27]; in Liddle syndrome, deletion or
truncation of ENaC subunits results in increased channel activity [28].
Recently, we described the expression of ENaC and its association
pattern with cytoskeleton proteins in human platelets [12], and in the
present study, we found increased expression, as well as enhanced
sodium influx, in nearly all of the hypertensive individuals studied
compared with controls. It has been determined that an increase in
the function of ENaC in renal tissue leads to Na+ retention, elevating
blood pressure, which in turn depends on the increase in the number
of channels expressed and on the Po state in the cell [29,30]. Increased
sodium influx detected in the present study might be attributed to
increased ENaC expression; however, it is feasible that in patients and
controls with low sodium influx, alterations in plasma membrane
could lead to conformational changes at intersubunit interfaces, which
could favor the closed state of ENaC, as has been recently reported [31].
Fig. 4.Representative ion chromatogramofAHTpatients.A.RepresentativeHPLC chromatogram
with standard (Control + STD), hypertensive patient (AHT patient), and hypertensive patient i
(1), phosphatidylserine (2), sphingosine (3), and phosphatidylcholine (4). B.Membrane plate
Aldosterone elevates Na+ reabsorption by increasing the number
(N) of ENaCs remaining at the apicalmembrane and directly stimulating
the synthesis of the ENaC protein via an increase in production of ENaC
mRNA and inhibiting its endocytosis [32,33]. This condition is worsened
for obese individuals, who usually have elevated levels of circulating
aldosterone [34,35].

However, Nizar et al. recently demonstrated that obesity inmice im-
pairs natriuresis and produces elevated blood pressure that is indepen-
dent of ENaC activity [36]; in addition Nesterov et al. showed that
differential regulation of ENaC activity along the Aldosterone-Sensitive
Distal Nephron (ASDN) does not depend on circulating aldosterone
[37]. According to these evidences, we are tempted to suggest that
aldosterone concentration might be exerting an influence on arterial
hypertension, but not on sodium influx through ENaC nor its expression
in platelets, becausewe did not find significant correlation among ENaC
relative expression, aldosterone, and Body Mass Index (BMI) values in
hypertensive patients (Supplemental Fig. 1).

Likewise, nor were BMI, aldosterone values, or blood pressure defin-
itive for predicting sodium influx, as observed for the four hypertensive
members of the same family analyzed that included a normotensive
member (Fig. 2C), nor for the patients with non-controlled arterial
tension (Fig. 2D). Cortisol excess may result in clinically significant
hypertension; however, the plasma cortisol concentration detected in
s showing standard injection (STD), control group (Control), control group in combination
n combination with standard (AHT patient+ STD). Major peaks correspond to cholesterol
let lipid profile in AHT patients.
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Fig. 6.β-Dystroglycan is a scaffold protein for ENaC. A. Non-differentiated and differentiatedMeg-01 cells were analyzed by confocal microscopy after processing for double-labeling using
antibodies directed against ENaC identifiedwith secondary antibodies labeledwith Fluorescein iso-thiocyanate (FITC) and phalloidin labeledwith Tetramethyl rhodamine iso-thiocyanate
(TRITC). The respective merged images are shown. Scale bar = 1.5 μm. Relative fluorescence units demonstrated significant ENaC upregulation. Values shown are mean ± Standard
Deviations (SD) from three independent experiments (n = 3). **P b 0.005. B. Meg-01 cells expressing either control RNAi or Dg RNAi were immunolabeled for ENaC and analyzed for
confocal microscopy. Relative fluorescence units demonstrated significant ENaC upregulation. Values shown are mean ± Standard Deviations (SD) from three independent
experiments (n = 3). *P b 0.005. C. Total Meg-01 cells extracts expressing either control RNAi, or Dg RNAi were processed for Western blot, utilizing an antibody against ENaC.
Densitometry analysis demonstrated ENaC overexpression in cells transfected with a Dg RNAi as compared with cells transfected with a control RNAi. Values shown are mean ±
Standard deviations (SD) from three independent experiments (n = 3), respectively. *P b 0.005 D. Messenger RNA (mRNA) expression of ENaC was examined by quantitative Reverse
Transcription-Polymerase Chain Reaction (qRT-PCR) in RNAi control and RNAi Dg. Values shown are mean ± Standard Deviations (SD) from three independent experiments (n = 3),
respectively. P b 0.05
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hypertensive and control subjects was similar, discarding the possibility
that cortisol levels could contribute to high-tension values.

Membrane abnormalities in vascular smooth muscle cells, erythro-
cytes, lymphocytes, and platelets have been associated with intrinsic
structural disturbances that are linked with hypertension, stroke, and
other cardiovascular diseases [9,38].

Evidence demonstrating the presence of structural membrane ab-
normalities remains controversial. Several studies based on fluores-
cence depolarization or Spin-Label (SL) techniques indicated increased
membrane microviscosity in various cells of spontaneously hyperten-
sive rats [39,40,41,42] and of essential hypertensive patients [42].

For instance, Naftilan et al., in 1986, analyzed fluorescence depolari-
zation with 1,6-DiPhenyl-l,3,5-Hexatriene (DPH), reporting increased
microviscosity that generated a stiffer and less fluid membrane in
platelets from hypertensive patients [43]. This is in contrast with the
findings of Le Quan Sang et al. in 1991, who reported decreased the
fluorescence anisotropy of 1-[4-(TriMethy1Amino)-Phenyl-6-phenyl-
1,3,5-Hexatriene (TMA-DPH) in the platelets of hypertensive patients,
indicating that hypertension was associated with increased membrane
fluidity [44].

In the present study, we confirmed abnormalities in membrane
platelets from hypertensive patients, evidenced by decreased fluores-
cence anisotropy of TMA-DPH (Fig. 3A); this indicates a lowered struc-
tural order at the external part of the plasma membrane. It is feasible
that differences foundwith thepreliminary study performed byNaftilan
et al. could be attributed to the small number of patients included in the
study, as well as to the use of DPH, which preferentially labels the lipid
membrane core, while TMA-DPH is anchored to negatively-charged
phospholipid heads at the lipid–water interface [45].

HPLC cholesterol and phospholipid quantification exhibited the
plasma membrane differential composition, which in turn might
disturb the asymmetry of the platelet plasma membrane [46,47,48,
49], compromising its functions in hypertensive platelets [44].

Elevated blood pressure is associated with increased shear forces,
especially adjacent to the endothelium, and this may lead to platelet
activation and degranulation [50]. Enhanced platelet activation contrib-
utes importantly to a thrombotic state in hypertensive patients, pro-
moting morphological and biochemical changes [6,51,52]. P-selectin
expression has been considered an activation index [53], and it is
known that P-selectin in circulating soluble form is increased in hyper-
tensive patients. Moreover, platelet microparticle formation provides
proinflammatory, proatherogenic, and thrombogenic properties [54].
In the present study, we confirmed platelet-activated states in hyper-
tensive patients by quantifying P-selectin, detecting microparticles
through electron microscopy and identifying the phosphorylated pat-
tern of threonine residues from hypertensive platelets. It is feasible
that platelet alterations increased platelet cytosolic Na+ that, in turn,
is exchanged for extracellular Ca2+, mediating shape change, secretion,
and aggregation [55], promoting constitutively activated hypertensive
platelets. Phosphorylation of proteins included β-Dg, which in turn
can be localized in both peripheral focal complexes and more mature
focal adhesions [56], facilitating platelet adhesion, spreading and
thrombus formation.

Obesity is a condition that promotes platelet activation as the result
of the expanded visceral adipose depot, which is a source of cytokines
and adipokines. Additionally it is also well documented that increased
platelet reactivity plays a central role among the different events
accelerating the risk for atherothrombosis. However, there are studies
showing that, despite the fact that obese and morbidly obese subjects
exhibited chronic inflammation, there was no evidence of increased
platelet activation [57].

Caveolae and caveolin-1 possess a key role in orchestrating the
activation of pathways that related to cell proliferation, migration, and
contraction [58,59]. Cholesterol comprises a key component of caveolae
and is required for proper trafficking of caveolin to the plasma mem-
brane to other cellular sites. In platelets from hypertensive patients,
we found cholesterol diminution and overexpression of caveolin-1,
which might contribute to plasma membrane instability and altered
functions. Thus, membrane tension directly and indirectly might
regulate ENaC-mediated Na+ transport by affecting the Number (N)
and the Probability of opening (Po) of ENaC expressed in the platelet
plasma membrane.

Although we did not find correlation among ENaC, caveolin-1, and
β-Dg relative expression (Supplemental Fig. 1), we suggest that β-Dg
can bemodulated by caveolin-1, in that we previously reported a possi-
ble interaction between caveolin-1 and β-Dg in platelet membranes
[23] and in contractile myocytes [59,60]. According to the Dg downreg-
ulation results presented, we are tempted here to suggest that β-Dg is
an ENaC regulatory protein acting as a structural scaffold to nucleate
other regulatory elements. OurWb analysis using theMandagmonoclo-
nal antibody showed the expression of 50 kDa and 43 kDa bands and,
although the band of 50 kDa was not revealed with the β-Dg PY892
antibody, we may suppose that it corresponds to a phosphorylated
species; this is because it has reported that tyrosine phosphorylated
β-dystroglycan-relative Molecular Weight (MW) depends on cell
line, ranging from 43 kDa, 31 kDa, 26 kDa, 17 kDa, and 50 kDa
species [61,62].

Taken together, our results show that the combination of the
surrounding lipid environment and key, direct protein–protein
interactions, including scaffold proteins, is required to efficiently
harness and organize thewide spectrum of ENaC-regulatory components
at the cell surface.

5. Conclusion

The experiments presented in this study aimed to assess the
structural and biochemical differences in platelets membrane from
hypertensive individuals compared to healthy individuals. Our
biochemical, cell and molecular biology results demonstrated that
Epithelial Sodium Channel (ENaC) is overexpressed in platelets
from hypertensive patients and that characteristics and composition
of platelet membrane differ from healthy individuals. Additionally,
we suggest that β-dystroglycan is a scaffold protein for ENaC.

The simultaneous occurrence of membrane abnormalities described
in the present study suggests that the altered dynamic properties of the
cell membrane might be a common denominator of the previously
mentioned changes observed in hypertension.

Better knowledge of the cellularmechanisms underlyingmembrane
abnormalities could provide useful information concerning the
development of a more specific and greater physiological approach
to hypertension research.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2016.04.015.
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