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Abstract

Multiple cell membrane alterations have been reported to be the cause of various forms of hypertension. The present study 
focuses on the lipid portion of the membranes, characterizing the microviscosity of membranes reconstituted with lipids extracted 
from the aorta and mesenteric arteries of spontaneously hypertensive (SHR) and normotensive control rat strains (WKY and 
NWR). Membrane-incorporated phospholipid spin labels were used to monitor the bilayer structure at different depths. The 
packing of lipids extracted from both aorta and mesenteric arteries of normotensive and hypertensive rats was similar. Lipid 
extract analysis showed similar phospholipid composition for all membranes. However, cholesterol content was lower in SHR 
arteries than in normotensive animal arteries. These findings contrast with the fact that the SHR aorta is hyporeactive while the 
SHR mesenteric artery is hyperreactive to vasopressor agents when compared to the vessels of normotensive animal strains. 
Hence, factors other than microviscosity of bulk lipids contribute to the vascular smooth muscle reactivity and hypertension 
of SHR. The excess cholesterol in the arteries of normotensive animal strains apparently is not dissolved in bulk lipids and 
is not directly related to vascular reactivity since it is present in both the aorta and mesenteric arteries. The lower cholesterol 
concentrations in SHR arteries may in fact result from metabolic differences due to the hypertensive state or to genes that co-
segregate with those that determine hypertension during the process of strain selection.
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Abnormalities in the cell membrane lipids are believed 
to underlie several defects including those that are strongly 
linked to hypertension, strokes and other cardiovascular 
diseases (1). Reduced membrane fluidity has been reported 
in arteries and or blood cells of patients with essential 
hypertension or in animal models of genetic hypertension 
(2) including spontaneously hypertensive rats (SHR) (3). 
In patients with essential hypertension as well as in SHR, 
fluorescence polarization studies have suggested increased 
microviscosity of erythrocytes and platelets as compared to 
normotensive controls (4). In agreement with these findings, 
using electron spin resonance (ESR) of spin labels, Tsuda 
et al. (5) confirmed decreased fluidity in erythrocytes of 
SHR. On the other hand, using fluorescence anisotropy, it 

was shown that erythrocyte membrane microviscosity does 
not correlate with blood pressure (6).

However, unlike genetically determined hypertension, 
secondary hypertension models, such as deoxycorticoster-
one-salt hypertension, two kidney-one clip Goldblatt hyper-
tension and portal hypertension in rats, are not associated 
with demonstrable alterations in membrane fluidity (7) or 
lipid composition (8). This is consistent with the assump-
tion that patients and animals with genetically determined 
hypertension have a predetermined generalized defect of 
the cell membrane matrix, in which the transport systems 
operate, that leads to an increase of bilayer microviscos-
ity. This defect appears to be responsible for the multiple 
abnormalities of the membrane transport systems known 
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to occur in genetic hypertension (9).
Although compelling, the assumption that increased 

microviscosity (including that of vascular smooth muscle 
cells, VSMC) is related to the hypertensive state can 
be contested by some arguments. First, SHR conduct-
ing vessels such as the aorta show decreased vascular 
reactivity (10), while resistance vessels show increased 
reactivity to vasoconstrictor agents (11), notwithstand-
ing the purported changes in microviscosity or fluidity 
of myocyte membranes. Also, this hypothesis does not 
account for the effects of intracellular ion concentration 
on the viscoelastic properties of cell membranes. Tsuda 
and Nishio (2) reported increased viscosity of erythrocyte 
membranes with high intracellular calcium ion concentra-
tions. Hence, measurements in whole cells do not account 
for the influence of intracellular ion concentrations on 
membrane viscosity and other properties (2). In addition, 
the erythrocyte membranes are not excitable and lack 
proteins associated with vascular reactivity. Moreover, 
investigations in cultured cells do not consider the cell 
density-dependent alterations of membrane properties 
(12,13) that occur in different stages of cell culture. 

Another point is the choice of the Wistar-Kyoto (WKY) 
strain of normotensive rat as the sole control for SHR 
in most studies (14). Thus, comparison of SHR to other 
normotensive strains in addition to the WKY could pro-
vide a wider scope for the interpretation of the expected 
findings. Despite these arguments, the most conspicuous 
flaw of the hypothesis related to membrane fluidity and 
hypertension is that little concern is given to the relation 
between other biophysical and functional properties of 
smooth muscle membranes that determine vascular re-
activity and thus peripheral resistance and a consequent 
hypertensive state.

In the present investigation, the structure of mem-
branes reconstituted with lipids extracted from resistance 
(mesenteric) and conductance (aorta) vessels of SHR, 
normotensive Wistar rats (NWR), and WKY was studied via 
the ESR signal of nitroxide spin labels incorporated into the 
membranes. This technique has been extensively used to 
monitor the viscosity and polarity of the microenvironment 
where the probes are localized (see, for instance, Ref. 15, 
and references therein). The nitroxide ESR signal is sensi-
tive to movements in the range of 10-7 to 10-11 s, therefore 
distinguishing regions of different packing. Moreover, due 
to the asymmetry of the nitroxide moiety, its ESR signal is 
also sensitive to bilayer order. Spin labeled phospholipids 
at different acyl chain positions were used to monitor the 
bilayer structure at different depths. These labels, similar to 
biological phospholipids, intercalate into the bilayer, monitor-
ing the structure of the reconstituted lipid membranes.

Material and Methods

Reagents
The phospholipids 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) and [1-palmitoyl-2-oleoyl-sn-
glycero-3-(phospho-L-serine)] (POPS) cholesterol, and the 
spin labels 1-palmitoyl-2-(n-doxylstearoyl)-sn-glycero-3-
phosphocholine (n-PCSL, n = 5 and 16) were purchased 
from Avanti Polar Lipids (USA). All products were used 
as received and their chemical structures are presented 
in Figure 1. Egg lecithin, (4-(2-hydroxyethyl)-1-piperiz-
ineethanesulfonic acid (HEPES), 1,4-piperazinediethane-
sulfonic acid (Pipes) and ethylenediaminetetraacetic acid 
(EDTA) were purchased from Sigma (USA).

Animal handling 
Experiments were carried out using 12- to 14-week-

old (290-320 g) male Okamoto and Aoki (16) SHR, the 
normotensive WKY (16), and NWR from the Wistar In-
stitute, Philadelphia, PA, USA, inbred at Escola Paulista 
de Medicina, Universidade Federal de São Paulo, SP, 
Brazil. The animals, housed 5 to a cage (60 x 40 x 16 cm), 
received food and water ad libitum. All experiments were 
carried out according to existing guidelines on ethics in 
animal care. The care, handling, housing, and research 

Figure 1. Structures of lipids and spin labels. POPC = phospho-
lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; POPS = 
[1-palmitoyl-2-oleoyl-sn-glycero-3-(phospho-L-serine)]; n-PCSL = 
1-palmitoyl-2-(n-doxylstearoyl)-sn-glycero-3-phosphocholine.
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protocols conformed to the guiding principles for animal 
experimentation enunciated by the International Associa-
tion for the Study of Pain and approved by the internal 
Ethics Committee of Universidade Federal de São Paulo, 
UNIFESP. Aorta and mesenteric arteries were collected 
by laparotomy immediately after sacrifice by cerebral con-
cussion and immersed in cooled, pH-equilibrated-buffered 
Krebs solution for up to 15 min.

Phospholipid extraction and purification
After removal of adherent connective tissue, the aorta 

and mesenteric arteries collected from 15 to 20 animals 
per group were weighed, washed with cold phosphate-
buffered aerated Krebs solution, pH 7.5, chopped, and 
minced in chloroform:methanol (2:1, v/v). Phospholipids 
were collected from supernatants after a 5-h incubation in 
chloroform:methanol under magnetic stirring and centrifu-
gation at 1500 g for 20 min. The procedure was repeated 
three times and then twice with isopropanol:hexane:water 
(55:20:25, v/v/v) (17). The supernatants were pooled, 
dried under a stream of N2 at 37°C, and suspended in 5 
mL chloroform:methanol solution. Non-lipid contaminants, 
gangliosides and neutral glycolipids with long carbohy-
drate chains were separated from the phospholipids by 
Folch’s partitioning (18). The Folch lower phase was ap-
plied to a silica-gel column (10 x 60 mm) equilibrated with 
chloroform:methanol (9.5:0.5, v/v). Cholesterol was eluted 
from the column with 5 volumes of chloroform:methanol 
(9.5:0.5 and 9.0:1.0, v/v), and the phospholipids were 
eluted with 5 volumes of chloroform:methanol (7:3 and 2:8, 
v/v) and 5 volumes of isopropanol:hexane:water (55:20:25, 
v/v/v). The Folch lower phase was dried and analyzed for 
phospholipid content by high-performance thin layer chroma-
tography (HPTLC) using chloroform:methanol:methylamine 
(63:35:10, v/v/v) as the mobile phase, and visualized as 
blue spots with the Dittmer-Lester reagent. Sterols were 
determined by HPTLC, developed in chloroform:ethyl 
ether:acetic acid (97:2.3:0.5, v/v/v), and visualized using 
the copper acetate reagent. The non-polar phospholipids 
were measured by HPTLC. Cholesterol was removed from 
Folch’s lower phase phospholipid extracts by silica-gel 
column chromatography with a 2-step chloroform/methanol 
elution. The lipids of different fractions were dried under a 
stream of N2 at 37°C and analyzed by HPTLC on silica gel 
60 plates (Merck, Germany).

Phospholipid and cholesterol quantification
Total phospholipid concentrations were assayed as 

described (19). Aorta and mesenteric artery phospholipid 
composition and cholesterol content were determined by 
HPTLC. After staining the HPTLC plates, phospholipids 
were quantified by densitometry at 525 nm (Shimadzu 
CS9301, Japan). The commercially available phospholipid 
standards phosphatidylinositol (PI) and phosphatidylcholine 
(PC) from Matreya Inc. (Pleasant Gap, USA) and phosphati-

dylethanolamine (PE), sphingomyelin (SM), phosphatidyl-
serine (PS), and cholesterol from Sigma-Aldrich Corporation 
(USA) were used as 1-mg/mL solutions.

Gas chromatograph-mass spectrometry
Purified phospholipid samples (20 µg) were dried in 

Pyrex tubes with Teflon-lined screw caps. Methanolysis 
was carried out in 1.0 mL 1 M HCl in anhydrous methanol 
(MeOH/HCl) and heated at 80°C for 16 h. The cooled 
methanolysates were partitioned three times with equal 
volumes of hexane. The pooled hexane phases containing 
fatty acid methyl esters (FAMEs) were dried under N2 at 37°C 
and resuspended in 100 µL hexane. Gas chromatography-
mass spectrometry (GC-MS) analysis was performed at a 
temperature gradient of 40 to 300°C at 5°C/min followed 
by a 5-min period at 300°C using a CP-Sil 8 CB column in 
a CP-3800/1200L mass spectrometer (Varian Inc., USA), 
with splitless injection. All derivatives were identified by their 
retention times and mass spectra were compared to their 
authentic standards and to published data.

Lipid dispersion preparation
A film was formed from the chloroform/methanol solution 

of the Folch lower phase extracted lipids (phospholipids 
and cholesterol) with spin labels. The optimal spin label 
concentrations displaying absence of spin-spin interac-
tions were determined to be 0.6 mol% for the 5-PCSL and 
0.2 mol%, for the 16-PCSL. The preparations were dried 
under a stream of N2 and left under reduced pressure for 
2 h to remove any trace of organic solvents. Dispersions 
were prepared with film hydration by the addition of a buff-
ered Krebs solution, pH 7.4, and vortexed. The final lipid 
dispersion (10 mM) was loaded onto a capillary for ESR 
measurements. The egg lecithin reference membrane was 
made as 10 mM dispersions prepared in HEPES buffer, pH 
7.4. The POPC or POPS films were hydrated with 20 mM 
Pipes, 1 mM EDTA, 150 mM NaCl, 0.002% NaN3, pH 7.4 
buffer. Both samples contain the same total lipid concen-
tration (16.4 mg/mL). Cholesterol-saturated membranes 
of POPC and POPS were also prepared (molar ratio of 50 
and 33 mol% relative to total lipid, in POPC and POPS, 
respectively) (20).

ESR spectroscopy 
ESR measurements were performed with a Bruker 

EMX spectrometer (Germany). The sample temperature 
was controlled within 0.2°C by a Bruker BVT-2000 variable 
temperature device. The temperature was checked with a 
Fluke 51 K/J thermometer (USA) with the probe placed just 
above the cavity. The sample temperature varied from 5 to 
55°C. To ensure thermal equilibrium, before each scan, the 
sample was left at the desired temperature for at least 5 
min. The ESR data were acquired immediately after sample 
preparation. Field-modulation amplitude of 1 G and micro-
wave power of 10 mW were used. The magnetic field was 
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measured with a Bruker ER 035 NMR Gaussmeter. For the 
highly anisotropic spectra of 5-PCSL, the isotropic hyperfine 
splitting was calculated from the equation (21):

a A Ao = + ⊥( / )( )/ /1 3 2                                                       [1]

where A// (= Amax) is the maximum hyperfine splitting directly 
measured in the spectrum (Figure 2), and
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where 2Amin is the measured inner hyperfine splitting (Figure 
2) and Axx, Ayy and Azz are the principal values of the hyperfine 
tensor for doxylpropane (22). Effective order parameters, 
Seff, were calculated from the equation (23):
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Results and Discussion

Phospholipid and cholesterol quantification
The lipid composition of all membrane preparations used 

for ESR spectrum studies was quantified. Phospholipid 
concentrations were the same in resistance and conduc-

tance vessels of the hypertensive and normotensive rat 
strains. The figures ranged from 60 to 40 mol% among the 
different preparations. On the other hand, cholesterol levels 
were significantly higher in the arteries of the normotensive 
rat strains, ranging from 40 to 70 mol% in resistance and 
conductance vessels of the normotensive strains, while 
the same vessels of the hypertensive rats had (2 ± 1) x 10 
mol% of cholesterol (Table 1). Also, no significant differ-
ences were observed in the amount of PE, PC, SM, PS, 
or PI in the mesenteric or aorta arteries among the 3 rat 
strains, as shown in Figure 1. In the mesenteric arteries 
from WKY animals, there was possibly a somewhat lower 
content of SM and a larger content of PS than in the aorta 
from the same rat strain. 

Despite the biophysical and pharmacological differences 
between conductance and resistance vessel in membrane 
resting potentials and vascular reactivity to vasoconstrictor 
agents or blood pressure (24,25), no significant differences 
were observed in the concentrations of bulk phospholipid 
headgroups between the aorta and mesenteric vessels re-
gardless of rat strain. Apparently, the low cholesterol levels 
of the SHR arteries do not relate to vascular reactivity or 
directly to the hypertensive state since this lipid had low 
expression in both resistance and conductance vessels that 
are hyper- and hyporeactive to vasoconstrictor agents.

Phospholipid fatty acid composition
Mass spectrometry determination of fatty acid compo-

sition as methylester (FAMES) derivatives showed similar 
lipid composition in both aorta and mesenteric artery lipid 
extracts from hypertensive SHR, normotensive WKY ani-
mals or NWR. Stearic and palmitic acids were the major 
saturated fatty acid components while arachidonic and 

Figure 2. Phospholipid composition of aorta and mesenteric artery smooth muscle cell membranes from spontaneously hypertensive 
rats (SHR), normotensive Wistar-Kyoto rats (WKY) and normotensive Wistar rats (NWR). PE = phosphatidyl-ethanolamine; PC = 
phosphatidylcholine; SM = sphigmomielin; PS = phosphatidylserine; PI = phosphatidylinositol. The height of the columns indicate the 
average of 3 replicate assays of a total of 5 (SHR), 3 (WKY) or 4 (NWR) pools of 10 to 30 arteries each. The bars indicate the SEM. *P 
< 0.05 compared to the respective phospholipid concentration in aorta arteries (ANOVA, Bonferroni’s test).
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oleic acids were the main unsaturated fatty acids in the 
VSMC membranes from the arteries of the 3 rat strains 
(Table 2). There was no difference in fatty acid composition 
between the aorta and mesenteric arteries and between 
any of the three rat strains. However, both the aorta and 
mesenteric arteries of SHR showed a lower proportion of 
palmitic acid and a higher proportion of arachidonic acid 
than the same arteries from normotensive WKY animals 
or NWR. In contrast to the present findings, decreased 
levels of linoleic, arachidonic and eicosapentaenoic acids 
were reported in arteries of stroke-prone hypertensive rats 
(SHRSP) (26). However, in agreement with our results, a 
higher proportion of arachidonic acid was found in the plas-
ma membrane of VSMC of SHRSP (27). Table 2 shows the 
GC-MS analyses of saturated and unsaturated FAMEs from 
SHR, WKY and NWR pooled aorta or mesenteric arteries. 
In addition to the mentioned differences in palmitic and 
arachidonic acid ratios, SHR apparently have a smaller 
saturated/unsaturated FAME ratio than the arteries of the 
normotensive WKY or NWR strains, but at this point it is 
difficult to ascertain whether the difference has biological 
significance or is statistically significant.

Spin label structural analysis
The ESR spectra of 5- and 16-PCSL spin labels (Figure 2) 

incorporated into membranes reconstituted from the lipids 
extracted from the aorta and mesenteric arteries of normo-

tensive NWR and WKY and hypertensive SHR, at 37°C are 
shown in Figure 3. The nitroxide ESR signal, used to monitor 
viscosity and polarity in the probe microenvironment (22), 
can distinguish regions of different lipid packing. The spec-
tra are typical of spin labels incorporated into lipid bilayers 
(23,28), presenting a much higher anisotropy at the acyl 
chain 5-C atom position compared to the bilayer core (16-C 
atom position). This increase in mobility and/or decrease in 
order towards the bilayer core are the fingerprint of a bilayer. 

Table 2. Saturated and unsaturated fatty acid methyl ester content of aorta and mesenteric arteries from the rat strains studied.

SHR WKY NWR

Aorta Mesenteric Aorta Mesenteric Aorta Mesenteric

Saturated fatty acids
Myristic acid ND ND ND ND 0.5 0.6
Palmitic acid 18.5 18.4 27.4 26.5 27.8 24.8
Stearic acid 36.3 37.7 35.6 33.8 31.5 33.6
Arachidic acid 0.9 1.2 0.8 0.9 0.9 1.3
Behenic acid ND ND ND 1.3 2.5 2.0
Lignoceric acid 3.9 2.1 3.4 1.9 2.7 2.5
Total 59.6 59.4 67.2 64.4 65.9 64.8

Unsaturated fatty acids
Palmitoleic acid ND 1.6 0.6 0.9 1.1 0.8
Oleic acid 10.3 12.3 11.0 11.1 10.2 9.2
Nervonic acid ND ND 2.0 2.1 2.2 1.9
Linoleic acid 3.4 3.0 2.5 3.2 4.6 4.8
Dihomo-γ-linolenic acid 0.9 0.5 0.7 0.7 1.0 0.9
Arachidonic acid 25.8 23.2 16.0 17.6 15.0 17.6
Total 40.4 40.6 32.8 35.6 34.1 35.2

Saturated/unsaturated FAMEs ratio 1.5 1.5 2.0 1.8 1.9 1.8

Data were obtained by gas chromatography-mass spectrometry determination of fatty acid methyl ester (FAMEs) derived from purified 
aorta and mesenteric artery phospholipid pools of spontaneously hypertensive (SHR), Wistar-Kyoto (WKY) and normotensive Wistar 
rats (NWR). ND = not determined.

Table 1. Phospholipid and cholesterol content of the aorta and 
mesenteric arteries of the rat strains studied.

Aorta Mesenteric arteries

Phospholipids Cholesterol Phospholipids Cholesterol

SHR 5 ± 1 2 ± 1 6 ± 2 2 ± 1
WKY 4 ± 1 4 ± 1 5 ± 2 7 ± 3
NWR 4 ± 1 3 ± 1 5 ± 1 4 ± 1

Data are reported as means ± SD of 3 independent experiments 
containing 15 to 30 arteries. SHR = spontaneously hypertensive 
rats; WKY = Wistar-Kyoto rats; NWR = normotensive Wistar rats. 
Phospholipids were determined by phosphate measurement as 
described by Rouser et al. (19). Cholesterol was quantified by 
high-performance thin layer chromatography densitometry at 525 
nm. 
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Hence, the extracted lipids in the buffer system are forming 
vesicles consisting of one or more bilayers. There is no 
indication of the presence of more than one component in 
the ESR spectra of 5- or 16-PCSL, at any temperature, for 
any of the systems studied. Therefore, these membranes 
seem to be rather homogeneous systems. The spectra of 
each label incorporated into the different arteries of the dif-
ferent rat strains look very similar. For a better evaluation, 
specific ESR parameters were measured.

Spectra of 5-PCSL (Figure 3) are typical of fluid bilayers, 
yielded by the label in a rather ordered location, close to the 
bilayer-water interface, where the label has fast movement 
around its long axis (22). In that case, the bilayer can be 
well analyzed by the effective order parameter Seff (see 
Material and Methods). As expected, the order parameter 

decreases as the temperature increases (Figure 4A). 16-
PCSL monitors the lipid bilayer packing at the membrane 
core, where the lipid chains are highly disordered and 
loose, and an order parameter cannot be directly calcu-
lated from the ESR spectra. So, with 16-PCSL, the best 
experimental parameter to be used over the whole range 
of temperature is the ratio between the amplitudes of the 
low and central field lines, corresponding to the nitrogen 
spin numbers mI = +1 and mI = 0 (h+1 / h0; see Figure 2). 
This parameter approaches unity as the movement of the 
label gets faster and more isotropic. As shown in Figure 4B,  
h+1 / ho increases with temperature as the label environment 
viscosity decreases. 

Figure 4 shows the ESR data of lipid bilayers reconsti-
tuted from SHR, WKY, and NWR aorta and smooth muscle 

Figure 3. ESR spectra of 5-PCSL and 16-PCSL incorporated into reconstituted lipid bilayers from the aorta and mesenteric arteries of 
normotensive Wistar rats (NWR), Wistar-Kyoto rats (WKY) and spontaneously hypertensive rats (SHR), at 37°C. The hyperfine split-
tings Amax and Amin, and the amplitudes of low (h+1) and central (h0) field lines are indicated. Total spectrum width = 100 G. The values 
shown are those of Seff for 5-PCSL and h+1 / h0 for 16-PCSL spectra. 
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mesenteric arteries. The high reproducibility of the method, 
true for all lipid preparation samples, may be appreciated by 
the small deviations shown in Figure 3 (three assays were 
done for each preparation). Surprisingly, the reconstituted 
lipid bilayers from the aorta and mesenteric arteries of nor-
motensive NWR and WKY, or hypertensive SHR, presented 
very similar packing, both at the 5th C- and 16th C-atom 
positions, at all studied temperatures (28,29). To stress 
their similarity, the values of Seff and h+1 / h0, obtained for 
5- and 16-PCSL, respectively, at 37°C, are indicated in the 
corresponding spectrum in Figure 2.

It is interesting to compare the packing of the bilayers 
formed by the extracted lipids with those of other lipid 
membranes frequently used as references such as egg 
lecithin bilayers, a composition of phosphocholine lipids 
extracted from egg yolk with different hydrocarbon chains, 
both saturated and unsaturated (around 50% each), and 
single phospholipid bilayers made of the zwitterionic lipid 

POPC and the anionic POPS (saturated bilayers cannot be 
compared at the temperature interval used, as they present 
phase transition). Looking at the order at the 5th C-atom 
position (Seff in Figure 4A), it is clear that the three distinct 
reference bilayers, lecithin, POPC and POPS, present very 
similar packing parameters, which are much lower than 
those calculated for the extracted lipids. At the rather fluid 
bilayer core, where small packing differences can be well 
detected, 16-PCSL ESR spectra indicate a higher packing 
for POPS as compared to POPC and lecithin (lower h+1 / h0 
ratios in Figure 4B), which can be attributed to inter-head-
group hydrogen bonding in POPS (29). The membranes 
containing lecithin, POPC and POPS, have the absence 
of cholesterol in common, which is known to increase the 
order and/or decrease the mobility of lipids in the fluid phase 
(30). When cholesterol is added to POPC and POPS, which 
show different ability for cholesterol incorporation, 50 and 
36 mol% for POPC and POPS, respectively (20,31), the 

Figure 4. Temperature dependence of Seff measured on the ESR spectra of 5-PCSL (A), and the h+1 / h0 ratio measured on the ESR 
spectra of 16-PCSL (B), incorporated into reconstituted lipid bilayers from the aorta (open symbols) or mesenteric arteries (filled sym-
bols) of normotensive Wistar rats (NWR), Wistar-Kyoto rats (WKY) or spontaneously hypertensive rats (SHR). The ESR parameters 
are compared to those yielded by the labels incorporated into POPC (inverted triangles), POPS (star) saturated with cholesterol (filled 
inverted triangles and stars), and egg lecithin (S) bilayers. Each point corresponds to the mean value of three different assays, which 
contained lipids extracted from 10 rats, and the uncertainties are reported as standard deviations and represented by the vertical bars. 
When smaller than the symbols, the latter are not shown. For other abbreviations, see legend to Figure 1.
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packing of the bilayers increases considerably (increase 
in the bilayer effective order parameter at the 5th C-atom 
position, Seff in Figure 4A, and increase in the order and/
or decrease in the mobility at the 16th C-atom position, 
decrease in the h+1 / h0 in Figure 4B). Accordingly, POPC, 
which incorporates more cholesterol (50 mol%), displays 
a rather more organized/packed bilayer (higher Seff and 
lower h+1 / h0).

As shown in Figure 4A, the 5-PCSL Seff values obtained 
with the extracted lipid bilayers are similar to those obtained 
with cholesterol-saturated POPS bilayers, and lower than 
those obtained with POPC (50 mol% cholesterol). This may 
indicate 30 to 40 mol% as the cholesterol fraction present in 
the total extracted lipids. However, one should be careful in 
drawing such a conclusion, since the different lipid compo-
sition of the extracted lipids as compared to POPS, which 
could result in different cholesterol packing effects (32). The 
16-PCSL label, which monitors the bilayer core, indicates 
that the extracted lipid bilayers are even slightly more fluid 
than cholesterol-saturated POPS bilayers (higher h+1 / h0 
values for temperatures above 35°C in Figure 4B). 

Biological and biophysical membrane properties and 
vascular reactivity 

The present findings, in consonance with earlier reports 
(25,26), show that there are no important differences in 
bulk phospholipids or fatty acid composition of the aorta or 
mesenteric artery VSMC lipids from normotensive animal 
strains or rats with genetically determined hypertension. In 
parallel, membranes prepared from the lipids extracted from 
the different arteries of the three rat strains, hypertensive or 
not, were found to be structurally very similar. The fact that 
our data from reconstituted membranes differ from reports 
showing increased microviscosity of SHR membranes (2) 
in intact cell preparations shifts the focus to the role of cell 
membrane proteins or the protein-lipid rafts in the mem-
brane microenvironment (33,34). Yet, a direct comparison 
of the reported ESR data (12) with our data is difficult 
since no ESR spectra are shown in the cited paper that 
refer only to the calculated parameters. However, despite 
the generalized increases of membrane rigidity reported 
for SHR systems, the link between membrane fluidity and 
the hypertensive state is still unclear. First, the predicted 
rigidity of SHR cell membranes would not translate per se 
into increased reactivity of resistance vessels and hyperten-
sion. Contrarily, according to most functional predictions, 
reduced membrane fluidity would signal reduced protein 
mobility and function leading to impairment of the vascular 
reactivity of resistance vessels. The second consideration 
is that the SHR aorta is hyporeactive (24) and the SHR 
mesenteric artery is hyperreactive (11) to vasoconstrictors 
notwithstanding the increased microviscosity reported for 
membranes of both arteries (26). Finally, membrane micro-
viscosity may be strongly influenced by ionic concentrations 
in the membrane microenvironment (2), in particular those 

of intracellular calcium ion (Ca2+). Calcium ions have other 
actions directly related to membrane properties that ulti-
mately determine smooth muscle reactivity (35-37).

Though it is well known that the characteristics of a native 
membrane are highly dependent on its intrinsic proteins, 
the result obtained with reconstituted bilayers from artery 
lipid extracts is a first step towards the understanding of 
the role of lipids alone in the structural organization of cell 
membranes. 

Interestingly, cholesterol content was found to be lower 
in cells of both mesenteric and aorta arteries from the hyper-
tensive SHR strain (~30 mol%) than in the corresponding 
arteries of the normotensive WKY animals and NWR (45-50 
mol%; Table 1). Although the lower cholesterol concentra-
tions in the SHR arteries bear no direct relationship to 
vascular reactivity, since cholesterol concentrations are the 
same in both aorta and mesenteric arteries, the finding may 
be considered to be intriguing. Since the lipids of aorta and 
mesenteric arteries display very similar packing as assessed 
by the highly sensitive technique of membrane-incorporated 
spin labels, it is important to keep in mind that different bi-
layers present different cholesterol saturating limits, as for 
instance POPC (50 mol%) and POPS (36 mol%) (31). Usu-
ally, cholesterol concentrations higher than the saturation 
limit do not influence the ESR signal (32), and thus excess 
cholesterol is supposed to be present in cholesterol-rich 
domains, either in the membrane or as cholesterol crystal-
lites (20,31, and references therein). Thus, the cholesterol 
of the normotensive rat strain arteries could be localized 
in such cholesterol-rich domains, inside or outside the 
membranes, or at specific sites of the membrane, possibly 
surrounding certain protein structures or protein-lipid raft 
moieties (38). This could explain the same order/mobility for 
bilayers with different cholesterol compositions. Comparison 
with the ESR data obtained with the same labels from other 
natural systems such as reconstructed membranes of calf 
lens lipids (33) supports this argument. The latter model 
yielded ESR spectra comparable to those obtained with 
POPC + 50 mol% cholesterol, which are typical of labels 
in a rather organized environment (Figure 4). Furthermore, 
since cholesterol is known to decrease lipid mobility in the 
fluid phase (30), the prediction would be that high choles-
terol content, and not low cholesterol in vascular smooth 
muscle, would decrease vascular reactivity. Nevertheless, 
the biological significance of cholesterol aggregates in cells, 
albeit attributed to a disorder of cholesterol metabolism, is 
still a matter of open discussion (39). 

There is no indication that differences in phospholipid 
and fatty acid composition, cholesterol content or bulk 
lipid packing in hypertensive rat arteries can be related to 
vascular reactivity and/or hypertension. The significance of 
the lower cholesterol content in the SHR bears no direct 
relation to vascular reactivity but may be indirectly related 
to hypertension as a causal factor or even be caused by 
the hypertensive state in view of the numerous metabolic 
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characteristics of the SHR. Alternatively, the lower cho-
lesterol concentrations in the SHR arteries could be due 
to the expression of genes that co-segregate with those 
that determine hypertension during the process of strain 
selection.
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