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Summary. Neutrophil accumulation and the consequent
production of oxygen-derived free radicals are involved
in the pathogenesis of Ischemia-Reperfusion syndrome.
In this study we investigated whether a treatment with
Vitamin E, which has antioxidant properties, could
attenuate the tissue damage by interfering with the influx
of neutrophils within the ischemic and reperfused human
skeletal muscle.

To this purpose, patients undergoing aortic cross-
clamping during the surgical repair of aortic abdominal
aneurysm were studied as a model of ischemia-
reperfusion of the lower limb muscles. Muscle biopsies
from the right femoral quadriceps of patients not
receiving and receiving Vitamin E pretreatment before
surgery were taken: a) after the induction of anaesthesia,
as control samples, and b) after a period of ischemia
followed by 30 min of reperfusion. The tissue samples
were either routinely processed for morphological study
and immunohistochemical analysis to detect an altered
expression of specific endothelial adhesion proteins,
such as E-selectin and ICAM-1. The results obtained
showed that Vitamin E administration was able to
prevent the accumulation of neutrophils within the
ischemic and reperfused muscle. This beneficial effect of
Vitamin E was due to its ability to hinder the expression
of E-selectin and ICAM-1, molecules known to increase
the adhesiveness of endothelium to circulating
neutrophils. After treatment with Vitamin E a marked
attenuation of the reperfusion injury was also evident. In
conclusion, Vitamin E treatment may be considered a
valuable tool for protection against the ischemia-
reperfusion damage of human skeletal muscle.
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Introduction

The role of neutrophils in ischemia-reperfusion
injury has been well established (Horgan et al., 1990;
Walden et al., 1990; Zimmeran et al., 1990; Formigli et
al., 1992; Siminiak and Ozawa, 1993; Albertine et al.,
1994). Indeed, neutrophils accumulate within the
ischemic and reperfused (I-R) tissue and contribute to
exacerbate the tissue damage by actively producing
radical O, metabolites (ROM) via the membrane-
associated enzyme NADPH oxidase. There is increasing
evidence that the microvascular endothelium plays an
important role in initiating the events associated with the
ischemia-reperfusion syndrome (Granger et al., 1993;
Kubes, 1993; Lefer et al., 1993; Grace, 1994) by
releasing chemotactic factors (Crawford et al., 1988;
Montrucchio et al., 1989; Formigli et al., 1992) and
expressing adhesion proteins specific for circulating
neutrophils (Lewis et al., 1988; Kubes et al., 1990a,b;
Palluy et al., 1992; Granger et al., 1993). In particular,
cytokine-activated endothelial cells express E-selectin
and the intercellular adhesion molecule (ICAM-I), which
have been postulated to be responsible for the initial
rolling event and the further adhesion strengthening of
neutrophils to the endothelium (Bevilacqua et al., 1989;
Luscinskas et al., 1991; Bevilacqua, 1993; Kukielka et
al., 1993; Shen and Verrier, 1994). There is now a
growing interest in the endogenous substances capable
of inhibiting the emigration of neutrophils into the
ischemic and reperfused tissues and, consequently, the
neutrophil-induced injuries. Vitamin E, a lipophylic
antioxidant capable of protecting cellular and subcellular
membranes from oxygen radical injury (Massey and
Burton, 1989; Farris, 1990), may represent one of these
factors. In fact, it has been suggested that Vitamin E may
interfere with neutrophil accumulation in the I-R rat
myocardium (Campo et al., 1994). Accordingly, after
treatment with Vitamin E, a significant reduction in the
mieloperoxidase (MPO) activity has been shown in the
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ischemic and reperfused rat myocardium (Campo et al.,
1994). However, the precise mechanisms of action of
Vitamin E upon tissue neutrophil infiltration remain to
be elucidated.

The present study was undertaken to evaluate
whether a treatment with Vitamin E before the induction
of ischemia was able to reduce the recruitment of
neutrophils within the ischemic and reperfused human
skeletal muscle and hamper the expression of specific
endothelial adhesion proteins responsible for neutrophil-
endothelial interactions.

Materials and methods

Muscle biopsies from twenty male patients, (mean
age 654 years), bearing an abdominal aortic aneurysm
and undergoing aortic reconstructive surgery, were
studied. None of the patients was diabetic or showed
evidence of peripheral vascular, renal insufficiency or
muscle disease. The patients were divided into two
groups of 10 patients each. Group 1 did not receive any
drug before surgery; Group 2 received 600 mg (600
UI) of vitamin E (d,1-a-tocopheryl-acetate, Roche)
administered orally for 8 days prior to the surgery. All
the patients gave a written declaration of informed
consent to the study according to the human subjects
institutional review committee guidelines. They were
premedicated with atropine (0.01 mg/kg) and morphine
(0.1 mg/Kg) 1 h before induction of general anaesthesia
which was induced with thiopentone (3 mg/Kg) and
atracurium besylate (0.6 mg/Kg) and maintained with
isofluorane in O,-air (FiO, 30%). The patients were
connected to a volume controlled ventilator (Draeger,
Werck AV1, Germany) in order to maintain an end-tidal
CO, (ETCO;) (Capnolog, Draeger, Werck) between
35 and 40 mmHg. Muscle relaxation was obtained
with a continuous infusion of atracurium besylate
(0.45 mg/kg/h). ETCO,, invasive arterial blood
pressure (CM 120 Philips, Holland) and haemoglobin
saturation (SaO,) (Nellcor 1000, Hayward, California,
USA) were continuously monitored during the surgical
procedures. The mean duration of the surgery was
280 min (range 210-480) with an average duration
of the ischemic period of 75 min (range 55-170).
Fluidotherapy consisted in polysaline solutions and
colloids.

Cross-clamping and subsequent declamping of the
aorta during surgery of abdominal aortic grafting is
known to be a suitable model of I-R of human skeletal
muscle of the lower limbs (Novelli et al., 1990). In this
study, muscle biopsies from the vastus medialis of the
right femoral quadriceps were obtained from Vitamin E-
treated and untreated patients and in particular: 1)
immediately after the induction of anaesthesia, as non-
ischemic control samples, and 2) 30 min after
reperfusion.

The tissue samples were processed for light and
electron microscopic examinations and for the
immunohistochemical analysis.

Electron microscopy

Small fragments of muscle tissue were fixed in cold
4% glutaraldehyde in 0.1M cacodylate buffer, pH 7.4, at
room temperature for 4 hours and postfixed in 1%
osmium tetroxide in 0.1 M phosphate buffer, pH 7.4, at
4 °C for 1 hour. The samples were dehydrated in a
graded acetone series, passed through propylene oxide
and embedded in Epon 812. The tissue fragments were
embedded with the muscle fiber running parallel to the
plane of the sections. Semithin sections, 1-2 um thick,
were cut and stained with toluidine blue Na-tetraborate
and observed under a light microscope. Thin sections
were also obtained from the same specimens, stained
with uranyl acetate and alkaline bismuth subnitrate and
examined under a Siemens Elmiskop at 80 KW.

Immunohistochemistry

The muscle samples were frozen in liquid nitrogen
and stored at -80 °C until sectioning. Cryostat serial
sections, 6 um thick, were obtained and then fixed in
cold acetone for 10 min. After washes in PBS, some
sections were incubated overnight with anti-E-selectin
murine monoclonal Ab (MoAb) (Bender MedSystem)
diluted 1:100 in TBS in a moist chamber at 4 °C. Other
sections were incubated with ICAM-1 MoAb (Bender
MedSystem) diluted 1:500. The immunoreactivity was
revealed using the streptoavidin-biotin alkaline
phosphatase staining technique (DAKO, LSAB Kit). The
immunostained sections were then counterstained in
Mayer’s haemalum and mounted in an aqueous medium.
Negative controls were obtained by substituting the
primary MoAb with non-immune mouse serum.

For each group of patients, almost 200 slices were
cut from biopsies obtained after the induction of
anaesthesia as well as at the end of reperfusion. In
addition, for each slice 5 random microscopic fields
were examined and the number of the vessels staining
positively for E-selectin and ICAM-1 was counted at a
magnification of 25X.

Results
Control muscle tissue

After the induction of anaesthesia, the non ischemic
muscle tissue coming from Vitamin E-untreated and
Vitamin E-treated patients showed all the morphological
and ultrastructural features of normal skeletal muscle.
The microvascular endothelium showed no staining for
E-selectin and sometimes only a weak reactivity for
ICAM-I. In particular, 5% of the small blood vessels
examined stained positively for ICAM-1 (see Table 1).

Vitamin E untreated |-R muscle

By light microscopy the dominant features of the
muscle tissue were an increased adherence of neutro-
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Table 1. Molecular and morphological alterations of the ischemic and
reperfused human skeletal muscle.

NEUTROPHIL  E-SELECTIN ICAM-1 TISSUE
ACCUMULATION DAMAGE
Control skeletal
muscle - « § =
Vit. E untreated I-R
skeletal muscle +++ +++ +++ +++
Vit. E-treated I-R
skeletal muscle ks + + +

- P
Fig. 1. a. Ischemic and reperfused human skeletal muscle. Numerous neutrophils are visible inside a postcapillary venule and in the surrounding
tissue. Semithin section stained with toluidine blue-Na tetraborate. x 130. b. Vitamin E-treated ischemic and reperfused human skeletal muscle. No

neutrophils are seen in the vicinities of the vascular lining or in the extravascular spaces. Semithin section stained with toluidine blue-Na tetraborate.
x 150

phils to the vessel wall and emigration of these cells
from the blood compartment into the surrounding tissue
(Fig. 1a). This increase in neutrophil adhesion in
response to ischemia and reperfusion, was accompanied
by the expression of the endothelial adhesive molecules
for circulating neutrophils (see Table 1). In fact, most of
the endothelial lining of capillaries and postcapillary
venules stained positively for both E-selectin and ICAM-
(Figs. 2, 3). In particular, 80% of the small blood vessels
examined were positive for E-selectin while 60%
revealed a strong ICAM-1 staining.

The ultrastructural analysis showed that in many, if

Fig. 2. Ischemic and reperfused human skeletal muscle. Immunoalkaline phosphatase staining: a strong positive reaction for E-selectin is visible at the

inner vascular wall of a postcapillary venule (arrows). x 250

Fig. 3. Ischemic and reperfused human skeletal muscle. Immunoalkaline phosphatase staining: a marked positivity for ICAM-1 is seen on the

endothelial lining of postcapillary venules (arrows). x 750
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not all, the muscle fibers there were several signs of
damage including intermyofibrillar oedema, loss of
glycogen particles, swollen mitochondria with dissolved
matrix and disrupted cristae (Fig. 4a). Sometimes
mitochondria contained electron-dense amorphous
bodies within their matrix (Fig. 6).

Occasionally, severe fiber alterations could also be
seen. In fact, in some areas, myofibrils appeared either
interspersed with small patches of Z-disc material (Fig.
5a) or disarranged with loss of Z-discs (Fig. 6).

Vitamin E treated-I-R muscle

Light microscopy showed a marked reduction in the
neutrophil accumulation in the muscle tissue (see Table
1). Only a few neutrophils were seen either to marginate
the venular endothelium or to migrate deeply into the
connective stroma among the muscle fibers (Fig. 1b).
The endothelium of capillaries and postcapillary venules
showed only a little staining for E-selectin or ICAM-I,
20% of the vessels being positive for E-selectin and 10%
reactive for ICAM-I.

The ultrastructural investigation showed that most of

the fibers retained a quite normal appearance. In fact, the
intermyofibrillar oedema was virtually absent, mito-
chondria exhibited a normal morphology, apart from
localized areas of low amplitude swellings (Fig. 4b).
Myofibrils always appeared properly arranged (Fig. 5b)
and disruption of Z-discs was never seen.

Discussion

Adhesion of neutrophils to the endothelium is the
first step in the localization of circulating leukocytes at
the sites of tissue inflammation.

This process requires many different signals or
proinflammatory molecules, including activated
complement (C5a), leukotriene B4 (LTB4), platelet
activator factor (PAF), histamine and oxygen radicals,
that direct neutrophils to the inflamed tissue (Kubes,
1993; Ikeda et al., 1994). These molecules, in turn,
induce the expression of specific endothelial adhesion
proteins (Pober and Cotran, 1991; Bevilacqua, 1993;
Smith, 1993; Ikeda et al., 1994) that favour the adhesion
of circulating leukocytes to the endothelium and their
emigration into the tissue (Luscinskas et al., 1991).

Fig. 4. a. Ischemic and reperfused human skeletal muscle. Swollen mitochondria are seen in the subsarcolemmal region. x 26,000. b. Vitamin E-
treated ischemic and reperfused human skeletal muscle. Well preserved mitochondria within the fiber are shown. x 44,000
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Fig. 5. a. Ischemic and reperfused human skeletal muscle. Patches of Z-
disc material (arrows) are visible among the myofibrils which still largely
retain their proper orientation. x 9,000. b. Vitamin E-treated ischemic and
reperfused human skeletal muscle. The muscle tissue shows a quite
normal appearance: the myofibrils are properly arranged and no sign of
fiber oedema is evident. x 10,000

Fig. 6. Ischemic and reperfused human skeletal muscle. Marked
degenerative changes consisting of focal disarrangement of the
myofibrillar pattern are shown. Note that mitochondria contain abnormal
electron-dense amorphous bodies within their matrix (arrows). x 22,000
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Events occurring at the interface between circulating
neutrophils and the microvascular endothelium are also
critical in the pathogenesis of the I-R injury. In fact,
there is increasing evidence suggesting that reperfusion
of ischemic tissues may be considered as an acute form
of inflammation, characterized by activation, adherence
and diapedesis of neutrophils and by an increased
microvascular permeability (Crawford et al., 1988;
Montrucchio et al., 1989; Formigli et al., 1992, 1995;
Nose, 1993; Bulkley, 1994). Consistent with this idea,
the present findings suggest that the enhanced neutrophil
intravascular margination, their diapedesis across the
postcapillary venular endothelium and infiltration in the
connective tissue surrounding skeletal muscle fibers in
response to I-R, are mediated by the expression and/or
upregulation of endothelial adhesive molecules, such as
E-selectin and ICAM-I. These results extend our
previous observations that neutrophil adhesion to the
microvasculature is dependent upon E-selectin
expression (Formigli et al., 1995) and suggest that
multiple endothelial-dependent mechanisms are required
for the effective neutrophil extravasation and, therefore,
for the occurrence of tissue damage. It should be pointed
out that the effect of ischemia and reperfusion on
skeletal muscle mitochondria were strictly dependent
upon the duration of the ischemic period, with drastic
changes occurring only after a long period of ischemia,
as previously reported (Bakker et al., 1995).

Most studies so far have stressed the effect of
Vitamin E as a major lipophylic compound capable of
protecting the cellular membranes against the
peroxidative alterations (Massey and Burton, 1989;
Farris, 1990; Kappus and Diplock, 1992). Accordingly,
Vitamin E is depleted during ischemia and reperfusion
(Murphy et al., 1992; Coghlan et al., 1993) and Vitamin
E therapy has a preventive role against the free radical-
mediated damage associated with ischemia-reperfusion
(Petty et al., 1992; Shum-Tim et al., 1992; Abadie et al.,
1993; Haramaki et al., 1993; Kotegawa et al., 1993;
Mickle and Weisel, 1993; Campo et al., 1994). In
particular, we recently showed that Vitamin E is able to
decrease the tissue levels of malondialdehyde, a product
of lipid peroxidation, in the ischemic and reperfused
human skeletal muscle (Novelli et al., 1996). Besides
interfering with the propagation of free radical chain
reactions within the cell membrane, Vitamin E may also
interfere with neutrophil accumulation within ischemic
and reperfused tissues. In the present study, we have
provided the first experimental evidence that Vitamin E
is capable of inhibiting the infiltration of neutrophils in
human skeletal muscle upon ischemia-reperfusion. This
beneficial effect of Vitamin E appears to be related to the
preservation of the endothelial functions, including a
decreased expression of E-selectin and ICAM-I. Since
ROM are involved in the endothelial-dependent adhesion
of neutrophils (Palluy et al., 1992), it is conceivable that
the reduced endothelial adhesiveness after treatment
with Vitamin E may also be due to a direct antioxidant
action of this molecule within the endothelial cell

membrane. It is also possible that Vitamin E, acting as
membrane stabilizer, may prevent the accumulation of
proinflammatory agents, such as PAF and LTB4, which
are known to be potent leukocyte chemoattractans
(Lewis et al., 1988; Kubes et al., 1990a,b). In addition,
an effect of Vitamin E on the migratory activity of
neutrophils cannot be ruled out. Accordingly, a
significant reduction in the neutrophil chemotaxis has
been shown in the blood samples of healthy volunteers
receiving a dietary supplementation with Vitamin E
(Luostarinen et al., 1991). Taken together, the results of
this study show that a well coordinated series of events
promoting neutrophil/
endothelial interactions plays a key role in the patho-
genesis of the ischemia-reperfusion syndrome of the
human skeletal muscle. Vitamin E seems to prevent
reperfusion injury mostly by interfering with the release
and expression of those factors responsible for the
recruitment of neutrophils within the ischemic and
reperfused tissue. Vitamin E treatment might, therefore,
be considered a valuable and effective therapeutic tool
for protecting skeletal muscle tissue from I-R injury.
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