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Effects of L-carnitine and its acetate and propionate esters
on the molecular dynamics of human erythrocyte membrane
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EPR and fluorescence probes were used in this study to define the effects of L-carnitine and its short-chain esters,
acetyl-L-carnitine and propionyl-L-carnitine, on the natural fluidity gradient and molecular packing of phospholipid headgroups
of erythrocyte membrane in intact cells. Purified erythrocyte suspensions, labeled with different stearic acid derivatives
containing a stable doxyl radical ring at the C-5, C-7, C-12 and C-16, were incubated with 0.5-5 mM L-carnitine and its esters for
60 min at 37°C and washed twice with an isosmotic buffer. A decrease in the order parameter, calculated from the EPR spectra
of the 5-doxylstearic acid derivative, was observed at all the concentrations of propionyl-L-carnitine and the extent of the
decrease was dose and temperature dependent. An increase of the chain length between the doxyl ring and the carboxylic group
of the spin label, resulted in a much lower efficacy of propionyl-L-carnitine in decreasing the order parameter. Acetyl-L-carnitine
also showed a significant effect of decreasing the molecular order but only at the lower temperatures of red cells labeled with
5-doxyl and treated with the highest concentration of the drug. L-Carnitine did not modify the molecular dynamics at all the
temperatures and concentrations used in this study. L-Carnitine and its short-chain derivatives did not alter significantly
membrane fluidity of deeper regions of the erythrocyte membrane, measured by means of the excimer /monomer fluorescence
intesity ratio of pyrene incorporated into the membrane of intact erythrocytes. However, these compounds were all capable of
loosening the molecular packing of the polar head of erythrocyte membrane phospholipids evaluated by the membrane binding
fluorescence properties of merocyanine-540. The binding of the fluorescent probe decreased in the order propionyl-L-carnitine >
acetyl-L-carnitine > L-carnitine. Our findings suggest that this category of compounds affect the molecular dynamics of a
membrane bilayer region close to the glycerol backbone of phospholipids, which might be relevant for the expression of
membrane functions.

Introduction intermediate in the course of myocardial ischemia may

lead to profound alteration of the membrane functions

Human erythrocytes represent a useful model for
studying the effect of amphiphilic compounds on the
physico-chemical status of biological membranes. In
this context, it has been shown that palmitoyl-L-
carnitine significantly affected the molecular dynamics
of purified suspension of human erythrocytes, suggest-
ing that the documented accumulation of this metabolic
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of myocytes [1]. The addition of 2 mM vL-carnitine (LC)
was able to normalize the membrane molecular dynam-
ics of those erythrocyte exposed to palmitoyl-L-carnitine
[2]. Haeyaert et al. [3] have also found that long-chain
acylcarnitines decreased the steady-state fluorescence
polarization of 1,6-diphenyl-1,3,5-hexatriene (DPH), an
index of the lipid bilayer molecular dynamics, in pure
and mixed phospholipid vesicles, and that this effect
was dependent on the length of the acyl chain esteri-
fied to carnitine.

A recent study from our laboratory has shown that
L-carnitine and acetyl-L-carnitine (ALC) were capable
of modulating erythrocyte membrane stability, most
likely via a specific interaction with cytoskeletal mem-
brane proteins, when resealed ghost containing 20-300



230

uM of these compounds were subjected to ektacyto-
metric analysis [4]. Interestingly, Fritz et al. have found
that LC inhibited fibrinogen induced-clustering of ery-
throcytes, suggesting a mechanism of action in which
LC would affect the surface charge distribution of the
red cell membrane [5]. In addition to these in vitro
observations on the potential modulatory effects of L.C
and its short-chain esters on membrane functions, in
vivo studies provided evidence that ALC administra-
tion influenced the lipid and protein composition of
biological membranes [6-10]. From these latter studies,
however, it is not clear whether ALC is acting directly
or indirectly on the membrane lipid and/or protein
turnover. On the other hand, by affecting the physical
status of the lipid bilayer one may influence a variety
of cellular physiological activities that are confined to
the cell membrane.

In this study, we decided to examine in some detail
the effect of LC and its short-chain esters on parame-
ters concerning the physical status of the erythrocyte
membrane in intact human red cells. Propionyl-L-
carnitine (PLC), ALC and LC seem to decrease the
molecular packing of the polar head of membrane
phospholipids, with PLC being the most effective
molecule. However, only PLC and ALC increased the
molecular dynamics of erythrocyte membrane compo-
nents in a region close to the membrane surface, but
no effect was recorded in deeper regions of the ery-
throcyte membrane bilayer.

Materials and Methods

Erythrocyte preparation

Freshly taken venous human blood from healthy
volunteers, anticoagulated with heparin, was processed
to remove leukocytes and platelets [11] and washed
three times with 0.9% NaCl. Isolated erythrocytes were
then washed with incubation buffer (140 mM Na(l, 5
mM KCl, 1 mM MgSO,, 1 mM NaH,PO,, 5 mM
glucose, 10 mM Tris-HCI, at pH 7.4) and resuspended
in the same buffer at a final hematocrit of 50%.

Spin labeling and EPR studies

Stearic acid derivatives labeled by stable doxyl radi-
cal ring at the C-5 (5-DSA), C-7 (7-DSA), C-12 (12-
DSA) and C-16 (16-DSA) position (counted from the
carboxylic group of the stearic acid derivatives) were
used. Spin labels were added to 500 ul erythrocyte
suspension at a concentration of 10 g and incubated
for 60 min at 4°C in a shaking water bath. Spin labeled
erythrocytes were washed twice with the incubation
buffer and reincubated for 60 min at 37°C with either
LC, ALC or PLC (final hematocrit 50%). Incubations
were ended by washing cells twice with cold incubation
buffer and the pellet was aspirated into a flat quartz

cuvette thermostated at various temperatures. EPR
spectra were obtained using a spin-resonance spec-
trometer (Instrument built at the Institute of Electro-
chemical Engineering, St. Petersburg, Russia) operat-
ing at a center field strength of 3280 G with an 8 min
scan-time to scan 100 G, a 0.25 s time constant, a
modulation amplitude of 2.0 G and 20 mW microwave
power. Order parameter (Sgpg) values were calculated
according to Gaffney [12].

Merocyanine-540 and pyrene fluorescence studies

Changes occurring on the molecular packing of
membrane surface in intact cells were measured by
following the binding of the fluorescent probe mero-
cyanine-540 to the outer hemileaflet of the red cell
membrane [13]. Erythrocytes treated with LC, ALC
and PLC, as described above, were labeled with mero-
cyanine-540 as recently reported [13,14]. The amount
of dye bound to the erythrocytes membrane was evalu-
ated by observing fluorescence emission taken with a
Perkin Elmer LS-5B Luminescence Spectrophotom-
eter, equipped with a thermostated cell compartment.
The excitation wavelength was 560 nm while the emis-
sion wavelength was 594 nm (ex. and em. slit width 5
nm). In order to minimize photobleaching and photoly-
sis phenomena, all procedures were carried out in the
dark and the time for fluorescence measurement was
less than 30 s. In addition, to prove the membrane
surface location of the dye, quenching experiments
were carried out by adding, in the cell compartment
containing the labeled erythrocytes, the water soluble
compound bis[3-(trimethylamino)propylbenzothiazole-
(2)lpentamethinecyanine bromide, diS-C;N(C);-(5) (a
kind gift from Dr. A. Waggoner).

Fluidity studies were performed by measuring the
excimer /monomer (E /M) fluorescence ratio of
pyrene incorporated in intact erythrocytes [15,16]. Red
cells were incubated with 0.1 uM pyrene in the incuba-
tion buffer for 60 min at 37°C (final hematocrit of 4%).
Pyrene labeled erythrocytes were washed twice with
incubation buffer and the cells were treated with LC,
ALC and PLC as described above. The maximum
excitation wavelength was found at 332 nm and the
maximum monomer and excimer emission wavelengths
were 375 and 460 nm, respectively (ex. and em. slit
width 5 nm). It should be noted that hemoglobin did
not affect the E /M fluorescence ratio of the erythro-
cyte membrane in intact red cells.

All the fluorescence measurements were corrected
for the contribution of intrinsic fluorescence and light
scattering.

Statistics

Values are the average of four experiments per-
formed in duplicate +S.D. A Student’s ¢-test was used
to determine the statistical differences between the



experimental groups, assuming P = 0.05 as the limit of
significance.

Results and Discussion

In the past decade, several studies have addressed
the potential harmful effects of amphiphilic molecules,
such as long-chain acylcarnitines, lysophospholipids and
acyl-CoAs, on the physiological expression of biological
membranes [17,18]. Long-chain acylcarnitines, in par-
ticular, have been shown to alter profoundly the molec-
ular dynamics of membrane phospholipids, measured
either with fluorescent or EPR probes [1,3]. However,
it is known that depending on the concentration of
either long-chain acylcarnitine or lysophospholipids,
they also improve the mechanical stability of erythro-
cyte membrane [19,20]. Studies from our laboratory
have demonstrated that LC and ALC induced changes
in the membrane stability, but not deformability, in
resealed ghosts [4]. The extent of the increase of mem-
brane stability was inversely correlated with the con-
centration of LC and ALC, such that at the lowest
concentration used, which was close to that physio-
logically present in intact erythrocytes, the highest value
of membrane stability was observed. Since this parame-
ter is considered to be important in the understanding
of how red cells can undergo passive deformation in
blood capillaries [21], our findings would suggest that
LC and ALC may improve the stability of the erytho-
cyte membranes when subjected to high shear stress.
Moreover, it was shown that PLC also had a similar
effect and the extent of the increase in membrane
stability was slightly higher than ALC (unpublished
data). These findings, however, do not help us to
understand whether these molecules are also capable
of affecting the physico-chemical status of the erythro-
cyte membrane, although at the doses used for the
membrane stability measurements, we could not detect
any changes of the lipid order parameter in resealed
ghosts [4]. In order to obtain a more detailed picture
on the potential modulation of the membrane physico-
chemical status by such compounds, we have carried
out studies on the effect of LC, ALC and PLC on
natural fluidity gradient and molecular packing of
phospholipid headgroups in intact erythrocytes.

The failure to find any effect of both LC and ALC
on the order parameter in resealed ghosts, must some-
how be related to the low concentration of these com-
pounds used and /or the non-appropriate experimental
approach utilized [4]. In fact, by using fluorescence
steady-state anisotropy of DPH to measure the order
parameter, as we did, one is mainly looking at the
molecular order of the membrane core, where the
highly apolar fluorescent probe is embedded [22,23].
To overcome this regional limitation, it is possible to
use spin-labeled stearic acid derivatives in which the
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spin probe, a doxyl radical ring, is attached to different
carbon number of the fatty acid. In this way, one may
scan the methylene group dynamics of the membrane
from the region close to the surface of the lipid bilayer
to those situaded more deeply [24). Thus, the
anisotropic motion of fatty acid spin probes incorpo-
rated into biological membranes can be characterized
by the measure of an empirical order parameter, Sgpp
[12]. This value can be calculated from the spectral line
splittings reflecting the amplitute of the motional
anisotropy and will be dependent on the particular
intramembrane location sampled by the probe [12,24].
It should be noted that, because of the anisotropy of
the erythrocyte membrane, the calculated order pa-
rameters are not true ones [25]. However, the apparent
order parameter, which describes essentially the spin-
label freedom of motion, can be used to gain informa-
tions on the molecular dynamic of the red cell mem-
brane.

Fig. 1 shows that when 5-DSA labeled erythrocytes
were treated with PLC, a significant decrease of the
Sepr Was observed at all the temperatures tested. A
clear dose-dependent effect on the Sgpg was also
evident, although at lower temperatures a better de-
creasing ordering effect was seen. As a matter of fact,
at the lowest concentrations of PLC (0.5 and 1 mM),
an increase of the temperature caused the Sgpg to
return to the control values. In addition, a similar
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Fig. 1. Effect of PLC on the membrane order parameter of intact
human erythrocytes. Human erythrocytes, labeled with 5-DSA, were
incubated with different concentrations of PLC as reported in Mate-
rials and Methods. The cells were washed twice with an isosmotic
buffer and Sgpr was calculated from the EPR spectra recorded at
the temperatures indicated by arrows in the graph. Significant
changes of PLC-treated versus control values at different tempera-
tures: 21°C, P <0.01 with 0.5, 1 and 2 mM, and P < 0.001 with 5
mM; 26°C, P < 0.05 with 0.5 and 1 mM, and P < 0.01 with 1 and 2
mM; 31°C P <0.05 with 1 and 2 mM, and P < 0.01 with 5 mM; 37°C,
P < 0.01 with 5 mM.
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TABLE I

Effect of acetyl-L-carnitine on the membrane order parameter of intact
human erythrocytes

Human erythrocytes, labeled with 5-DSA, were incubated with ALC
as reported in Materials and Methods. The cells were washed once
with an isosmotic buffer and Sgpg was calculated from the EPR
spectra recorded at the temperatures indicated. Significant changes
with respect to control values: * P < 0.05; ** P < 0.001.

Temper- Control Acetyl-L-carnitine (mM)
ature
2.5 5
O
21 0.773 £ 0.008 0.768 + 0.005 0.749 4+ 0.007 **
26 0.737 +0.005 0.7304-0.006 0.723+0.005 *
31 0.709 4+ 0.009 0.712+0.005 0.698 +0.008
37 0.672 £ 0.006 0.678 +0.008 0.676 + 0.005

dose-dependent effect of the Sgpgr calculated with the
methyl-ester derivative of the 5-DSA was obtained
(data not shown). This latter finding would rule out the
possibility that PLC is causing changes on the motional
freedom of the spin-label through an ion-pair associa-
tion of its quaternary ammonium group with the car-
boxylate anion of the 5-DSA.

It is known that due to the heterogeneous composi-
tion of biological membranes, gel-phase transitions or
phase separations are events difficult to detect [26].
However, the better efficacy of PLC in increasing the
molecular dynamics at the lower temperatures may
suggest that this compound, like other chaotropic
molecules [27], is decreasing the temperature of the
gel-to-liquid crystalline transition. It should be taken
into account that higher temperatures, as a result of an
increase in kinetic energy, may also affect the binding
capacity of PLC to the surface of the membrane, thus
decreasing the effective amount of this LC ester bound
to the membrane. On the other hand, PLC seems
generally to increase the molecular dynamics in a re-
gion of the membrane bilayer close to the polar heads
of membrane phospholipids. ALC showed a significant
decreasing ordering effect at lower temperatures, al-
though this effect was present only at the highest
concentration (Table I). LC did not modify the Sgpy at
all the temperatures and concentrations used in this
study. In addition, by using the b-stercoisomers of
PLC, ALC and LC, we have obtained results similar to
those reported above for the L-stereoisomers (data not
shown).

Taken together, these data suggest that the increase
of the molecular dynamics induced by PLC may be
related to the better efficacy of the more hydrophobic
propionate moiety to intercalate between the polar
heads of membrane phospholipids, perturbing in this
way the alkane-chain environment close to the polar
headgroups. The slight effect of ALC on the molecular
order of membrane red cell components may be as-

cribed to the shorter chain ester moiety. According to
this assumption, LC did not show any alteration of the
Sepr at all the concentrations used. In addition, our
observations are reminescent of earlier findings in
which the enhanced disordering effect elicited by acyl-
carnitines on pure and mixed phopsholipid vesicles,
measured by means of steady-state fluorescence polar-
ization of DPH, was linearly correlated with the in-
creased chain length (C-12 to C-16) of the carnitine
esters [3]. Fig. 2, however, shows that PLC possesses
only a minor pertubing effect on the molecular order
of the membrane red cell component, when the doxyl
ring was located deeper in the membrane core. A
significant decrease of the Sgpg value was recorded
with 7-DSA, but only at the highest concentration (5
mM) of PLC treatment. With 12-DSA and 16-DSA, we
were not able to detect any changes in the Sgpy values.
These data are in good agreement with the idea that
the deeper the hydrocarbon belt region of the red cell
membrane examined for molecular order lies, the lower
is the influence of the propionate moiety on such a
biophysical parameter.

In another series of experiments, we wanted to
explore the potential effect of LC and its derivatives on
the E /M fluorescence intesity ratio of pyrene incor-
porated into the membrane of intact erythrocytes.
Given the concept that the pyrene E /M ratio repre-
sent a measure of the fluidity in a membrane bilayer
region between the hydrophobic core and the polar
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Fig. 2. Order parameter profile of PLC-treated erythrocytes. Human

erythrocytes labeled with either 5-DSA, 7-DSA, 12-DSA or 16-DSA,

were incubated with PLC as reported in Materials and Methods. The

cells were washed twice with an isosmotic buffer and Sgpg was

calculated from the EPR spectra recorded at 21°C of the various spin

labels. Significant changes of PLC-treated versus control values:
* P <005, ** P<0.01.



surface of a lipid bilayer [16], such measurements would
further aid us in the understanding the depth-depend-
ent effects reported above. Thus, the E /M ratios in
erythrocytes treated with LC, ALC or PLC at 37°C,
even at concentrations up to 5 mM, were not signifi-
cantly different from those ratios measured in un-
treated red cells (data not shown). This lack of effect
on the membrane fluidity in deeper regions would
confirm the above EPR findings. It should be noted
that the EPR measurements of Sgpg with the 7-, 12-
and 16-DSA were carried out at 21°C (Fig. 2) and that
the Sgpr value obtained with the 7-DSA from 5 mM
PLC treated-erythrocyte at 37°C was comparable to
untreated red cells.

Arienti et al. found that ALLC and LC were able to
increase membrane fluidity in rat brain microsomes
and liposomes made with rat brain lipid microsomes.
In this study, membrane fluidity was computed by
measuring the steady-state fluorescence anisotropy of
DPH. These data are not in agreement with our find-
ings, particularly if one considers that the changes in
fluidity reported by these authors were obtained with a
probe located in the membrane core of the lipid bilayer
[22,23]. However, the concentration of LC and ALC
utilized in our study are lower than in the rat brain
microsomes study (2.5-25 mM), but more importantly,
in our study the effective concentration of these com-
pounds interacting with the membrane were much
lower, since after the incubation, erythrocytes were
washed and then resuspended in a buffer free of LC
and ALC. On the other hand, LC and ALC, at very
high doses, may still affect the molecular dynamics of
the membrane core, most likely through changes occur-
ring in the glycerol backbone region of the membrane
bilayer, which indirectly might alter the fluidity of the
deeper hydrocarbon belt of the membrane.

Previous studies have demonstrated that the fluores-
cent probe merocyanine-540 provides satisfactory in-
formation on the molecular packing of the polar head
of erythrocyte membrane phospholipids [13,14,28]. The
binding of merocyanine-540 to the surface of a lipid
bilayer changes its fluorescence spectral characteristic:
a red shift of the emission peak is accompained with an
increase of fluorescence intensity [13). This is mainly
caused by the interaction of the fluorescent probe with
the less hydrophilic enviroment of the outer emileaflet
of the erythrocyte membrane [13,28]. This prompted us
to extend our observations on the effects of LC, ALC
and PLC on the degree of molecular packing of the
glycerol backbone region of erythrocyte membrane.
Table II shows that all the compounds tested signifi-
cantly increased the red shifted fluorescence emission
of merocyanine-540 with respect to control erythro-
cytes. In addition, an increase of PLC concentration
(from 1 to 5 mM) caused a parallel increase of the red
shifted fluorescence emission (Fig. 3). The addition of
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TAble 11

Effects of L-carnitine and its short-chain esters on merocyanine-540
binding on human erythrocytes

Human erythrocytes were incubated at 37°C for 60 min with 5 mM of
LC, ALC or PLC. Cellular suspensions were washed with an isos-
motic buffer and labeled with merocyanine-540. Fluorescence mea-
surements are given as arbitrary units. Significant changes with
respect to control values: * P <0.05; ** P <0.001.

Fluorescence intensity

Control 17.3+0.5
L-Carnitine 228+0.7 *
Acetyl-L-carnitine 31.3+0.5 **
Propionyl-L-carnitine 37.6+05 **

diS-C;N(CD-(5) in the cuvette before the fluorescence
measurements, completely suppressed the merocya-
nine-540 fluorescence emission in both control and LC,
ALC, and PLC treated erythrocytes. This latter obser-
vation confirmed that the location of the probe is truly
the outer hemileaflet of the erythrocyte membrane
[14,28].

As merocyanine-540 binds preferentially to mem-
branes which have a loosened lipid packing near the
headgroup of phospholipids [13], our data would sug-
gest that in addition to a decrease of the order para-
mater detected in a hydrocarbon belt region close to
the membrane surface, PLC and ALC are also decreas-
ing the molecular packing of those phospholipid head-

31

F(t)/F(¢)

Propionyl-L-carnitine (mM)

Fig. 3. Dose-dependent effect of PLC on the merocyanine-540 bind-
ing on human erythrocytes. Red cells were incubated at 37°C for 60
min with different concentrations of PLC. Cellular suspensions were
washed with an isosmotic buffer and labeled with merocyanine-540
as reported in Materials and Methods.The fluorescence ratios of
PLC-treated /control erythrocytes are reported on the ordinate.
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groups located in the outer hemileaflet. Interestingly,
even LC, which did not influence the molecular order
of the red cell membrane, significantly loosened the
packing of phospholipid headgroups, although to a
lesser extent than PLC and ALC (merocyanine-540
binding decreased in the order PLC > ALC > LC). On
the other hand, the short acyl chain present in ALC
and PLC, which appears to be required for the de-
crease of the Sgpr, would further affect the molecular
packing of erythrocyte membrane phospholipids. Fritz
et al. have shown that LC inhibited the clustering of
human red cells induced by either fibrinogen or clus-
terin [5]. This phenomena was evident even when wash-
ing red cells preincubated with LC, indeed a non-
saturable binding of radiolabeled LC to red cell mem-
brane was demonstrated. Although the nature of the
plasma membrane binding domain of LC is not known,
our observations may well fit with this intriguing effect
of LC on the dispersion of red cells. In addition, since
we have demonstrated that these compounds modulate
the membrane stability, probably by interacting with
specific cytoskeleton protein domains [4], one may rea-
sonably assume that outer membrane surface domains
of intrinsic membrane proteins are involved in the
binding with LC and its short-chain esters, which in
turn would cause the alterations of the molecular pack-
ing. In addition, the treatment of intact erythrocyte
with a thiol group alkylating reagent resulted in a large
decrease of LC binding to the membrane surface [5].
Our findings, however, would not rule out the possibil-
ity that LC and its short-chain esters may also affect
the ionization state of phospholipid domains dis-
tributed in the outer hemileaflet of membrane red cell,
a process also known to alter the molecular packing
[29]. In this context, it has been proposed, on the basis
of crystal X-ray diffraction, neutron diffraction and
NMR studies, that the overall conformation of the PC
headgroup, a phospholipid which is mainly distributed
on the outer hemileaflet of the membrane erythrocyte,
is folded to form a layer of polar heads oriented
parallel to the plane of the membrane [30). Thus, the
quaternary ammonium group protons of PC interact
intermolecularly with a neighboring PC phosphate
group at an average angle of 90°. This kind of configu-
ration may be easily tilted by carnitine and its short
chain derivatives, since the positive quaternary ammo-
nium and negative carboxylic group present at the two
ends of its skeleton carbon may weaken the inter-
molecular interaction between two adjacent PC, most
likely favoring a decrease of the head group molecular
packing.

Recently, several research groups have provided evi-
dence that LC and its short-chain esters, ALC and
PLC, posses benificial therapeutic effects against the
so-called ischemia-reperfusion injury of the heart in
both human and animal studies [31-35]. In addition,

acute treatment with ALC caused an alteration in the
age-induced modification of the inner mitochondrial
membrane protein composition in the rat cerebellum
[6]. The same type of treatment was also capable of
restoring the cardiolipin content and the phosphate
carrier function in heart mitochondria from old rats [9].
The pharmacological mechanism of action is not well
understood, although the two most credited hypotheses
are the energy-linked and antioxidant activity. In this
respect, our results may offer an additional element of
discussion in the interpretation of the ameliorative
effects of LC and its short chain esters in such patho-
logical conditions. In conclusion, besides the potential
pharmacological and physiological implications of our
findings, this class of compounds are effective in modu-
lating the physico-chemical behaviour of the biological
membrane when they are present either inside or out-
side the cell.
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