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Despite high plasma levels of vitamin E, red blood cell
membranes contain relatively low levels of vitamin E.
This suggests the existence of a selective vitamin E
uptake/regeneration system in human red blood cell
membranes. o-Tocopherol binding sites on human red
blood cells are thought to be involved in the uptake of
o-tocopherol from the plasma. To understand the role
of the uptake system we have compared the a-toco-
pherol content and binding activity of red blood cells
from smokers and non-smokers. The specific binding
of [*H]o-tocopherol to pure red blood cell preparations
from smokers (n = 7, 28.4 + 2.8 years) was 30.6 £ 3.2
fmoles per 3 x 10® red blood cells and for non-smokers
{n =17, 279 £ 1.3 years) was 41.7 + 3.7 fmoles per 3 x
10® red blood cells. Thus a-tocopherol uptake activity
was significantly lower in smokers (P = 0.05). Red
blood cells from smokers contained less (1.8 + 0.4
ug/gHb) a-tocopherol than non-smokers (2.8 + 0.3
ug/gHb), (P < 0.05), despite plasma levels of o-toco-
pherol being similar: 12.9 + 0.8 uM in non-smokers vs.
12.7 + 0.5 UM in smokers. However, adjusting plasma
o-tocopherol for total plasma cholesterol plus triacyl-
glycerols showed o-tocopherol levels were higher (P <
0.01) in non-smokers (2.84 + 0.10 pmol o-tocopherol/
mmol [cholesterol+triacylglycerol]) than in smokers
(2.36 £ 0.11 umol a-tocopherol /mmol [cholesterol +tri-
acylglycerol]). The reduced o-tocopherol levels in red
blood cells from smokers may be due to impairment of
a-tocopherol uptake activity. The reduced levels of a-
tocopherol in smokers red blood cells was not associ-

ated with any changes in cell membrane fluidity. At
present it is not known whether supplementation of
smokers with vitamin E would normalise the a-toco-
pherol uptake activity of red blood cells.

Keywords: Smoking, a-tocopherol uptake, red blood cells, o-
tocopherol, membrane fluidity

Abbreviations used: BHT, butylated hydroxytoluene; BMR,
Basal metabolic rate; Hb, Haemoglobin; HPLC, High pres-
sure liquid chromatography; HDL, High density lipopro-
teins; LDL, Low density lipoproteins

INTRODUCTION

Vitamin E (RRR-tocopherol) is the major lipid-
soluble antioxidant in human red blood cell
membranes, where it plays an important role in
the suppression of free radical-induced lipid per-
oxidation.!"?! Hence, the regulation of o-toco-
pherol concentrations in membranes is critically
important in maintaining red blood cell mem-
brane structure and function. During their rela-
tively short life, in which no protein synthesis
occurs, human red blood cells come in contact
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with free radicals produced from many sources,
e.g. oxidised haemoglobin, drugs, etc., which
ultimately can produce very reactive superox-
ides.!®! Efficient defence systems in human red
blood cells are located in both the cytosol and
membrane. The membrane itself contains vita-
min E as the major, if not only, lipid soluble chain
breaking antioxidant.! Although the level of vit-
amin E in the human red blood cell membrane is
relatively low compared with plasma levels,¥)
the normal red blood cell membranes from
healthy volunteers do not contain any significant
amounts of lipid peroxides when freshly iso-
lated. This suggests the existence of a selective
system for vitamin E uptake and/or regeneration
in red blood cell membranes.! Vitamin E defi-
ciency leads to increased membrane fragility and
decreased cell survival time under conditions of
oxidative stress—as happens in premature
babies. The control of cellular uptake of vitamin
E is therefore a potentially important step in the
regulation of vitamin E metabolism. In fact, the
existence of the a-tocopherol uptake system in
several cell types, such as human red blood cell,
adrenocortical cells, endothelial cells and liver
membranes has been reported.'*'%! However, no
information is available on the uptake activity in
oxidative stress conditions such as smoking.
Cigarette smoking can induce various deleteri-
ous effects on cellular systems by perturbing
both plasma and cellular antioxidant sys-
tems.!12] The increased tendency of erythro-
cytes of smokers to peroxidise was reported
despite smokers having similar plasma vitamin E
levels as in non-smokers.'”! The increased ten-
dency of erythrocytes of smokers to peroxidise
can be abolished by supplementation with huge
amounts of a-tocopherol™ indicating that smok-
ers may have a greater requirement for vitamin E
than non-smokers. It is possible that impairment
of the vitamin E uptake system in red blood cells
may be partly responsible for enhanced suscepti-
bility to peroxidation in smokers as these cells
would accumulate less than adequate amounts of
vitamin E despite having similar plasma levels of
vitamin E as non-smokers. However no informa-

tion is available regarding the effects of cigarette
smoking on vitamin E uptake by red blood cells
of smokers. To address this issue we are cur-
rently investigating the o-tocopherol uptake
activity of human red blood cells in smokers.

In this paper, our data demonstrate that red
blood cells have lower a-tocopherol uptake activ-
ity in smokers compared with the non-smokers,
and that the reduced uptake activity was associ-
ated with the lower levels of a-tocopherol accu-
mulation in membranes which may give rise to
an increased susceptibility to lipid peroxidation.

MATERIALS AND METHODS

Materials

D-a-[*H]Tocopherol (specific activity 55Ci/mmiol)
was purchased from Amersham International
(Amersham, U.K). Unlabelled D-o-tocopherol was
kindly supplied by Henkel Corporation, USA.
Dibutyl phthalate was obtained from Sigma,
Poole, UK. Hionic fluor and soluene-350 were
purchased from Packard, USA. All other
reagents used were of analytical grade quality.
Purity of o -[*H]Tocopherol was monitored rou-
tinely by using high performance liquid chro-
matography (HPLC) throughout the study.

Preparation of Pure Red Blood Cells

Blood collected from age and sex matched smokers
(n =7, 284 * 24 years) and non-smokers (n = 17,
27.9 £ 1.3 years) after an over-night fast was used in
this study to investigate the o-tocopherol uptake
activity of red blood cells. Blood was collected in
sodium citrate (final concentration, 13 mM) as an
anti-coagulant. Immediately after collection, blood
was centrifuged at 180 x g for 15 min. and the
plasma was removed by aspiration. The remaining
red blood cell concentrate was made up to the orig-
inal volume with phosphate buffered saline (PBS),
pH 7.4, and spun at 3000 x g for 10 min. at 4°C. The
red blood cell concentrate was then passed through
a cellulose: o-cellulose (1:1,w/w) column to
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remove residual platelets and white blood cells.!””!
The red blood cell preparation was then spun again
at 3000 x g at 4°C and the upper layer was removed.
The concentrate was washed once again with PBS
buffer. Finally, PBS was added to red blood cell
concentrate to produce an haematocrit of about
30%. The purity of the red blood cell preparation
was routinely checked for the presence of other
blood cells using a Serono-Baker automated cell
counter (Serono-Baker diagnostic Inc., USA).

[PHlo-Tocopherol Binding Assay

[*H] o-tocopherol binding activity of the pure red
blood cell preparation was measured according to
a previously published method!®! but with exten-
sive modifications." Binding characteristics of o
tocopherol with these cells were described before
by us.['*! Typically, 300 x 10° cells were incubated
with 20 nM [*H]o-tocopherol in 500ul at 4°C for
2h with regular shaking. Incubations were per-
formed in triplicate in 25 mM Tris-HCl, pH 7.4
containing 5 mM glucose, 120 mM NaC(l, 1.2 mM
MgSOy, 2.5 mM KCl, 1 mM EDTA and 1% bovine
serum albumin in a total volume of 500ul. [*H]a-
Tocopherol in alcohol was added with the final
concentration of the latter in all assays at 0.4%.
After the incubation, the mixture was carefully
placed on a layer of dibutyl phthalate and assay
buffer and was centrifuged at 12,000 x g for 3 min.
at 4°C. The red cell pellet was then solubilised in
soluene-350: propan-2-ol (1:1,v/v) and oxidised
with 30% H,O,. The scintillant hionic fluor was
added and the radioactivity measured. Since only
about 1% of the added [*H]o-tocopherol bound to
red blood cells, the concentration of the free lig-
and was essentially constant throughout the incu-
bation. Similar phenomenon was also observed
with the binding of prostaglandin E; to human
erythrocyte membranes.'”! Although this phe-
nomenon is common to most of the biological
receptors, the physiological significance is not
clearly understood.

Parallel experiments were run using a 600-fold
excess unlabelled a-tocopherol in the above incu-
bation mixture to determine the non-specific

binding. The value was subtracted from the total
a-tocopherol binding to calculate the specific
binding.

Determination of Tocopherols, Carotenoids
and Retinol in Red Blood Cells and Plasma

Tocopherols (o and ), B-carotene and retinol in
red blood cells and plasma were determined
according to Hess et al.!"®! Briefly, 1 ml of pure
red blood cells from smokers or non-smokers
were mixed with 1 ml of 25% ascorbic acid and
2 ml of ethanol and the mixture was incubated
at 70°C for 10 min. Then 2 ml of 10 M KOH was
added to the mixture and further incubated for
30 min. at 70°C. 1.2 ml hexane containing butyl-
ated hydroxytoluene (BHT) was then added,
the solutions shaken thoroughly and the upper
hexane layer transferred to a microfuge tube.
Retinyl palmitate as an internal standard was
added to the hexane together with 400 pl of dis-
tilled water. The solutions were mixed thor-
oughly and centrifuged at 6000 x g for 5
minutes. The hexane layer was dried down in a
speed vac for about 10 min. without being
allowed to dry completely. The sample was
reconstituted in 200 pul DEA [20% (v/v) 1,4
dioxan, 20% (v/v) ethanol, 60% (v/v) acetoni-
trile] and shaken for 10 min. before application
to the HPLC column. Beckman Ultrasphere
ODS 5 um (25 cm x 4.6 mm L.D.) in a column
oven set at 28°C was used. The flow rate was 1.5
ml/min and the injection volume was 100 ul.
The run time was 18 minutes. The mobile phase
for the column for a total volume of 1 L was:
acetonitrile (684 ml), tetra-hydrofuran (220 ml),
methanol (68 ml), 1% ammonium acetate (28
ml) and 2% BHT (25 ml). o and y-tocopherols
were detected by fluorescence emission at 295
nm whereas B-carotene, retinol and retinyl
palmitate were detected using a UV spec-
trophotometer.

For the determination of plasma tocopherols,
carotenoids and retinol, 200 ul of plasma was
mixed with 200 ul of water and 400 ul of ethanol
containing retinyl palmitate as internal standard
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and vortexed for 10 seconds. 800 ul of hexane (con-
taining 0.05% BHT) was added, the microtube
shaken for 10 min. and then centrifuged for 5 min.
at 6000 x g. The hexane layer was removed and
dried. The sample was then reconstituted in 200 pl
of DEA and shaken for 5-10 min. before applica-
tion to the HPLC column which was used to mea-
sure the tocopherols, B-carotene and retinol levels
in plasma as described above for red cells.

Plasma levels of vitamin C were determined
according to the method as described before.!"!
Briefly, the plasma samples were centrifuged at
10,000 rpm for 10 min. at 4°C and the supernatant
was used for vitamin C determination by HPLC
using a Nucleosil (ODS 5 pm 25 cm X 4.6 mm 1.D.)
(A. Jones Chromatography, U.K.) column. The
mobile phase was made up of sodium acetate
buffer, pH 5.0 containing EDTA, homocysteine,
acetonitrile with a flow rate of 0.55 ml/min.
Ascorbic acid was detected at 263 nm.

Determination of Plasma Lipids and
Lipoprotein Fractions

It is generally agreed that lipid-standardization is
a prerequisite for interpretation of plasma vita-
min E levels.”” o-Tocopherol standardized for
cholesterol and triacylglycerols is known to
reflect the plasma vitamin E status almost as pow-
erfully as the previously suggested o-toco-
pherol/total lipid ratio and slightly better than
the o tocopherol/cholesterol ratio.?” In this
study individual plasma tocopherol levels were
standardized for cholesterol and cholesterol plus
triacylglycerols. The cholesterol content (mmol/1)
of all lipoprotein fractions and plasma triacylglyc-
erol was determined as described before.!! LDL
cholesterol was then calculated from plasma cho-
lesterol, triacylglycerol and HDL cholesterol by
using the Friedwald formula.l?!

Determination of Red Cell Membrane
Microviscosity

Erythrocyte membrane fluorescence polarisation
was determined according to Dutta-Roy et al../!

Typically, the haemoglobin free white ghosts (50 ug
protein) in 50 mM Tris-HCl buffer, pH 7.4 contain-
ing 5 mM MgCl, were labelled with a fluorescence
probe by incubating an equal volume of 2 uyM 1,6-
diphenyl-1,3,5-hexatriene (DPH) dispersion in the
same buffer for 1 hour at 23°C. The steady-state flu-
orescence polarisation was measured in a Perkin-
Elmer Luminescence spectrophotometer (LS-5B)
fitted with a polariser accessory. Excitation and
emission wavelengths were 358 and 430 nm,
respectively. Excitation and emission slits were 5
nm. The steady-state fluorescence polarisation, P,
was calculated from the equation (i):
Iy —Glyy I

p= "% ), G=-HL
T,y +Gly T

where Iyy, and Iy are the fluorescence intensities
recorded with the analysing polariser oriented,
respectively, parallel and normal to the vertically
oriented of the polarised excitation beam. G is the
grating correction factor. Iy and Iy are the fluo-
rescence intensities determined with the emission
polariser vertically and horizontally when the exci-
tation polariser was set in the horizontal position.
Light scattering errors were minimised by assuring
that measured anisotropies were concentration-
independent. The steady-state fluorescence aniso-
tropy (r,) was obtained from the equation (ii).

_ IVV_G.IVH _ 2P
T Iy +2Gly 3-P (ii)

I

The fluorescence background of a blank sam-
ple (unlabelled membranes) never exceeded 15%
of the fluorescence signal of membranes labelled
with DPH.

Statistical Analysis

Differences between the smokers and non-smokers
were assessed by means of Students f test.
Differences were considered significant when
the P value < 0.05. Results are expressed as
means + SEM.
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Characteristics Non-smokers Smokers P
n=17 n=7 value
Age (y) 27.9+1.3 28.4+2.83 ns
Weight/height? (Kg/m?) 252+0.38 24.9+0.75 ns
Cigarettes smoked/day — ~20
BMR (kcal/day) 1716.5+£29.9 1828.8 £47.3 0.05
Cholesterol {mmol/l) 3.84+0.24 421+0.22 ns
Triacylglycerols (mmol/I) 0.76 £0.11 1.21+0.22 0.02
HDL cholesterol {(mmol/1) 0.81+0.06 0.63+0.08 0.04
LDLcholesterol (mmol/l) 2.69+0.19 3.03£0.21 ns

Experimental conditions were as described in the Methods section. Values given as mean + SEM. Differences between the groups

tested by Student’s t-test.

RESULTS

Table 1 shows the base line characteristics of
smokers (n = 7) and non-smokers (n = 17) used in
this study. No significant differences in plasma
total cholesterol and LDL cholesterol between
these two groups were observed. However, dif-
ferences in BMR, plasma levels of triacylglycerol
and HDL-cholesterol between smokers and non-
smokers reached statistical significance. Plasma
HDL-cholesterol was lower in smokers (0.63
0.08 mmol/1) compared with non-smokers (0.81
+0.06 mmol/l, P < 0.04) whereas the reverse was
true for plasma triacylglycerol levels (1.21 + 0.22

mmol/] for smokers vs. 0.76 + 0.11 mmol/] for
non-smokers, P < 0.02).

Cigarette smoking was associated with alter-
ations of antioxidants status both in plasma and in
red blood cells.''? Table-1l shows the various
antioxidants concentrations in smokers and
non-smokers in this study. The plasma levels of
o-tocopherol were similar both in smokers
(12.65 + 0.46 uM) and non-smokers (12.88 *
0.81 uM). After adjusting for total plasma cho-
lesterol plus triacylglycerols these values were
significantly different (P < 0.01) with non-smokers
having higher levels (2.84 + 0.10 umol o-toco-
pherol/mmol [cholesterol + triacylglycerol]) than

TABLEII Plasma antioxidant concentrations in smokers and non-smokers

Antioxidant Non-smokers Smokers P
n=17 n=7 value
a-tocopherol (pmol/l) 12.88 + 0.81 12,65+ 0.46 ns
a-tocopherol/cholesterol 3.38+0.11 3.05£0.16 0.055
(umol/mmol}
a-tocopherol/cholesterol+ 2.84+0.10 236+0.11 0.006
triacylglycerols (umol/mmaol)
v-tocopherol (umol/l) 0.87+0.09 1071021 ns
y-tocopherol/cholesterol
(umol/mmol) 0.23+0.02 0.27+0.06 ns
y-tocopherol/cholesterol+ 0.19£0.02 0.21+0.05 ns
Triacylglycerols (pmol/mmol)
B-carotene (umol/l) 0.36 £ 0.04 0.19+0.01 0.005
retinol (umol/1) 1.29+£0.06 1.38+0.08 ns
retinol/cholesterol (Wmol/mmol) 0.36 £0.02 0.34+0.03 ns
vitamin C (umol/1) 4857 +3.84 2397 +5.770 .001

Experimental conditions were as described in Methods section. Values given as mean + SEM, Differences between the groups tested

by Student’s one-tailed t-test.
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smokers (2.36 + 0.11 pmol a-tocopherol/mmol
[cholesterol + triacylglycerol]). Plasma levels of B-
carotene were significantly lower (P < 0.005) in
smokers (0.19 pmol/1) than in non-smokers (0.36 +
0.04 pmol/1). Similarly, plasma concentrations of
vitamin C were also significantly lower in smokers
(23.97 £5.97 umol/1) compared with non-smokers
(48.57 + 3.84 pmol/1l) P < 0.001. The range of
plasma concentrations of vitamin C in smokers
was 3.7-39.8 pumol/1 whereas 28.1-62.5 umol/1 in
non-smokers.

In order to examine the effect of smoking on
the o-tocopherol uptake activity of red blood
cells, binding of [*H]a-tocopherol to pure red
blood cells preparations from smokers and non-
smokers was determined. Red blood cells pre-
pared by the above method were found to be
devoid of any white blood cells and platelets. The
specific binding of o-tocopherol to red blood cells
was 30.6 + 3.2 fmoles per 3 x 10® red blood cells
for smokers, and 41.2 £ 3.7 fmoles per 3 x 10° red
blood cells for non-smokers, (P = 0.05).

To determine whether reduced o-tocopherol
uptake activity of red blood cells resulted in less
accumulation of a-tocopherol, concentrations of
o-tocopherol in these cells from smokers and
non-smokers were measured. The pure red blood
cells of smokers contained lower concentrations
(1.80 = 0.28 pg/gHDb) of a-tocopherol compared
with non-smokers (2.79 + 0.30 ug/gHb), P < 0.05,
which may reflect the results of reduced o-toco-
pherol uptake activity in these cells. However,
because of large variability in the binding of a-
tocopherol and its content in red blood cells both
in smokers and non-smokers, no significant cor-
relation was observed between these two mea-
sures (r = 0.4 for smokers and non-smokers).

However despite the reduced amount of o-
tocopherol in red blood cells, fluorescence polar-
isation of the cell membranes showed no
significant differences were observed in the val-
ues for membrane fluorescence anisotropy ()
viz. smokers 0.292 + 0.003, n = 14 for smokers and
smokers 0.290 £ 0.004, n = 18 for non-smokers.

DISCUSSION

Animportant area of vitamin E research concerns
the quantitative assessment of the need for this
antioxidant system to protect the body from free
radical-induced damage. However, it is impossi-
ble to develop biologically relevant estimates of
vitamin E requirements until we have a better
understanding of the mechanisms responsible
for its extracellular and intracellular transport
both in physiological conditions and in oxidative
stress."*?% Several studies have shown that there
were no differences in plasma o-tocopherol lev-
els between smokers and non-smokers and yet
red blood cells of smokers are more susceptible
to peroxidation.I"*!#! Therefore, the aim of this
study was to investigate whether cellular uptake
and metabolism of a-tocopherol was impaired in
red blood cells of smokers.

Data presented in this paper clearly demon-
strate that a-tocopherol levels of red blood cells
were lower in smokers despite total circulating
levels of a-tocopherol being similar to those of
non-smokers. However, total o-tocopherol
adjusted for plasma cholesterol plus triacylgly-
cerol was lower in smokers (P < 0.05); no such
difference was observed for y-tocopherol. As
expected from other studies both plasma B-
carotene and vitamin C levels were also signifi-
cantly lower in smokers.!'>®2% However, in this
study, the range of plasma concentrations of both
o-tocopherol and vitamin C was smaller than
those observed in some studies.” This may have
been due to the fact that volunteers selected in
this study were from the Rowett Institute and
they were closely matched for age, sex, and body
mass index and had similar socio-economic back-
ground.

It is not known whether the reduced binding
activity in smokers’ red blood cells is due to a
reduction in the number of binding sites and/or
their affinity for o-tocopherol but the lower
uptake of o-tocopherol in smokers’ red blood
cells may partly explain the lower concentrations
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of o-tocopherol. Smokers had about a third less
o-tocopherol in their red blood cells despite their
having similar a-tocopherol plasma levels in
absolute term to non-smokers. The higher plasma
concentrations of cholesterol and triacylglycerols
of smokers which led to lower a-tocopherol level
adjusted for total plasma cholesterol and triacyl-
glycerols, may also be linked if o-tocopherol
access to red blood cell membrane is mediated
through exchange with the lipoproteins.

Gas phase cigarette smoke contains approxi-
mately 1x 10'° radicals per puff."'2 The relatively
high amounts of these free radicals and other reac-
tive oxygen species in cigarette smoke can deplete
antioxidants and initiate the peroxidation of lipids
and of modifying cellular and membrane pro-
teins.!"12 The a-tocopherol uptake sites in red
blood cell membranes is reported to be protein in
nature!”? so damage to binding sites of either the
protein itself or of the surrounding lipids by smok-
ing may also explain the observed reduced o-toco-
pherol uptake activity. The membrane fluidity
depends in part on lipid constituents such as
plasma cholesterol, cholesterol/phospholipid
ratios, and the number of unsaturated double
bonds in the fatty acids in phospholipids.””} The
role of membrane fluidity with reference to the
activity of membrane-associated functions such as
enzymes, receptors and ion channels has been
reported.” Membrane fluidity of cells has also
been shown to be altered by membrane lipid per-
oxidation.®?’] Erythrocyte membrane fluidity has
been inconsistently shown to be affected in smok-
ers.’" In this study we did not observe any change
in average membrane fluidity so it seems unlikely
that the reduced uptake activity was due to the
changes in membrane fluidity. It may be possible
that smoking may have direct damaging effect on
the protein. Erythrocyte membrane proteins are
susceptible to free radical attack, a phenomenon
suggested to play a role in irreversible damage
during cell aging,®*?! seems therefore the more
likely explanation. High concentrations of glucose
was also shown to reduce the binding of a-toco-

pherol to cultured endothelial cells."”! The glucose-
mediated oxidative damage of cells is suggested to
be one of the mechanisms responsible for the
reduction of o-tocopherol uptake activity.

Several studies have shown that smokers have
lower plasma levels of vitamin C and B-carotene
due to both lower intake and increased metabolic
use.®! The decreased plasma concentration of vit-
amin C and B-carotene in smokers may limit
regeneration of oxidised o-tocopherol and demon-
stration that large doses of oral a-tocopherol abol-
ish the enhanced susceptibility of red blood cells to
peroxidation!’®! may mean that extra vitamin E
could normalise the a-tocopherol uptake activity
of red blood cells. If this occurs, however, the o-
tocopherol may need to be provided over several
weeks to allow its full protective effect to be seen in
newly produced red blood cells.
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