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Summary. Neutrophil accumulation and the consequent 
production of oxygen-derived free radica ls are invo lved 
in the pathogenesis of Ischemia-Reperfusion syndrome. 
In this study we investiga ted whether a treatment with 
Vit amin E, w hi ch has anti o xid ant prope rti es, co uld 
attenuate the tissue damage by interfering with the influx 
of neut rophils within the ischemic and reperfused human 
skeletal muscle. 

To thi s purpose, pati ents undergoing aorti c c ross
clamping during the surgical repair of aortic abdominal 
a ne ur ys m w e re s tudi ed as a mo d e l of isc he mi a
reperfusion of the lower limb muscles. Muscle biopsies 
fro m the ri g ht fe mo ra l qu adri ce ps of pa ti e nts not 
receiving and receiving Vitamin E pretrea tment before 
surgery were taken: a) after the induction of anaesthesia, 
as contro l sa mples, and b) a ft er a pe riod of ischemia 
fo llowed by 30 min of reperfusion. The tissue samples 
were either routinely processed for morphological study 
and immunohistochemical analysis to detect an altered 
express ion of specific endothe lia l adhes ion prote ins, 
such as E-se lectin and ICAM-I. The results obta ined 
s howed th a t Vit a min E admini s tra ti o n was ab le to 
preve nt th e accumul a ti o n of neutrophil s w ithin th e 
ischemic and reperfused muscle. This benefici al effect of 
Vitamin E was due to its ability to hinder the expression 
of E-selectin and ICAM-l , molecules known to increase 
th e adh es iv e ness of e nd o th e lium to circ ul a tin g 
neutrophils. A fter treatment w ith Vitamin E a marked 
attenuation of the reperfusion injury was also evident. In 
conclusion, Vitamin E trea tment may be cons idered a 
va lu abl e too l fo r pro tec ti o n aga in s t th e isc he mi a 
reperfusion damage of human skeletal muscle. 
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Introduction 

Th e ro le of neut ro phil s in ische mi a- repe rfu s io n 
injury has been well established (Horgan et aI. , 1990; 
Walden et aI. , 1990; Zimmeran et aI. , 1990; Formigli e t 
aI. , 1992; Siminiak and Ozawa, 1993; Albertine et aI. , 
1994). Indee d , ne utro phil s accumul a te within th e 
ischemic and reperfused (I-R) tissue and contribute to 
exacerbate the tissue damage by act ive ly produ c ing 
radi ca l O 2 me tabo lites ( ROM ) vi a th e me mbrane
assoc iated enzyme NADPH oxidase. There is increasing 
ev idence that the mic rovascul ar endothelium plays an 
important ro le in initiating the events assoc iated w ith the 
ischemia-repe rfus ion syndrome (Granger et aI. , 1993; 
Kub es , 1993; Lefe r e t a l. , 1993; Gr ace, 1994) b y 
re leas ing chemotac ti c facto rs (Crawford et a l. , 1988; 
Mo ntrucchio et a I. , 1989; Formig li e t a I. , 1992) and 
ex press ing adh es io n pro te ins specifi c fo r circul ating 
neutrophils (Lewis et aI. , 1988; Kubes et aI. , 1990a,b; 
Palluy et aI. , 1992; Granger et aI. , 1993). In particular, 
cy tokine-activa ted endothelial ce lls express E-selectin 
and the intercellular adhes ion molecule ( ICAM-I), which 
have been postul ated to be respons ible fo r the initia l 
rolling event and the further adhes ion strengthening of 
neut rophils to the endothelium (Bevilacqua et al. , 1989; 
Luscinskas et aI. , 1991; Bevilacqua, L993; Kukie lka et 
a l. , 1993; She n and Verri e r, 1994) . The re is now a 
grow ing interest in the endogenous substances capable 
of inhibiting the emi g ra ti o n of neutrophil s into the 
ischemic and reperfused ti ssues and , consequently, the 
neutrophil-induced injuri es . Vitamin E, a lipoph y lic 
antiox idant capable of protecting cellular and subcellular 
membranes fro m oxygen radica l injury (Massey and 
Burton, 1989; Farris, 1990), may represent one of these 
factors. In fact, it has been suggested that Vitamin E may 
interfe re w ith neutrophil accumula tion in the I-R rat 
myoca rdium (Campo et aI. , 1994). According ly, afte r 
treatment w ith Vitamin E, a s igni ficant reduction in the 
mieloperox idase (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 6514 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,l-a-tocopheryl-acetate, Roche) 
administered orally for 8 days prior to the surgery. Al1 
the patients gave a written declaration of informed 
consent to the study according to the human subjects 
institutional review committee guidelines. They were 
premdicated with atropine (0.01 mgBrg) and morphine 
(0.1 mgíKg) 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 02-air (Fi02 30%). The patients were 
connected to a volume controlled ventilator (Draeger, 
Werck AV1, Germany) in order to maintain an end-tidal 
C 0 2  (ETC02) (Capnolog, Draeger, Werck) between 
35 and 40  mmHg. Muscle relaxation was obtained 
with a continuous infusion of atracurium besylate 
(0.45 mg/kg/h). ETC02 ,  invasive arteria1 blood 
pressure (CM 120 Philips, Holland) and haemoglobin 
saturation (Sa02) (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 7 5  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 1-R of human skeletal 
muscle of the lower lirnbs (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: l )  
immediately after the induction of anaesthesia, as non- 
ischemic control samples,  and 2) 3 0  min af ter  
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 fragrnents were 
embedded with the muscle fiber running parallel to the 
plane of the sections. Semithin sections, 1-2 pm 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 pm 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 al1 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-1. In particular, 5% of the small blood vessels 
examined stained positively for ICAM-1 (see Table 1). 

Vitamin E untreated 1-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 
rnuscle + 

Vit. E untreated 1-R 
skeletal rnuscle +++ 

Vlt. E-treated 1-R 
skeletal muscle + + + t 

phils to the vessel wall and emigration of these cells 
from the blood compartment into the surrounding tissue 
(Fig. l a ) .  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 

Flg. l. a. lschemic and repemisnd human s k e W  mude, Numerow ncsuWophLIs are WiMe i.nskle a patcapillcrrgr venuk and in the ?jmm&hg 
üssue. Sernlthin section stained with tolurcllne blueNa tetraboraite. x 130. b. Wtamln E-ir@ated I&ernic m d  reperfused human skekW Rnrsef& No 
neutrophlls are seen in the vianities of the v d a r  liming or in the extravascular speioecr. ~ ~ i n  d o n  stained with toluidine he-Na 
x 150 

Flg. 2. Ischmic and reperhmd hwnan sdcdeid nwscb. lmmunoalkalim phosphakw stasnirig: a strwig pasitíve reactfon @t E iardelbleatfhe 
inner vaswlar wall of a postcapillaty venule (amws). x 250 

Flg. 3. lschemic and reperfused human skeletal mude. lmmunoalkaline phphatase Aning:  a marked positiwtty for I W - 1  i8 8- on the 
endotheiial lining of poatcapillevy venules (arrawe). x 750 
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not all, the muscle fibers there were severa1 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). 

Vítamin E treated-1-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. lb). 
The endothelium of capillaries and postcapillary venules 
showed only a little staining for E-selectin or ICAM-1, 
20% of the vessels being positive for E-selectin and 10% 
reactive for ICAM-1. 

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 idlammation. 

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). 

m. 4. a. t&%imic gnd repwíueed h u m  skelatal murale. Swbllen mbcbndrlra are ssen in üm subgarculemmai region, x 26,000. b. Vitamin E- 
frwtcal ÉBGhmic and r hunwin shletal mu&. Weil pr888wed rnbchondria within Che ii& are shown. x 44,CW 
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Fig. 5. a. iscnernic and repeiíusea hurnan skeletal rnusde. Patches of Z- 
disc material (arrows) are visible among h e  myofibrils which stiU largsty 
retain their proper orientaüon. x 9,000. b. Vitamii E-trsated khemic and 
reperfused human skeletal rnuscle. The rnuscle tissue shows a quite 
normal appearance: the myofibrils are properiy ananged and no slgn of 
fiber oedema is evident. x 10.000 

Flg. 6. lschernic and reperfused hurnan skeletal rnuscle. Marked 
degenerative changes consisting of foca1 disarrangernent of the 
rnyofibrillar pattern are shown. Note that rnitochondria wntain abnomial 
electron-dense arnorphous bodies within their rnatrix (arruws). x 22,000 
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Events occurring at the interface between circulating 
neutrophils and the microvascular endothelium are also 
critica1 in the pathogenesis of the 1-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 1-R, are mediated by the expression and/or 
up~guiation of endothelial adhesive molecules, such as 
E-selectin and ICAM-1. 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 endotbelial-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 Vitarnin 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 
beneficia1 effect of Vitamin E appears to be related to the 
preservation of the endothelial functions, including a 
decreased expression of E-selectin and ICAM-1. 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 neutrophill  
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. Vitarnin E treatment might, therefore, 
be considered a valuable and effective therapeutic tool 
for protecting skeletal muscle tissue from 1-R injury. 
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