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ABSTRACT 

Rates of in vitro lipid peroxidation of microsomes and homogenates were found to vary widely 
among different tissues and species. In rats and rabbits, lung microsomes peroxidized at a 25, to 
50-fold lower rate than liver, kidney, testes and brain microsomes. Heart microsomes peroxidized at a 
rate slightly greater than, but most similar to, lung microsomes. Comparison of tissue homogenates 
also revealed the unique resistance of lung and heart to lipid peroxidation. The ratio of vitamin E to 
peroxidizable polyunsaturated fatty acids in lung and heart microsomes was several-fold higher than in 
microsomes from the other tissues studied, which accounted for the relative resistance of lung and 
heart to lipid peroxidation. Liposomes of extracted rat lung microsomal lipid were also resistant 
to peroxidation and the amount of vitamin E contained in the lung lipid extract was sufficient to 
confer the same degree of resistance when incorporated into an equivalent amount of rat liver lipid. 
Higher rates of peroxidation in mouse lung mierosomes relative to rabbit, rat and human lung micro- 
somes were similarly correlated with a lower ratio of vitamin E to peroxidizable fatty acids in mouse 
lung microsomes. These data provide strong support for the role of vitamin E as the major cellular 
antioxidant, especially in the highly oxygenated tissues of heart and lung, and demonstrate the Utility 
of the microsomal system in characterizing tissue differences in susceptibility to peroxidative mem- 
brane decomposition. 

I N T R O D U C T I O N  

[n t race l lu la r  hpid  p e r o x i d a t i o n  has  been  
o f t e n  h y p o t h e s i z e d  as a m e c h a n i s m  of  ac t ion  of  
tox ic  agents  (1)  and  has b e e n  impl ica ted  as a 
degenera t ive  m e c h a n i s m  unde r ly ing  cellular 
aging (2) and  cer ta in  disease s ta tes  (3).  Liver 
mic rosomes  or  r e c o n s t i t u t e d  sys tems con ta in ing  
ex t rac ted  liver lipid plus pur i f ied liver micro-  
somal  N A D P H - c y t o c h r o m e  P-450 reduc tase  
have been  mos t  f r equen t ly  emp loyed  in investi-  
ga t ions  of  t he  m e c h a n i s m  of  p e r o x i d a t i o n  of  
the  f a t ty  acyl moie t ies  of  m e m b r a n e  phospho -  
l ipids (4,5) .  Li t t le  i n f o r m a t i o n  is available,  
however ,  regarding t he  relat ive suscept ib i l i ty  of 
m e m b r a n e s  f rom var ious  t issues to  undergo  
hp id  pe rox ida t ion .  The  perox id izab i l i ty  of . lung 
is of  par t icu lar  in te res t  since it is t he  po in t  of  
en t ry  for  ox idan t  gases c o n t a m i n a t i n g  the  
a tmosphe re .  R o b a c k  observed t ha t  over  50 
t imes  more  t h i o b a r b i t u r i c  acid-react ive mater ia l  
was p roduced  dur ing  i n c u b a t i o n  of  liver h o m o -  
genate  t h a n  dur ing  i n c u b a t i o n  o f  lung or  spleen 
h o m o g e n a t e s  (6).  Willis and  Recknagel  r ecen t ly  
r epo r t ed  lung mic rosomes  were on ly  4% as 
active as liver mic rosomes  in p roduc ing  malon-  
d ia ldehyde ,  a l t h o u g h  the  basis for  t he  low 
act ivi ty  of  lung m i c r o s o m e s  was no t  ident i f ied  
in t ha t  s tudy  (7). 

The  biological  an t i ox i dan t ,  v i t amin  E, has  
been  shown  to af ford  p r o t e c t i o n  against the  
in jur ious  effects  o f  n i t rogen  d ioxide  and  o z o n e  

o11 expe r imen t a l  an imals  (8) .  In add i t ion ,  
n u m e r o u s  s tudies  have ind ica ted  suscept ib i l i ty  
to  lipid p e r o x i d a t i o n  is great ly  in f luenced  by  
t issue levels of  v i t amin  E (9). Bieri and  Ander-  
son (10)  d e m o n s t r a t e d  t h a t  t he  abi l i ty  of  t issue 
h o m o g e n a t e s  to  unde rgo  lipid p e r o x i d a t i o n  in 
vi t ro  was inversely re la ted to the  d ie ta ry  
v i t amin  E s t a tus  o f  the  animal .  Similarly,  o t h e r  
invest igators  have s h o w n  t h a t  liver mic rosomes  
(11-13)  or  m i t o c h o n d r i a  (14)  isola ted f rom 
v i t amin  E-def ic ient  animals  perox id ize  at a 
fas ter  ra te  in vi t ro  t h a n  f r ac t ions  f rom con t ro l  
animals.  Pe rox ida t ion  of  liver mic rosomes  was 
inh ib i t ed  by  d ie tary  supp lemen t  of  v i tamin  E 
(12 ,13)  or  w h e n  v i tamin  E w a s a d d e d  d i rec t ly  
to liver mic rosoma l  suspens ions  (11 ,15) ,  wh ich  
s uppo r t  t h e  role of  v i t amin  E as a m e m b r a n o u s  
an t iox idan t .  

Tay lo r  et  al. (16)  have shown  the re  is a h igh  
degree o f  va r ia t ion  in t he  c o n t e n t  of  v i t amin  E 
in subcel lular  f rac t ions  f rom d i f fe ren t  tissues, 
which  indica tes  there  m a y  be cons iderab le  
d i f fe rences  a m o n g  tissues wi th  respect  to 
p r o t e c t i o n  against peroxida t ive  react ions .  In 
these  invest igat ions ,  we have measured  rates  of  
in vi t ro  lipid p e r o x i d a t i o n  i n  mic rosomes  and 
h o m o g e n a t e s  f rom several d i f fe ren t  t issues and  
have compared  t he  var ia t ion  in: these  ra tes  wi th  
the  m i c r o s o m a l  v i t amin  E con ten t .  Microsomes  
and h o m o g e n a t e s  f rom lung and  hear t  s h o w e d  a 
low ra te  of  in vi t ro  p e r o x i d a t i o n  compared  to  
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the other tissues studied. This resistance of lung 
and heart to lipid peroxidation can be ex- 
plained by relatively high levels of microsomal 
vitamin E in these tissues. 

EXPERIMENTAL PROCEDURE 

Materials 

Distilled water was filtered and deionized 
in a system custom designed by W.E. Chaffee 
Co., Inc., an affiliate of Continental Water of 
Buffalo, NY. NADPH, ascorbic acid, FeS04,  
EDTA, cytochrome c and D,L-~-tocopherol 
were obtained from Sigma Chemical Company, 
St. Louis, MO. Thiobarbituric acid was a 
product of Eastman Chemicals, Rochester, NY. 
Fatty acid methyl ester standards were pur- 
chased from Nu-Chek-Prep, Elysian, MN. Rats 
were male Long Evans (200-300 g), mice were 
female BALB/c (20-30 g) and rabbits were male 
New Zealand albino (2-3 kg). 

Methods 

All animals received Agway laboratory chow 
(Rochester, NY) ad libitum until the time of 
sacrifice. Animals were sacrificed by intra- 
peritoneal (ip) injection of sodium pento- 
barbital, the chest was opened and a cannula 
was inserted into the trachea. Heart, lungs and 
liver were perfused by injecting ice-cold 0.15 M 
NaC1 into the right ventricle of the heart while 
simultaneously ventilating the lungs through 
the tracheal cannula. Lungs were excised and 
the parenchyma was separated from the visible 
bronchi and blood vessels and minced thor- 
oughly with scissors. Hearts, livers, kidneys, 
brains and testes were removed and similarly 
minced. The minced tissues were washed several 
times in ice-cold buffered potassium chloride 
(0.15 M KC1, 5 mM Tris-maleate, pH 7.4) 
containing 1 mM EDTA and homogenized in 
the same, using a teflon-glass homogenizer. The 
homogenate was centrifuged successively at 
300, 1600, 8000 and 30,000 x g for 10 min at 
each speed and the pellets discarded. The 
"cell-free homogenate" refers to the super- 
natant after centrifugation at 300 x g. Micro- 
somes were obtained from the 30,000 x g 
supernatant by centrifugation at 100,000 x g 
for 1 hr. The microsomal pellet was washed by 
suspension in and resedimentation from buff- 
ered potassium chloride with no EDTA, resus- 
pended in the same type of solution and stored 
in liquid nitrogen. Lipid peroxidation in these 
EDTA-treated microsomes has been shown to 
be absolutely dependent on the concentration 
of added free ferrous iron (17). Protein concen- 
trations were determined by the Lowry method 
(18); NADPH-cytochrome c reductase was 

assayed spectrophotometrically, as described by 
Williams and Kamin (19) and the initial rates 
measured were linearly proportional to time of 
incubation and amount of protein added over 
the ranges used. 

Lipid peroxidation was measured by quanti- 
tation of malondialdehyde formed during the 
incubations. Microsomes (50-80/lg of protein) 
were incubated at 37 C for the specified lengths 
of time with 40 mM Tris-maleate buffer (pH 
7.4) and either 3.0 /IM FeSO 4 plus 250 /IM 
NADPH or 1.0 /IM FeSO4 plus 500 /IM ascor- 
bate in a total volume of 0.5 ml. Peroxidation 
was terminated by rapid addition of 20% trichlo- 
roacetic acid (0.15 ml), 0.05 M thiobarbituric 
acid (0.3 ml) and 0.2% butylated hydroxy- 
toluene (50 ~1). Bovine serum albumin (0.5 mg) 
was added to facilitate precipitation of protein 
during a 10 min centrifugation; the resulting 
clear supernatant was removed and delivered to 
glass test tubes which were then tightly capped 
and boiled for 8 min. The amount of colored 
product was measured spectrophotometrically 
as described by Buege and Aust (4). 

Lipid peroxidation was expressed in terms of 
nmol malondialdehyde (MDA)/mg protein or as 
"percent peroxidation" which is simply the 
percentage of maximal MDA which would be 
produced by complete peroxidation of the 
peroxidizable polyunsaturated fatty acids 
(PPUFA) present in the tissue fractions. PPUFA 
includes all of the detectable polyunsaturated 
fatty acids except linoleic acid (18:2), which 
we have demonstrated, in agreement with 
others (20,21), to be relatively resistant to 
peroxidation and is not believed to evolve 
malondialdehyde (22). Maximal MDA for- 
mation per mg of protein was routinely deter- 
mined for each liver microsomal preparation by 
incubating with a sufficient amount of FeSO 4 
and ascorbate over time until MDA formation 
reached a maximal value. We have previously 
shown that all of the liver microsomal PPUFA 
has reacted at this point and that the per- 
centage of the maximal MDA formation ob- 
tained during a given incubation closely corre- 
lates with the percentage depletion of peroxi- 
dizable lipid substrate (17). 

In separate experiments, the yield of MDA/ 
tool PPUFA was found to be similar for all 
tissues studied. Thus, in these studies, the 
determination of  the maximal MDA formation 
in lung, heart, kidney, brain and testes micro- 
somes was obtained simply by multiplying the 
value for the yield of MDA/mol PPUFA from 
liver microsomes by the PPUFA content of 
the other tissues as determined by phospho- 
lipid (23) and fatty acid analysis by gas liquid 
chromatography (GLC) (24). The amount of 
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MDA produced during the exper imenta l  incu- 
bations was then expressed in terms of the 
percentage of  the maximal  MDA value and 
referred to as "pe rcen t  pe rox ida t ion . "  Thus, 
"pe rcen t  pe rox ida t ion"  is equivalent  to the 
percentage of  peroxidizable  polyunsatura ted  
fat ty  acids reacted.  Values for 100% peroxi- 
dat ion in terms of  nmol  MDA/mg  protein and 
microsomal  PPUFA contents  as nmol  P P U F A /  
mg protein are given in each figure legend 
(means and standard deviations).  Vi tamin E was 
measured using the spec t rof luoromet r ic  tech- 
nique of  Taylor  et. al. (16). Using this method ,  
tissue samples are saponified and extracted 
yielding a hexane phase which contains par- 
tially purified vi tamin E. Recovery  of  an 
internal c~-tocopherol standard was 95%. 

Liposomes were prepared by extract ing 
lipids f rom microsomes by the Bligh and Dyer 
procedure  (25). The ch loroform solut ion was 
evaporated to dryness under  N 2 gas in a glass 
vessel. The  resulting lipid film was hydra ted  and 
ultrasonically dispersed into an aqueous  sus- 
pension in a sonicating bath  under  N 2 gas. 
Where indicated,  vi tamin E extracted from 
microsomes by the Taylor  et. al. procedure  (16) 
or authent ic  c~-tocopherol subjected to the same 
procedure was incorpora ted  into liver l iposomes 
by mixing the hexane extract  with the chloro- 
form solut ion of  liver microsomal  lipids prior to 
drying and dispersing. 

RESULTS 

Figure 1 shows the t ime course of lipid 
peroxida t ion  in rat liver, brain, k idney,  testes, 
heart and lung microsomes as induced by 
NADPH and ferrous iron. The rate of  peroxi-  
dat ion of  lung microsomes  was ex t remely  low, 
relative to liver, brain, k idney and testes micro-  
somes. Heart microsomes exhibi ted a rate of  
peroxida t ion  slightly higher than lung micro- 
somes but  still 20-fold lower than liver micro-  
somes at the early t ime points. These differ- 
ences were not  caused by differences in peroxi-  
dizable fa t ty  acid content  since the suscepti- 
bil i ty of the various microsomes to peroxi-  
dat ion did not  correlate with their PPUFA 
conten t  (see Fig. 1) and the  data are expressed 
in terms of  the percentage of  peroxidizable  
lipids that  had reacted. 

Al though the NADPH-dependen t  peroxi-  
da t ion  is known to be media ted  by the micro-  
somal NADPH-cy toch rome  P-450 reductase 
(26), differences in peroxidizabi l i ty  could be 
only partially explained by tissue differences in 
the act ivi ty of  this enzyme.  Using cy toch rome  c 
as an e lectron acceptor,  specific activities (sp 
act) were found to be 205, 46, 37, 25, 30 and 

91 nmol  cy toch rome  c r educed /min /mg  protein 
for liver, brain, k idney,  testes, heart  and lung 
microsomes,  respectively.  These values ob- 
viously do not  correlate with the pat tern of  
microsomal  peroxida t ion  observed in Figure 1, 
suggesting the  reductase activity is not  l imiting 
the rate of  peroxida t ion  under  these condit ions.  

In order  to more  accurately assess the  
relative peroxidizabi l i ty  of  the microsomes,  
rates of  peroxida t ion  were determined using 
ascorbate instead of  NADPH. Ascorbate  is 
believed to st imulate peroxida t ion  in a manner  
similar to NADPH, i.e., by  promot ing  reduc t ion  
of iron (17), a l though the  ascorbate/ i ron 
system involves a direct,  rather than enzyme-  
catalyzed reduc t ion  of  iron (27) and is there- 
fore independent  of  the  microsomal  NADPH- 
cy toch rome  P-450 reductase activity.  Results of  
these exper iments  are shown in Figure 2. Rates 
of  ascorbate / i ron- induced peroxidat ion  were 
similar to those obtained with NADPH/ i ron  
(Fig. 1), except  that  liver microsomes peroxi- 
dized less rapidly in the ascorbate-st imulated 
system. This difference probably results f rom 
the much  higher reductase activity of  liver 
microsomes which may enhance the  rate of  
NADPH-dependen t  peroxida t ion  in this frac- 
t ion relative to the  microsomes from other  

50  
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FIG. 1. Rate of NADPH/Fe2+-induced lipid per- 
oxidation in microsomes from various tissues of rat. 
(e) liver, (=) brain, (A) kidney, (~) testes, (~) heart, 
(o) lung microsomes. Each point represents the mean 
value from 4 determinations. One hundred percent 
peroxidation is equivalent to 108 • l l ,  67 -* 15, 54 • 
9, 36 + 4, 62• 14, and92•  8 nmol of MDApermg 
of protein for liver, brain, kidney, testes, heart, and 
lung microsomes, respectively. The PPUFA contents 
of these same microsomes were 803 + 92,495 + 145, 
403 • 62, 271 + 31,458 + 82, and 677 • 62 nmol 
of PPUFA per mg of protein, respectively. 
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FIG, 2. Rate o f  ascorbate/Fe2+-induced lipid per- 
oxidation in microsomes from various tissues of rat. 
Symbols, values for 100 percent peroxidation, and 
PPUFA contents are the same as in Figure 1. Each 
point represents the mean value from 4 determina- 
tions. 
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FIG. 3. Rate of  Fe2+-induced lipid peroxidation in 
cell-free homogenates of various rat tissues. Homogen- 
ates were prepared as described in Methods and incu- 
bated with 40 mM Tris-maleate (pH 7.4) and 40 uIVl 
FeSO 4 (Note: The homogenates contained EDTA 
which was present as a 30 ~Vl concentration such that 
the concentration of free iron, which is effective in 
inducing peroxidation, was around 10 ~M). Symbols 
are the same as in Figure 1. Points are the mean values 
from 2 determinations. 

tissues. 
In order  to de te rmine  whe the r  the rates of  

perox ida t ion  in microsomes  were representat ive 
of the  whole  tissue or organ, we per formed 
similar measurements  using tissue homogena tes .  
As shown in Figure 3, hear t  and lung homo-  
genates  were peroxidized to a much  lesser 
ex ten t  than  homogena te s  of  the  o the r  tissues 
s tudied,  a result which demons t ra tes  the  
uniqueness  of  these tissues as well as the  
validi ty of  using mic rosomes  as an indicator  of  
whole  tissue peroxidizabi l i ty .  

A t t e m p t s  to elucidate the  nature  of these 
apparent  tissue di f ferences  in susceptibi l i ty to 
perox ida t ion  focused on the  differences  be- 
tween  lung and liver microsomes.  Fa t ty  acid 
analysis o f  lung and liver microsomes  following 
incuba t ion  revealed that  the  po lyunsa tura ted  
fa t ty  acids of  the lung mic rosomes  were only 
slightly decreased under  condi t ions  w h i c h  
resul ted in tota l  react ion of  the  peroxid izable  
lipids of  the  liver mic rosomes  (data no t  shown).  
Increasing concen t ra t ions  of  NADPH or ascor- 
bate did no t  increase the  rate of  lung micro- 
somal perox ida t ion .  As shown in Figure 4, 
pe rox ida t ion  of  tung mic rosomes  changed only 
slightly as a func t ion  of  increasing iron concen-  
t ra t ion ,  whereas liver microsomal  pe rox ida t ion  
increased dramatical ly.  In addi t ion,  varying the  
incubat ion  pH did not  augment  lung micro- 
somal pe rox ida t ion  relative to liver microsomal  
perox ida t ion  (data no t  shown) .  Thus,  the  lack 
of  perox ida t ion  of  lung mic rosomes  apparent ly  
is no t  a t t r ibutable  to l imiting concen t ra t ions  of  
iron, NADPH or ascorbate ,  or to subopt imal  
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FIG. 4. Lipid peroxidat ion in rat liver and lung 
microsomes as a function of ferrous iron concentra- 
tionl Liver (e) and lung (o) microsomes were incu- 
bated for 15 rain with 250 #M NADPH and FeSO 4 
as indicated. Points are the mean values from 4 deter- 
minations. 100% peroxidation is equivalent to 85 + 8 
and 70 • 2 nmol MDA/mg protein for liver and lung 
microsomes, respectively. The PPUFA contents of 
these same microsomes were 633 + 4 and 520 -+ 59 
nmol PPUFA/mg protein, respectively. 
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T A B L E  1 

Vi tamin  E Con ten t  o f  Microsomes  f r o m  Various  ] i s sues  o f  Rat a 
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Source of  
m i c r o s o m e s  #g Vi tamin  E / m g  pro te in  #g Vi tamin  E / m g  P P U F A  b 

Lung 0.77 + 0.01 4.3 + 0.4 
Hear t  0 .26 +- 0.05 1.9 • 0.6 
Liver 0 .16 +- 0 .03 0.73 + 0.01 
Kidney  0.09 + 0.02 0.69 • 0 .14 
Testes 0 .10 + 0 .04  0.67 + 0.07 
Brain 0.09 • 0 .04  0.50 +- O. t5  

aValues  are the  me a ns  • s t anda rd  devia t ions  f r o m  4 exper imen t s .  The  values for  /ag 
v i t amin  E / m g  P P U F A  can be c onve r t e d  to m m o l  v i t amin  E/ tool  P P U F A  by mul t ip ly ing  by 
0.76.  

b p P U F A  refers  to pe rox id izab le  p o l y u n s a t u r a t e d  f a t t y  acids (18:3 ,  20:3,  20:4,  20:5,  
22:4,  22:5,  and 22:6) .  

pH. 
One  possibie  exp l ana t i on  for  the  d i f fe ren t  

ra tes  of p e r o x i d a t i o n  in the  d i f fe ren t  t issues is 
t ha t  the  mic rosomes  con ta in  d i f fe ren t  a m o u n t s  
of the  biological  an t i ox i dan t ,  v i tamin  E. In 
order  to test  th is  hypo thes i s ,  we measured  
levels of  v i t amin  E in the  d i f fe ren t  mic rosomes :  
the  resul ts  are s h o w n  in Table  I. V i t am i n  E was 
q u a n t i t a t e d  on  a per  mg  p r o t e i n  basis as well  as 
per  mg P P U F A ;  the  P P U F A  rat io  p r o b a b l y  
more  accura te ly  represen ts  the  a n t i o x i d a n t  
capaci ty  o f  t he  tissue. Fo r  lung microsomes ,  t he  
rat io  of  v i t amin  E- to -PPUFA was 6-8 t imes  
higher  t h a n  in hver,  k idney ,  tes tes  and  bra in  
microsomes ,  wh ich  is cons i s t en t  wi th  t he  m u c h  
slower ra te  of  p e r o x i d a t i o n  in lung m i c r o s o m e s  
(Fig. 3). Hear t  microsomes ,  wh ich  pe rox id ized  
fas ter  t han  lung b u t  s lower t h a n  liver, k idney ,  
tes tes  or bra in  mic rosomes  c o n t a i n e d  an  in ter -  
med ia te  a m o u n t  of  v i t amin  E / m g  PPUFA.  

We also s tudied rates  of  p e r o x i d a t i o n  and  
v i tamin  E c o n t e n t  in mic rosomes  f rom d i f fe ren t  
species. As s h o w n  in Figure 5, pe rox id izab i l i ty  
of r abb i t  m ic rosomes  f rom var ious  t issues was 
similar to rat  m ic rosomes  (Fig. 2) and  again 
there  was an  inverse co r re l a t ion  w i th  t he  ra t io  
of  v i tamin  E- to-PPUFA,  s h o w n  in Figure  6. 
Some  var ia t ion  a m o n g  species in these  param-  
eters was observed ,  however .  Figure 7 sum- 
marizes  t he  data  on  lung m i c r o s o m e s  f rom rats,  
rabbi ts ,  mice  and  humans .  Rabb i t  lung micro-  
somes exh ib i t ed  the  highest  v i t amin  E / P P U F A  
ra t io ,  and pract ical ly  no  lipid p e r o x i d a t i o n  was 
de tec tab le  a f te r  a 30 rain i ncuba t ion .  In con- 
trast ,  p e r o x i d a t i o n  was by  far the  highest  in 
mouse  lung mic rosomes  and the  v i t amin  E/  
P P U F A  rat io  was near ly  5 t imes  less t h a n  in 
r abb i t  lung microsomes .  Peroxid izabi l i ty  and  
v i tamin  E c o n t e n t  of  h u m a n  lung  m i c r o s o m e s  
was mos t  similar to  rat  lung microsomes .  These  
cor re la t ions  suggest m i c r o s o m a l  suscept ib i l i ty  

to  lipid p e r o x i d a t i o n  is d e t e r m i n e d  pr imar i ly  by  
the  ra t io  of  v i t amin  E- to -PPUFA presen t  in the  
m i c r o s o m a l  m e m b r a n e s .  T h e  relat ive res is tance 
of  lung mic rosomes  to pe rox ida t ion ,  then ,  
appears  to  resul t  f rom the  h igh levels of  v i tamin  
E. 

In o rde r  to  f u r t h e r  subs t an t i a t e  th is  h y p o t h -  
esis, we measured  the  ra te  of  a sco rba te / i ron -  
induced  p e r o x i d a t i o n  in h p o s o m e s  prepared  
f rom ex t rac ted  m i c r o s o m a l  lipid. Figure 8a 
shows t ha t  liver l iposomes  were over 50% 

100 - 

e, 

0 30 60 
TIME (MIN) 

FIG. 5. Rate of ascorbate/Fe2+-induced lipid 
peroxidation in microsomes from various tissues of 
rabbit. Symbols as in Figure 1. Points are the mean 
values from 4 determinations. 100% peroxidation is 
equivalent to 81 + 11, 109 • 14, 62 • 22, 57 + 5, 
37 • 4, and 82 • 9 nmol MDA/mg protein for liver, 
brain, kidney, testes, heart and lung microsomes, 
respectively. The PPUFA contents of these same 
microsomes were 561 • 25, 752 • 105, 423 + 88, 
394 • 12, 251 • 49, and 562 • 37 nmol PPUFA/mg 
protein, respectively. 
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peroxid ized  in 30 min whereas lung l iposomes 
under  the  same condi t ions  were almost  com- 
pletely resis tant  to pe rox ida t ion .  As shown in 
Figure 8b, incorpora t ion  of  the vitamin E 
ext rac ted  f rom an equivalent amoun t  of lung 
microsomes  (or an amoun t  of  au then t ic  vi tamin 
E equal to  that  found  in the  lung microsomes)  
in to  liver lipid p roduced  liver l iposomes  which 
were also resistant  to  peroxida t ion .  In contras t ,  
vitamin E ex t rac ted  f rom an equivalent  amoun t  
of  liver mic rosomes  and added to liver lipid 
(essentially doubl ing  the  vi tamin E c o n t e n t  of  
the  liver l iposomes)  had only a modes t  ef fect  
on  the  rate of  pe rox ida t ion  relative to  con t ro l  
liver l iposomes.  These f indings demons t r a t e  
that  the 6-fold greater a m o u n t  of  vi tamin E in 
lung compared  to liver (Table I) is suff icient  to 
account  for  the observed resistance of  lung 
l iposomes and mic rosomes  to peroxida t ion .  

DISCUSSION 

The vi tamin E con ten t  of  various tissues is a 
somewha t  ambiguous  concep t  depending  upon  
the  choice of  denomina tors .  Previous studies of  
tissue vi tamin E con ten t  expressed as tzg/g 
tissue (28,29) did no t  reveal some of  the 
striking d i f ferences  among the  tissues s tudied 
here. Since vi tamin E is p robably  located in cell 
membranes ,  it seems most  useful to quant i t a te  
its presence in tissues as a func t ion  of  some 
parameter  o f  the  tissue membrane  conten t .  
Thus, we have chosen to express vi tamin E 

4- 
T 

I 

LUNG HEART LIVER KIDNEY TESTES BRAIN 

FIG. 6. Vitamin E content of microsomes from 
various tissues of rabbit. Values shown are means and 
standard deviations from 3 determinations. Micro- 
somal PPUFA contents were the same as in Figure 5. 
The values for ~g vitamin E/mg PPUFA can be con- 
verted to mmol vitamin E/mol PPUEA by multiplying 
by 0.76. 
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FIG. 7. Lipid peroxidation and vitamin E content 
of lung microsomes from different species. Lipid 
peroxidation was determined following a 30 min 
incubation of microsomes with the ascorbate/Fe 2+ 
system. Other procedures are described in Methods. 
Values shown are means and standard deviations from 
2-4 determinations. 1009, peroxidation is equivalent 
to 82 + 9, 92 + 8, 82, and 81 + 13 nmol MDA/mg 
protein for rabbit, rat, human and mouse lung micro- 
somes, respectively. The PPUFA contents of these 
same microsomes were 562 + 37, 677 -+ 62, 533, and 
536 -+ 64 nmol PPUFA/mg protein, respectively. The 
values of #g vitamin E/mg PPUFA can be converted 
to mmol vitalnin E/tool PPUFA by multiplying by 
0.76. 
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FIG. 8. Peroxidation of liver and lung liposomes by 
ascorbate/iron. Liposomes were prepared or vitamin E 
extracted from aliquots of lung or liver microsomes 
containing equal amounts of PPUFA. (a) Liver lipo- 
somes (o), lung liposomes (o) ; (b) liver liposomes with 
incorporated vitamin E from lung microsomes (o), 
liver liposomes with incorporated authentic vitamin E 
equal to that in lung microsomes (rn), liver liposomes 
with incorporated vitamin E from an equal additional 
sample of liver microsomes (~x), liver liposomes plus 
vitamin E extract of a water blank (o). Each point is 
the mean value from 3 determinations. 
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c o n t e n t  o n  t he  basis of  P P U F A  of the  micro-  
somes as well as per  mg  m i c r o s o m a l  pro te in .  
The  values ob t a ined  b y  th is  m e t h o d  cor re la te  
wi th  m i c r o s o m a l  suscept ib i l i ty  to  l ipid peroxi -  
d a t i o n  and  can  accoun t  for  t he  h igh  res is tance  
of  lung and  hea r t  m i c r o s o m e s  to  pe rox ida t ion .  
Cons i s ten t  w i th  our  f indings,  Tay lo r  et  al. (16)  
observed  7-fold and  5-fold h igher  a m o u n t s  of  
v i t amin  E / m g  m i c r o s o m a l  p r o t e i n  in lung and  
hear t ,  respect ively,  compared  to liver micro-  
somes. The  Evarts  and  Bieri  da ta  (30)  for  who le  
t issue of  rats  fed soybean  oil agree well w i th  
our  mic rosoma l  ra t ios  of  v i t amin  E - to -PPUFA 
in hea r t  liver and  k idney .  Whole  lungs showed  a 
30% lower  ra t io  compared  to o u r  m i c r o s o m a l  
data ,  suggesting tha t ,  c o m p a r e d  to whole  t issue, 
lung mic rosomes  are enr iched  in v i t amin  E 
relat ive to  PPUFA.  Whole  testes,  in con t ras t ,  
showed  a 73% higher  v i t amin  E / P P U F A  ra t io  
t h a n  our  mic rosomal  data,  suggest ing a non-  
mic rosomal  e n r i c h m e n t  of  v i t amin  E in t ha t  
tissue. 

The  presence  of  v i t amin  E in lung and  hea r t  
mic rosomes  at levels suff ic ient  to  a lmos t  to ta l ly  
p reven t  pe rox ida t ion  u n d e r  cond i t i ons  which  
resul ted  in comple te  p e r o x i d a t i o n  of  micro-  
somes f rom o t h e r  t issues raises serious ques- 
t ions  regarding lipid p e r o x i d a t i o n  as a mech-  
anism of  pa tho log ica l  or  toxoco log ica l  damage  
in lung or  hear t .  A p p a r e n t l y ,  p e r o x i d a t i o n  o f  
lung or  hear t  m ic rosomes  could on ly  occur  
a f te r  dep le t ion  of  the i r  re lat ively h igher  c o n t e n t  
of  v i t amin  E. 

V i t a m i n  E has long b e e n  recognized  as a 
membrane - so lub l e  a n t i o x i d a n t  (9).  I ts impor -  
t ance  as a biological  p ro t ec t i ve  agent  relat ive to 
soluble a n t i o x i d a n t  fac tors  such  as g l u t a t h i one  
peroxidase  or superox ide  d i smutase  has no t  
been  es tabl ished.  Our  resul ts  show tha t ,  in the  
absence  o f  soluble  factors ,  t he  suscept ib i l i ty  to 
p e r o x i d a t i o n  o f  m i c r o s o m e s  f rom several t issues 
and  species corre la tes  w i th  t he  mic rosoma l  
v i t amin  E con t en t .  Since lung and  hea r t  micro-  
somes  are h ighly  res is tant  to  l ipid p e r o x i d a t i o n  
in the  absence  o f  soluble  factors ,  t h e  need  for  
soluble  a n t i o x i d a n t s  in these  t issues is no t  
a p p a r e n t  wi th  respect  to  p r o t e c t i o n  o f  micro-  
somal  m e m b r a n e  lipids. T he  in te res t ing  peroxi -  
d izabi l i ty  of  whole  t issue h o m o g e n a t e s  (Fig. 3) 
also re f lec ted  mic rosoma l  v i t amin  E con t en t .  
Lung  and  hea r t  h o m o g e n a t e s  u n d e r w e n t  very  
l i t t le  p e r o x i d a t i o n  u n d e r  cond i t ions  wh ich  
p roduced  several-fold greater  p e r o x i d a t i o n  in 
h o m o g e n a t e s  of  bra in ,  k idney ,  liver and  testes.  
Thus ,  it is clear t h a t  in t he  t issues con ta in ing  
lesser a m o u n t s  of  v i t amin  E, there  are no  
soluble  fac tors  which  are effect ive  u n d e r  these  
cond i t i ons  in p ro tec t ing  against  lipid peroxi-  
d a t i o n  to the  same e x t e n t  t ha t  v i t amin  E 

p ro t ec t s  lung and  hear t .  I t  is possible t ha t  
g l u t a t h i o n e  peroxidase ,  wh ich  is a b o u t  twice  as 
active in liver as in lung or  hea r t  (31) ,  may  no t  
f u n c t i o n  effect ively u n d e r  these cond i t i ons  
because  of  possible  dep le t ion  of  reduc ing  
po t en t i a l  in the  h o m o g e n a t e .  Soluble  super- 
oxide  d ismutase ,  however ,  is over  6 t imes  more  
active in liver t h a n  in lung (32)  and  migh t  be  
expec t ed  to f u n c t i o n  in t he  h o m o g e n a t e s ,  since 
no  dep le tab le  cofac tors  are requi red .  Thus,  t h e  
a m o u n t  of  p r o t e c t i o n  against  l ipid p e r o x i d a t i o n  
a f fo rded  by  these  2 enzymes  is n o t  a p p a r e n t  
f rom our  data .  

The  p r o t e c t i o n  of lung and hear t  against  
p e r o x i d a t i o n  by  a h igh  c o n t e n t  of  m e m b r a n o u s  
v i t amin  E is te leological ly  sound  cons ider ing  
the  relat ively h igh  oxygen  t en s ion  in the  lung 
and the  exposure  of  hear t  to  f reshly  oxyge-  
na ted  b l o o d  f r o m  the  lungs. The  m e c h a n i s m  of  
v i t amin  E u p t a k e  and  r e t e n t i o n  b y  t issues is 
u n k n o w n  and,  thus ,  t he  b iochemica l  basis for  
h igh levels of  m e m b r a n o u s  v i t amin  E in lung 
and hea r t  r ema in  to  be  e luc ida ted .  The  cellular 
d i s t r i bu t ion  of  the  lung v i t amin  E also r emains  
an in t r iguing area for  fu tu re  invest igat ions ,  
since t he  lung con ta ins  a n u m b e r  of  d i f fe ren t  
cell t ypes  (33) .  
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