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Abstract | e
The possxb111ty that- hypdkxc conditxonﬁ w1th1n tis—
*sues may enhance 1n3ury by oxygen radiﬁal? (ﬁree radicees)\
has been 1nd1cated by several observat1ons. Levels of s%v-j
f.eral substances in tissues, 1nclud1ng increases 1n malon-
(di)aldehy de (MDA) and - l1po£usc1n and a decrease in cyto-
chrome P-450, have been recognxzed to~re§1ect peroxrda- ’
}Ejon of iipids or proteins,by the action.of free radic-
als. Levels of .these substanoes‘in rissdks have been used
by several authors as indifes or tissue damage by free

radicals, o -

2

These indices were determined in-several tissues of

£

rats folloang exposure to-dlfferent types of hypox1c
(hypobaric versus normobaric- low in oxygen).

atmosphere
The effect oﬁﬁduratlop of the exposure .to a hypobaric
Simosphere on these'indices.were also compared.

‘ Orher.ihdices ihcluding eﬁema,'hematocrfﬁ? andimetf
' hehoglobin<which are known to increase on exposure to
‘these condiitions were also determined. Ev1dence for edema
in the iuha\ﬁis\determlned by computing the wet we1ght é{
dry welgbt ratio. -

The finding of sighificantly higher levels of MDA

: and lipofuscin in some tissues suggests that short expo-

sure (up to 24 hours) te 91mu1ated hlgh altxtude favors



. '_;f:_

h

peroxidation of - lipzds in these tissues. Enhanced lipid

'peroxidatxon in the 1ung, ev1dent after 2 hours exposure"~<
to a hypobaric atmosphere but not evident: at longer expo~-

“sureqﬁﬂeiy have contributed to 1nc1p1ent pulmonary edema.

fered from normal.

The duration of the'exposure to a hypobaric atmo- ¥

- spheye enhanced weight loss over and above that lost by

suppress1on of food and water.

© These results suggest that various factors including
the nature of the hypox1c atmosphere the duratlon of the
exposure, and the lack of food and water intake may alter
the effect of free radicals and thus the perox1dat10n of

l1p1ds and proteins such as cytodhrome P-450 in certaln

~tlssues. Furthermore, these results suggest that activa-

tion of free radical processes iff hammals at altitude nay

contribute to membrane‘damage and thus‘to the etiology of

altitude sickness.
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_gAr Introductory Statement

In man, laboratory rats, and other mammals, exposure

R

N

-ed to 1nduce 1njury to t1ssues, particularly the lung..Al-‘

ethough the mechanxsm underlylng the 1n3ury on exposure to

' ":posed to h1gh concentrat1ons of oxygen.,The 1njury produc-

'tlssues may contr1bute to the cellular 1n3ury evxdent

vk_‘ly exposed to hypoxlc condltlons.-The oxygen anfk'

T‘.such hypoxlc atmOSpheres 1s uncerta1n 1t has been recogniz-

ks mmatid

| ed 1n rats,‘to resemble that produced by thexr belng ex-Q

ed by the latter, espec1ally by 100% oxygen, has been at—

tlon of these hlghly react1ve tran51ents generated wlthin :

1n

man and other susceptxble mammals when they are exp‘sed

to h1gh altltude, an env1ronment 1n whlch man is fre

fundamental pr0cess underly:ng tlssue 1njuyy under many

e

A
/.

= condltlons. v ‘,' v;'f"v, | ,_,3 L /‘ S ev:_»'

'E A number of condltlons have been found to act1vate

‘-»the oxygen apd hydrogen perox1de free rad1cal mechanlsms.
j;lThe detalls of ‘these reactlons in blolog1cal systems has;
been rev1ewed by many authors (S1ngh 1982 Freeman and

‘ﬁﬁCrapo 1982 Marklund and Gerdln 1983 Dormandy,1983 Free~

,to altltudes exceed1ng approxlmately 3000m has been: observ—"

'trlbuted to adverse gﬁfects of- oxygen radlcals (free rad- /n

1cals) Whlch are 1ncreased under such condxtlons.-The ac—/’»,v

%Q;perox1de free radlcal generat1ng reactxons (d‘,a1ls of re-'“

’fjactlons glven in, Sectlon B) has been recog:}ﬁed to be a,- e



’man71984 Ha111well and Gutterldge 1984 Jamleson et al., t
'1986) In: add1t1on to breathlng 100% oxygen, other init-
1at1ng cond1t1ons 1nclude 1schem1a in blssues followed by
‘reperfus1oh w1th oxygenated,blood react1ons of certéln

‘tdrUgs w1th cytochrome pP- 450 seVere exercise,- w;thhold1ng

food and.mater, react1ons of tlssue pe§0x1des w1th 1ons"

.“~ﬁusuch as: 1ron or copper, and exposure to hypoxlc env1ron—"$
?gments. Ev1dence for the latter is 11m1ted : J}*,

A reduct1on 1n the part1al pressure of oxygeh 15\\\‘,

<we4,major condltlon affectlng mammals’ expose; to altxmude.bf§§<§

and prote1n to the extravascular space°‘prote1nur1

+

'”whlch there is leakage of small prote1ns through the glo—
';merular membrane' hematur1a and hemoly51s in whlch hemo-

”4jglob1n has leaked through the red cell membrane and passed

.dtthrough the glomerular membrane all these symptoms ﬂggestrr
an albltude 1ndUCed change in. membrane propertles cau51ng ;
;dan 1ncrease in membramgﬁpermeabllzty wh1ch 1n turn may be
w1n1t1ated by free radlcals. | _
| Several condltlons encountered by 1nd1v1duals‘at .

'xh1gh altltude may act to enhance the effect of free

N radlcals or- act to prec1p1tate development of (or ag—

.»\ e . -



' gravate) synptoﬁsjof mountain'sickness. The-most7evident"
\condition is~expdsure to a hypoxic atnospheretIUndertaka*
1ng exerc1se at alt1tude 1s known to. hasten’ development _9'
of and 1ncrease the severlty of/;ymptoms. One 8 capac1ty
for exerc15e-under such'condltzons s 11m1ted by the low
part1a1 pressure of oxygen so that even exercxse such es
'u';c11Mb1ng beiomes relatlvely severe. These stressors are
,known to cause deplet1on of g&ycogen thus 11m1t1ng gly-‘
jicoly51s, the product1on of ad n051ne triphosphate (ATP)
.and poss1bly other- essentlal ofactors d1scussed below.‘
: Varlous underlylng reactions at the cellular level .
may act to ephance the‘genera21on of, or ;nterfer§ with
the remoual‘of.free radicalszwhengglycogen stores are re-
’duced.fone possihllitj»is.that.theldepletion of glycogen_A
‘5reduces the“aVailability ofhsubstrates‘essential to main-
r}am glycoly51s,box1dat1ve phosphorylatlon or other meta*
‘bolic pathways that prevent free radlcals from accumulat-
‘1ng.-Malntalnlng-adeq)ﬂ{e levels of glutathlone (GSH) , forp
hexample, lznlts the accumulatlon of hydrogen’ peroxlde or

: 11p1d perox1des, both potent free rad1cal generators..'
bIn order to malnta1n glutathlone levels reduced n1cot1n-"
\'fam1nde aden1ne d1nucleot1de phosphate (NADPH) 1s essen-'
tial for the activity of glutathlone reductase. To regen-

‘;erate NADPH by ‘the pentose pathway an adequate supply of

_glucose is essent1a1 Accordlng to Kappus and S1db (1981)

A
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_'any stress on cells wh1ch results in depletlon of sub-
'strates requzred to ma1nta1n adequatef{eve&s of NADH
INADPH or GSH would depress the act1v1§£%of ﬁree radlcal
pscaveng1ng enzymes. Glycogen depletlon, by 11m1t1ng glu-

,'cose formatlon, tends to depress regeneratlon of these

‘f“essent1a1 cofactors. Suppre551on of the de51re for food

’1s a common effect of high altltude exposure and. m1ght
’depress gly&ogen synthe51s. Related to thls reductlon in
foodgzntake_observed‘ln humans at alt;tude,\prelxm;nary‘
observations on rats\indicated that during eipqsure:tot

% P (

1 51mulated hlgh altltude for up to 24 hours, the\nats nei-

"ther ate nor drank ' _ e

” mltochondrla. Accordlng to Fridovich (1979) red ced'levw"
els of~ oxygen at the mltochondr1a dauses components of
h the electron transport chain to become more reduced. nSomel'
.authors(M1sna and’ Fr1dov1ch 1982 Boveris et al.,1976-
Turrens and Bover1s 1980) have suggested that 1n such
_hypox1c m1tochondr1on electron carrlers preferentlally
;'carry out 51ngle-e1ectron transfers 1ncreasxng.prodUCf
"tlon of free radlcals. Th1s m1tochondr1a1 act1vat1on | »
) appears to be medlated through NADH oxldase, NADPH oxldo—A

reductase and ub15em1qu1none. When theSe enzymes are act-bf-



ive superoxlde is generated Accordlng to Boverls et al..
| (1976) utilization of ub1q1none favors the generation of
free rad1cals thus free radlcal -induced membrane ‘damage -
may be enhanced when these pathways are actlvated. f

- Various 1schem1c events in t1ssues at.altltude may -

"lead'to;increased-generatibn of free radicals. McCord
'::(]9é7)_boetuiated that iechemic-ccnditions,»anch«as thosea‘*a
observed byVWhons (1986) in the retina/bf mountain clim-
bers, may cause-fapid conversioncof xanthine'dehydrogen-
ase to xanthine oxldase so that ox1dat10n of hypoxanth1ne ‘
then generates superox1de._Accord1ng to Halliwell and Gut-
terldge (1982) when ATP is broken down and not regenerated
in h&poxic tisSueslsuch as would occur at altitude, pgarine

nucleot1de degradatlon would occur caus1ng hyp nthine—

to accumulate These condltlons normally gene ate superox4

ide. In addat'on when an 1schem1c tissue or eglon of txgsue

is reperfuse' with blood contalnlng oxygen, rapld geneta"i:;
fticn of-Sﬁpe,ogide and'hydrogen perdxide is;likely‘to oc~
cur -since hy oxanthine is ox1d1zed This ischemic- xanth1ne‘
effect may - lso be enhanced in mammals é\Posed to: altltude
thereby‘ln reasing the posslb;llty fovvt;ssueflnjury;

;\ When freerradiéals such as.SUperokide cr‘ffee ra-
dicaltpre ursoreysuch as‘hydrpgen‘peroxide or lipid per-
oxides a cumulate-in cells,npefegidation'of membrane*'ﬂ

associated particles, particularly unsaturated ;ipids,"
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(details given in section C) is enhanced. The concentra-
tion ih tissues of certain byproducts i.e., malonalde-
hyde (MDA) and lipofuscin, of this process is often used

 ‘as an"indexlof tissue damage.

B. Some Oxygg and Hydrogen Peroxlde Free Rad1cal React1ons

~In review articles by Marklund and Gerdin (1983)
and Ha111well and Gutter1dge (1984), the follow1ng chem—
ical reactions are proposed to be responsible for the
| generatlon of and protect1on aga1nst oxygen d‘klved

free radlcals in blologlcal systems.

Some free radxcal generatlng react1ons-

J oxygeh , shper o hydrogen ‘hydroxyl . water
’ oxlde ;pero:ude rad1cal :

'\
o)
1
i
’;'-C—(?-—-:l:
!
i
e o
+
Vo L
N - . : -v .v:"-"
\"4
b ¢
f
|
i
n_
+
O
X
]
+
e o

unsetﬁrafed" oxygen V;iipid ~ super protoh',
lipid - radical oxide® '

. ..,.._..-a.__;'——-.-.-.-—_'--—....._..—'--.__—--._..-__._..___-__-______;.___...
) - X 3

3. ub(re?* )-0, <--—->Hb(Fe3 )-0, "<-—-->Hb(re3) + 0,

hemoglobxn" LT (metHb). superoxide

W 5 S e e T e T S S > = U S S S - - o - - S - " — - _—
& j
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4. The Haber-Weiss reaction:

: Cu : - ,
. H0p 7 Qpr mmoommm> OHT v OH v O
- : . e .
j'hydrégen . super - hydroxyl 'hydfoxyl oxygen
peroxide oxide .radical ion ,
5.,Thé(?enton‘reaction:'

H,0, + Fe’' -------- >pe3* + oW + oW
‘hydrogen iron: , iron = hydroxyl 'hydroxyl
perqxide ~ferrous o ferric radical ion '

Some free radical scavenging reactions:
___________ e e oo e
1. Action of.superoxidef?ismutase (sop): . |
, (sop)y :
02- + 02- + 2H --------- > 02 + Hzoz
super superﬂ . protons oxygen  hydrogen
oxide oxide - . ‘ - > pepoxide_
—_._.-.._._...-_l..—n_ ——————————————————————— ‘ﬂ? —————————————————
2. Action of catalase:
: o (catalase) -
H202~ + 5202' ------- .-""-A-> 2H20 + 02
hydrogen hydrogen ‘1watef oxygen

" peroxide  peroxide’



\
{\ : , ‘
3. 'Action of glutathione peroxidase (GPase) :

q

L “ - . (GPase) N ' |
'5202 + 2G§H_ mmmm - > 2H,0  + GS-SG
‘hydrogen glutathlone ' water  glutathione

' peroxide  (reduced) , (oxidized)

' ; . .
- - o o o . o 0 S . B . G G G Y G S0 S W O (o e e s G o W -

¢. Action of glutathione reductase (GRase):

. ‘ N . (GRase) : +
GS-SG° +. 2 NADPH -=--~=~s===-- => 2GSH + 2 NADPy;
utathione n1cot1nam1de " . glutathione (oxidized)
oxidized) adenine dinucleotide form

' phosphate L e i
(reduced) ' ;ﬁ'@

———————————— e e e e T A - . o o e S ——— - — - - — - ———

Abproximately 95% of the oxygen taken in is ordin- | -

A

arily utilized to produce energy transformat1ons. Under
normal cond1t1ons most autho;s agree that a small portlon

| of the oxygen,(s%) 1s converted to "active" forms of ox-
ygen or freé radicals. However, under abnormal conditions,
such as exposure to hypoxic atmospheres,_some suggest that
fregiradiéal scavéngiﬁg‘réaqtions (2,3,4 abg&e)'may be de-
préssed If these écavenging méchanisms~aré depressed hy-
drogen peroxlde would accumlate and the generat1on of free‘
radlcals (4,5 above) would increase. The presence of more

free radicals could_lead-to even further propagation of

" 1ipid peroxidation.



C. L1Qld Perox1dat1on : ‘ - ‘%
Reviews by Marklund and Gerdin (1983) and faniwen

tion (11p1d peroxidation) commonly occurs as fat becomes

rancid. Generally the procees is considered in three
stages includingf d

1. In1t1at10n, ‘ A

The process apppears to be enhanced when free fad-

ical scavenging mechanisms within tlssues are "overload-

ed" or depressed and free radicals accumulate. It'involves

reactlon of an hydroxyl radical (OH ) with part of an

ot
unsaturated membrane phoephoilpld as represented below:
| "HHH HH
R-c=c|:4(|:-c='c-c-c-' N TN Y H,0 -
b +
In this the hydrokyl_radical abstracts a hydrogen atom
from carbon atemsdadjacent to double bonds. Inwrhe bro-

cess, water is formed and an "unpaired" electron.is left

on the carbon-atom from which the hydrogen atom (contain-

ing one electron) was abstracted.

10



2., Propagation, ° R \
The - carbon radical‘(a»redical is any molecule with
e "unpaired" electron) now a part of the membrane phos-
pholipid, undergoes moleculer rearrangement to forn‘e
conjugated diene. This molecularwconfxguratipn is then
sd!ceptible to interaction with oxygen to form a mem-~ .
brane assoc1ated peroxy radical (one unpe;teé electron)
| R_’f 0, ,"-—-‘>A RO;' -
RO, + RH ~----> ROOH + R'’
The peroxy radical may then’engraCt a hydrogen atom
from an edﬁaeent unsatufated membrane phospholipid to
: continqe fofmation of peroxy radicals andlﬂipid peroxides
(above), or )
3. Terminetion,
R' + H-vit E ----> R-H + vit E

The peroxy radical_may abstract a hydrogen atom

from vitamin E (an anti::ééent) and become stable or
react %}th another peroxy radical (below) and terminate
the exidativevnrocessi' _ | |

| R + R° —--->  R-R
The @egra@ation of libid peroxides (ROOH) forms,a number
of pfoduces including dienes, trienes, pentane, malonal-
'_dehyde and lxpofusc1n, a non-degradable residue. These

i””:byproducts can also impair cell fu‘etxon causing cell

death. The ocpurence of theiejbyproducts in higher than



normal concentrations-has been recognized to indicate
o

increased activity of free radicals.
N

D. Historical Information

People have long been aware of the suffering caused

by going to high altitude although they had little know-

ledge of possible underlying mechanigms responsible gor
the symptoms. The Chinese made reference to the Ggeater
and Lesser Headache Mount&ins as early as 100 A.D,; the
mountains were so named because ascending tHem caused
headache, vomiting, and dizziness,‘PerUvians have used
the termsb"puné" or "soroche" to describe mountain sick-
ness. "Puna" refers to the high barren deserts in Peru,
while "soroche"” is a term descr1b1ng ore bodzes(lead or
antimony) found at/hlgh elevatzons in South America.

The natives bdamed mountain sickness on emanations from
these ores. Ravenhill (1913) while on an expedition to
the high Anaes~region of Peru, gave détaiied accounts
6f_"normal puna” (acute“mountain s}ckneés), "cardiac
puna"(pulmoh;;;‘edema)Vand "nervous puna" (éétebral
edema). “ea '

Although maﬁy general concepts‘regarding the causes
of tissue injury in mammals exposéd to Hypoxic atmoé-
pheres have been proposed, the,mechanism(s) at the cell-

ular level that cause ‘the change in cell function remain

uncertain., The severity ofhtigsye»injury appears to de-

-
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pend on the degree of hypoxia as well as on susceptibil-
ity of the particular species of mammal to hypoxia.~At an
altitude of 6000m, where the partial pressuré of oxygen
is approximately one half that at sea level, no mammals
are able to adapt. Examination of organs from mammals

atlhave succumbed to the adverse conditions at altitude
has 1ndicated that extensive tissue dama@e occurs, parti-
cularly in the lqu : | ' ‘ e

That the partial pre;sure of o?yggn can adversely af-

fect the seVerlty oft the aymptoms was dramatically 111us-
trated during early. balloon flights over Paris. Accord1ng,
tp Fulton and Wilson (1966) in one. of these.fl:ghts, Apr1l
15, 1875, Paul Bert, a physiologist who had been study1ng
'fho effects of hypobaric atmospheres realzzeq‘that his. col-
leagues had not been adequately supplied with oxygen for
the flight and subsequently attemptéd to warn them. His
_advice arrived gfter liftoff and durin§ the 2 hdur balloon
ascent to 26,300 feet two of his .colleagues d1ed Findings
today, such as tugﬁascent of Mt. Everest by Habeler and -
Messner without the use of supplemental oi‘%en, indicate
that had the balloonists ascended slowly they may have -
suerved. K |
Most individuals appeaf vulnerable to altitude sick-

ness although susceptibility varies. The adverse effect of

hypoxia was commonly experienced during early flight of



commercial air travel. Altitude sickneds was s common oc-
curance Qhen nonpressurized aircraft were used. This has:
been documented by Joeephyl(1962) and morq recontf&.b{ |
Gibbs-Smith (1974). A further example of the general sus-
cepkibil{ty of men to altitude sickness was described by
Singh e; al.,(19§§)gﬁho reported that air t;angbgr; of
Ipdian Troopsitrom tﬁe Plains of India to the high Moun-
tainous Regioﬁé of the Tibetan Plateau inﬂhced acute pul-

monary edema in approximately 20% of the troops.

E. Suggested Causes of Altitude Sickness

Several hnderlying mechanisms have been proboseéy
that could contribute to the éevelopment‘of symptoms
associated with altitude related disease *xs*ﬁ et al,,
(1965) suggested'antidiureéis and fgyidfreateht on as
a possible cause. Gray et al. (1975) énd Sharma and Hoon
(1978) postuléted“that abnormal‘platelet'adhesivene;é
with local damage c llariqs may lead to edema form-
ation. Hypoxia induced vasoconstriction causing an in-
crease in shunting of blood,within certain organs has
resulted in the over perfusion concept developéd by
Hultgren et al.(1966); Houston (1976) suggested that de-
preééﬁon of the sodium pump may lead éo accumulation of
sodium within cells thus drawing wgig; into cells.‘Pines

A(1978) found hemoglobinuria in 3 climSLrs in Africa who

developed severe acﬁte mountain sickness. The latter ob-.



slckness"“ has long been reconrzed to occur 1n those who

S ..’

F Symptoms of Alt1tude S1ckness

Tea

AR S e
Several spec1es of mammals have been found to be

‘wijS

part1cularly Sen51t1ve to the adverse cond1tlons at alt1-'p" :

tude. Humans and certaxn stralns of domestlcated cattle
appear to be the most sens1t1ve. A serles of dlsabl1ng

symptoms,‘referred?to under the general term f altltude

cannot tolerate the condltlons. In humans,_the f1rst sympf;'

‘toms are usually m1ld often con51st1ng of no more. than a

headache, shortness of breath fat1gue and/or malalse.

Wlth 1ntense exert1on, however, or rapld ascent the symp—

i

cludlng loss ofiappetlte d1ff1cu1ty in performlng f1ne

motor functlons ‘or 51mple mental tasks, nausea/vomltlng,,

»

"'toms typlcally become more severe.‘Addltlonal symptoms in-

£?§..

and Cheyne Stokes resplratlon durlng sleep may develop 5*>

A generallzed edema 1s ev1dent from swell1ng of loose

'3: sk1n of the hands and face espeg;ally about the eye-f*’"

l1ds. In the 1nd1v1duals in whom these symptoms do not tv

E 'abate as usually occurs as accllmatlzatlon develops,

RS

pulmonary or. cerebral edema may follow. The latter con-
- P

dltlons can be fatal unless the\patlent is removed from _

the prec1p1tat1ng cond1tlons. Cattle develop d1ff1culty

o



f1n breathlng whlch is assocxated wlth edema in the brls-’if»%iff

S "«5

| ket \or breast regxon. Thngfhondltaon is referred to as =

T o

*brlsket dlsease.

TodaYr‘}NQi;'the eV1dent 1q§féase in numbers of trek—"

itkers at hlgh al itudes, the 1hc1dence§of AMS has 1ncreasr:

[ ed 51gn1f1cantly and ra1sed many questlons 1nclud1ng the

- need to understand the nature of ghe %pderlylng cause(s)

’;hof the symptoms. Although 1nsuff1c1ent oxygen 1s st111 re-s”
,cognlzed as the vprlmary" cause of AMS and alt1tude 51ck-‘

7

:\ness in- other mammals, ‘the szsible m han1sm' by wh1gh

hypoxla fnduces damage at the membrane 1evel T .?iunrf
dcertaln. The p0551b111ty that free radxcal actr&iﬁy may be!
‘penhanced in t1ssues by exposure to such hypox1c cond1tlons
] and lead to membrane damage has been exam1hed 1n these
;'studles. ‘

As part of thlS study an evaluat1on and comparlson

of - two 1nd1ces of free rad1cal 1nduced 11p1d perox1dat1on

' deas conducted 1n an 1n v1tro study (detalls glven in .

fchap.-II) Other parts of the study 1ncluded an exam1na’
"Htion of the-effects of cond1t1ons suﬂh as hprXIC atmos- -
~ pheres (detalls g1ven in chap iII) the duratzon of the haL
- exposure to 51mulated hlgh altltude (detalls g1ven in chap. |
'U:iV), and w1thhold1ng food and water on a number of reac-

-Vt1ons that appear to be sensxt:ve to the actlon of free

radlcals. Indlces of l1p1d perox1dat1on (MDA and 11pofu—



i i

fsdin) in* everaldtissues‘and~ﬁhe,coneentration:of cyto-

: chrome P 4 ), aéprotein in rhe rat‘liwer known to berSenr
 s1t1ve to free radrcals, were measured and compared.

| Other indices 1nclud1ng edema hematocrlt, and met-
"hemoglobin whlch are known to 1ncrease on exposure ‘:o :

'VEhese cond1t10ns were ‘also determlned Ev1dence for edema

Cin the lung vas determlned by computlng the wet- welght to .

~dry- we1ght ratlo.

Measurement of all the above 1nd1ces,were\made at
‘seVeral tlme intervals for up to 24nhours exposure. }h\s
eperiOd of exposurefto hYpoxia or 24Thours‘w1thout food
or water was chosen because ‘many symptoms of acUte mOun—:
d'taln s1ckness often develop in: susceptlble 1nd1v1dua15‘

.

during th;s period.

e
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Chapter II

A Comparison of Two Indirect Methods Used

To Assay Lipid Peroxidation
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. A. Introduction ' | o b

Lipid peroxldat1on 15 generally recogn1zed as an ox-

1dat1ve deter1oratlon of fats that can lead to tissue in-

Jury. Cell membranes are. recognlzed to be p@tt;cularly -
,»<:§%:nerable to this process once 1t is 1n1t1ated since the

ble bonds of unsaturated fatty ac1ds tend to react

w1th free rad1cals thus propagatlng the reactlon These, .

reactions of free rad1cals with membrane.11p1ds produces
many biproducts nhich are often measured aS'a means‘of
asse551ng the extent of damage to tlssues.

Many different methods have been used to obtaln an.
_1nd1cat1on of the degree of 11p1d ox1dat10n of t1ssues.

In a comprehens1ve review of methods Gray (1978) indic-

ated that the"methodfof choice is dependentiupon the in-

formation required, the time available, the nature ofr:

~the oxidized sampie, and the test conditions. Some meth-

ods are more appllcable to certa1n 11p1d components than

others and can only be used to ga1n 1nformatlon .about
partlcular.stages of the ox1dat1ve process (detarls of
.'reactjonshgiven in Chap. I). | o,

| Although_seneral authors‘recommend that more than
one index of lipid peroxidation be measured-when evaiuaté

ing tissue damage, few'studieslhaveffollowed.this recom-

mendation. In this study two of the methods evaluated.by -

va%ay-(1978); the chemical-thiobarbituric acid (TBA) test



4 %'N‘@ -

~and the'physical-fluoreSEence intensitj&test are compared,
Tne reactionioﬁtTBn with malonaldehyde (MDA-a bypfoduct
of the reaetien of:free radcials with unsaturated fatty ’
acids) groduees a colored'produet; the intensity of which
may be used for determ1n1ng ox1dat1ve damage to t155ues.
. Determlnatlon of MDA in tlssues is the index most common-
H'ily used. to 1nd1cate the extent of lipid p;;ox15:t:;n;
Although measurement of thls 1nde; has been-whaely
critieized,fmany authors (Slater,i982;Dahle et al.,%%FZ}.
Hallivell, 1984; and Gutteridge,1982; Halliwell and Guttef-
idge 1985b) agree that chanées in the vaiuesffor MDA may
be a s1gn1f1cant index of damage prov1ded the same proce-
-dures are employed in the same way in each assay of ‘an in-
vestigation, This is because the TBA assay has been found
to var§ witn the assay conditions suchvas tne type of}acid
~used for development of the reaetion, the temperature (of -
the water’bath),.the pH of the:reacting,medium and the dur-
ation!of incubation.. The above<authdrs'have sugéeeted that

- the TBA_test is a.-qualitative and comparative index of li-

roxidadion and not a quantitative assessment.
- Other products are formed when lipi%ﬁ are oxidize#
uthors (Chio et al.,1963;Chio and Tappel, 1969':e
et al.,1973;Tappel, 1975, Malshét and Tappel, 197

B'dlack and Tappel 1973 Roubal 1971 and Roubal and Tap-"*

pel 1966 Nair et al.,1986; ) have shown that fluorescent
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products, fesembliﬁg "lipofuscin” are'formed'through

the interaction‘efjperoxidized lipjds and Qerioﬁs cellu-
lar cqnstituents includipg‘some phdspholipids,}ribonuc-
'lease; prote{ns ﬁith reacti?e amino groups, pretein frag-
.ments and carponyl,eompuhds such as MDA, Theée aﬁthors |
ell have foﬁqﬂ that the devel%pment of fluorescence in-
tenSify closeiy'perallels oxygen'absorptiqn and'it can

be used quantitatively to assess accumulated damage in
’tissue samples._Theylhave euggested thet‘the'fluoreecent
method is 10 to 100 times more sensitive that the TBA
assay.
" In the presept_study two independent methods for
.assessing oxidation were compared in the same eamples"
using homegehates of the heart, kidney and lung. In or-
der to evaluate a possible_felatiohship between MDA and
flipofuscin (one of the fluofescené.byp;educts‘ofbiipid
L tperoxidatioh) in tissue homogenates, 1ipid perokidaﬁien
2?€?%jﬁs faeilitated“by»incubating-the samples at 37C and al-

.iquots of the homogenate removed immediately; ;fter 3
hours anqlefter 24vhours incubation and analyzed for MDA

. and’iipofuscin.

\
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. e;hod - - | o -~

S1x male Sprague Dawley rats wexghlng 350‘4509 were
‘maintained in the Un1vers1ty vivarium. They were fed rat
: chow(Balstop;Pur;na checkers) and water ad libxtum, At
all'tihes‘théy_were kept on 12 hour on, 12 hour off room
light.: The rats were killed in the morning(10:00 AM) and
organs remoéedAand frozen in;pen£ane'chilléd in liquid

"nitrogen and then stored at -70C until analyzed.

Malonaldehyde (MDAY{’The level of MDA in tissue§ waé det-
ermined using a moéified method of Buege and Aust (1978).
*In this 5 %(by weight) homogenates were prepared as fol-
iows. A weighed sample (approx. 0.6q) of'each‘frozén tis-
sue was added to 4 ml of ice cold 1.5% KCl ahd homogeﬁized
with an ultrasonlc homogen121ng probe (K1nemat1c GmbH - Poly-
tron) for 20 seconds at a sett1ng of 7 on the homoqgnlzer
The homogenate was then diluted w1th addltxonal cold KCl1
to give a final concentration 6fo5%(b§ wt.) of tissue.
Test tubes contéining.the homogenage were mixed by invert-
ing the tubes and then stored at -20C until analyzed.

The HCl-thiobatbituric acid"(TﬁA) reagent solution
used to detefmine MDA vas prepared‘as follows: 2.5 ml of
concentrated HCl was added cargfﬁily to 97.5 ml of dis-
tilled water énd mixed gent}y using a'magnegig_stirrer.

: Next,'0.375‘ml was removed from the beaker and.0.375 g

of thiobarbituric acid (powder) added to it making 100 ml
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~ /
of TBA reagent solution. To ensure dissolution of TBA pow-

der, the beahpr<containing the solution was warmed to 37C

.

on a temperature coptrolled magnetic stirrer, .

'Malonaldehyde: MDA was determined in triplicate as fol-

lows: 700 ul éf a Sxﬂtissue hoﬁbgenate (w/vi vas ;édea_to ‘
“300 ul of‘distillea ﬁ‘?er in a test'tube'before,addition

of the Hcl-thiobarﬂiturip (TBA) reagent solution. For de-
terminatioh of liver»MDA;;!O%éul of homogenate was used.
For each determination, tmo;ﬁi.of the TBA reagent was ad-
.ded to thf sample, mixeé oﬁea vortex-type mixing device
(Thermblgne Maxi- mix) then diges%ed for 8 minutes at 95C
in a water baﬁhu At the end of the digestion period the
samples were transferred to a second water bath at room
temperature to cool. After cooling, 4 ml of butanol was
‘added to the sample and the tube capped then shaken vig-
orously for 5 seconds. After centrifﬁgation at 3000 rpm .
for 10 mihutes, an aliquot of the butanol ekfract was
transferred to a cuvette and the optical density at 5§32

nm (the maxihum absorption for MDA) detefmined‘with a spec-'q
trophotometer (Beckman Model Bf; A stock sdlution of malon- &
aldehyde (tétramethy;acetal—TMA) wa§ used- to form a series )
of dilution; over the range 100nM to 800nM. The mean. of 3
determinations per sample Was.recorded and used in statis-

tical analyses.

Lipofuscin: Lipofuscin was estimated by a modification
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‘ : . . &
PN the fluorescent method of dillard and Tappell (1984).
In this 500 ul of the 5% tissue homogenates (w/v) were
added to 3 ml‘of an extraction mixture consisting of

2:1 (viv) chLoroform:methaﬁol. To prevent further oxig-
ation pf lipids in the samples‘during Ehé procedures they
vere mixed vhile under vacuum (-680 mmHQ) for approx. 3”
- min. In this manoeuvar evaporatzng off the chloroform
served to concentrate the llpofu‘c1n in the methanol.

A fur;her two ml of methanol was added to the test tube

and the cdntents mixed for 5 seconds. The mixture was

ged (1000g for 10 minutes) and an aliquot of the

supernatant transferred to a cuvette and its fluorescence:

/7

determined using a fluorometer (Turnér model 111)., Excit-
ation was 360 nm and emission measured at 430 nm. Results
were expfessed in relétive fluorescence intensityunits
using tetraphenylbutadiéns (10" 'mol) as a reference stan-
dard. The fluorescence intensity of 3 standard seriés of
dilutions formed a straight line.

Storage of Tissue Homogenates g

Storage temperature was found to affect lipid per-
oxidation of the homogenates. In order to be valid com-
parisons between’indices had to be made on either fréshly
prepared homogenates or on freshly prepared homogenates
 that were immediately frozen and stored cold for later

analysis. To ensure uniformity precisely the same proce-

26



dure had to be-employed in each instance on homogenates

. e

Iy

that- in turn had been prepared in the same manner and
sto;pd under the same conditions. '

The-presence of catalyt1c metal 1ons has also been
recognized to effect the oxiggtiva process\zn tissue ho-
mogenates. Gutteridge, (1985) and Halliwell‘and Gutterjdge
(1985a,b) have shown that certain ions enhance free radical
action, One possibility is that the ﬁ*ocess of homogen-
izafion of the tissues.disrupts membranes and releases.
potent oxidizing abents such as iron and'copper ions into
the medium, consequently, lipid peroxidation will likely
increase on 3torage of the samples becauk@ of the presence

of these ions.

Statistical Analyses )
!

ANOVA with repeated meii::S; of the results of an--

alysis of lipid peroxidation he same samples altern-
atively for MDA ér lipofuscin analyses were made in order .
to make comparisons between meahs of the results. The
Pearson Product-Moment Correlagion Coefficient, "r" was
computed to indicate posdible relationships between the

two indices.

27,
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* » C., Results
Significant increases in the concentratiéﬁ‘q&lunh‘

«occurred during the first 3 hours incubation in the homo-

genates prepared from the 3 tissues (Table 1), During 24

4 .
hours incubation*\poroxidation appeared to have

-~

Qpntinued
in the heart and lung prépqsaf*ons. In contrastf%?oncen-
tration of MDA in the kidney homogenate was less i.e.

MDA concenﬁration.was less following 24 hour incubation
than after 3 hour. | |

A direct correlation (p<.01) was found between MDA
and lipofuscin in the heart, and lung following incuba-
tion of the homogenates for up to 24 hours. The leveTs
in the kidney homogenate did not show tﬁe same 6orrela~
tion. Dﬁring the initial phase of peroxidation i.e., up
to 3 hours incubation, a direct relationship was found,

lhowe;er, during the latter \phase of peroxidation an in-

‘verse relationship between MDA and lipofuscin was evident

.

(p<.05).

F.k
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Table I.‘Indlces af 11p1d peroxldatlon in rat tlssue

",..

homogenates after 1ncubatlon at: 37C.

b

vs 1n1t1al values and 3hr. values

L

| Malonaldehyde (nmol L 1) | L1pofusc1n (10 mol)
| 00 #3 ., #28hr. | O . +3  -+28hr. -
"""""" sfi--—+f-——f—*5--*f-fgsf-rr-*---—f-*--“—‘—'“---"'b,;‘,
Heart(G) 302 363 400" 40 44,5 . 50,07 .
(9) (12). (8) . (1.2). (1'3)'v(1f1)ﬁ§7;
K1dney(6) 350 - ‘4482 4172 57 :62.5  92.5° .
| (18) - ¢15) (7). e (1.3) - (2.00) -
Lung(6) 1 175 21228 2262« 10 10.5° 14.1°
o § “(4) (7) (1) (1.0)° (0.8) (0.9)
W mmm T A e e o i e e ﬂgf*-f —————— *———————“—-f ——————— L
R T v»ﬁﬂ_
; Values mean of 6 means,; S E (1n brackets)
(6)®~number of rats kllled
o Tukey s HSD(p< 05) e .
vs 1n1t1al values a7

expressed relatlve to butadlene fluorescence(1g amol)

. ! g &

: #awé§f “



!

‘iﬁisignificant‘relationship,wgs found between the

'examlned in this 1n V1tro stuﬂy. As may be seen in Table

s ues up to, at least, 24 hours 1ncubat10n. In the kldney

‘1'homogen“te the decreased concentratlon of MDA found be-

- and cont1nu1ng MDA.prod:Ftlon, 1 e., bothjgollow1ng 3 and o

~t10n 1s t1me dependent.

| tWeen 3‘and 24 hour . may be due- to its conver51on to llpo-

L

,fusc1n.-The overall duratlon of the 1ncubat1on ev1dently

,had a significant effect on_perox1dat1ve proqesses in

L

L1p1d peroxldatlon appears to occur in at lefst two

,.phases. Slnce there is n*‘51gn;f1cant d1fference in l1po-
. fusc1n durlng the early stage of hlgh 11p1d peroxldatlon
ev1denced by MDA formatlon, these results suggest that

’ evzdence of 11p1d peroxldatlon may be determ1ned by early

'dur1ng the f1nal phase, i. e., from 24 hours onwards after
n1ncubat10n. These f1n ngs are in 11ne w1th the 1nterpre-
tatlon of others 1nclud1ng B1dlack and’ Tappel (1973) and

'“Dlllard and Tappel (1971) who suggested that llpofusc1n

is formed from the crossllnklng of MDA w1th othag cellu-

lar- fragments. They further 1nd1cate that a- degree of
, . : -

30
'“Dfscugsion“w, I SR . I f\”{‘,
gtwoﬁlndices (MDA and“lipofuscin) of lipid peroxidationv"é

1 for the heart and lung, perox1dat1on apparently contin-

.

these’tlssue‘homogenates'5uggeStingithat product forma-

.24 hours 1ncubat1on whiTe l1pofusc1n format1on is ev1dentv
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peroxldatlon of l1p1ds, i.e., product1on of MDA must " oc-
'cur before llpofusc1n is formed After 3 hours 1ncuba~

t1on 1t appears that MDA productlon has stab111zed Pos-

- AN
'.51bly some'ﬁf the MDA 1s converted . to the fluorescent

plgment. The - reductlon in MDA ‘levels found 1n the kldney
preparat1on up to 24 hours incubation w;th a concomltant
sharp rise. 1n the concentratlon of l1pofusc1n in the same
preparat1on tend to conf1rm thlS hypothe51s. Another pos- .
51b111ty, that Gutterldge (1985) has demonstrated may be.
| due to the presence of catalyt1c metal 1ons in these hom-
ogenates whrﬁh can {ncrease the generat1on of free rad— |
llcals‘and_thus indices of l1p1d peroxldatlon._
The correlatfon coefficdents found in this study
between MDA‘and‘lipofuscin‘suggests that care must be
taken when formulatlng conc1u51ons based on the measure—

£ 3 AR
ment of only one 1ndex. The 51gn1f1cant 1ncreases in

o 11pofusc1n found in all preparatlons ;ﬁ thlS study up to

24 hours 1ncubat10n w1th a concomltant levellng of f or
decrease in the concentrat1on of MDA suggests that 11po—‘
fusc1n formatlon occurs subsequent to the perox1dat1ve
process.-Furthermore,_these results 1n¢1cate that if 11p1d
perox1dat1on 1s on;omg or h’:anced 1nverse relat1onsh1ps
hetween these 1nd1ces may develop. Perhaps it . is of 51g—’
nlfucance that 1n formlng such fluorescent products MDA

'1s.removed»andyapparentlﬁ"no‘longerclnd;cated by the TBA
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assay.’

Few authors have compared two assays of 11p1d perox-
~idation determ1ned on ‘the same preparat1ons. Many ‘authors
'1nclud1ng Bidlack and Tappel(1973), Malshet and Tappel
(1973), Tapp'el,et--al (1973), Chio et al.,(1963), Tappel,

(1975), Dillard . Tappel(1971), and Gutter1dge(1985) have

’,measured one or other of these 1nd1ces of 11p1d peroxlda-

tion, but few compared them.‘Dlllard and‘Tappel (1971)

8

determined both MDA and fluorescence intensity in rat
liver mitochondrial and microsomal preparations. TheY'
found MDA'leVels»initially‘increased then stabilized

) . . . 4 : . 5
or decreased after 4 to 6 hours incubation. These find-’

ings resenble those of. the present study for kidney hom-

)

" to be maximal in their preparations at urs at which
V'Qw.a v

t'ime they termlnated the 1ncu§g¢10n. They suggested that

ogenates. The above authorsfoundfluoresc!nce intensity

‘1n those 1nstances when they found a decrease in the con-
centrationvof MDA it had been taken up., toﬂT/?m llpofusc1n{
In another study u51ng a synthetzc perox1d121ng sys~'
tem conta1n1ng phosphat1dyl ethanolam1ne and methyl arac-
hldonate Bldlack and Tappel (1973) found thlobarblturlc
“ac1d reactlve substances (TBRS) reached a max1mum at 10
hours 1ncubatlonvwh11e fluorescence development contlnued
and appeared to plateau after*ﬂB hours. of partlcular 1nr'

terest is the fact that after‘TO hours 1ncubat1on at 37C

g



_ they. found TBRS concentration to have decllned whlle flu-
N ore;cence intensity had contlnued to lncrease.%No explan—
atlon was given for‘what was a'statlst1cally 51gn1f1cant
':f’d'ecreavse in TBRS. One possibility is that the decline in

*‘-JMDA vas due to its crossl:nklng w1th amines on the phos—

&“”phpllpld molecules formlng the fluoresceht product. Nair .
et al.,~ (1986) have shown such a p0551ble mode of cross-
11nk1ng of protelns ‘and amino ac1ds w1th MDA.

‘v In the present study of whole t1ssue homogenates,
'1ncdbated for up to 24 ‘hours at 37C, some of the changesl

found in the 1nd1ces exam1ned'c3uld.be~similar”to those-

1nd1cated above, i, e.; MDA(a type of TBRS) product1on ap-
‘pears to increase in the heart as well as in the lung and
| decrease in the-kldney preparatlons‘after 3 hours 1ncuba-
°t1on. At the same tlme, fluorescence 1ntens1ty 1ncreased
S1gn1f1cantly 1n all preparatlons partlcularly in the k1d4
ney between 3 and 24 hours suggestlng that 11p1d peroxld—
1 at1on and MDA product1on is an ongo1ng process essentlal
l.ffor the formatlon 2;:d1pofusc1n. Ev1dence from this study
B suggests that measurement of at least two 1nd1ces is pre—
ferable in asse551ng poss1b1e damage to tlssues by 11p1d
‘hperoxldat1on since it appears’ that correlations between_
these 1nd1ces may not always be direct and values for
these 1nd1ces, by themselves may be mlsleadlng The dur-;-

o -

ation of the 1ncubat10n used in the assay appears to be

4



)

critical as,the'proceSS'of_peeridation is facilitated

during this time.

34
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Chapter III

Evidence for Action of Free Radicals in Tissues
of Rats Exposed to Hypoxic Atmospheres

37



-
L

A. Introduction e

Aoute exposure of man and other mammals to high al-
titudes apparently causes tlssuewinjury which, if severe,
is likely responsible for the development of a variety
of debilitating symptoms commonly referred to as alti-
tude sickness. The effect at “the cellular level that
1eads to the deVelopment”of the symptoms remains uncer-
ta1n although hypox\ia f@ generally recogn1zed to underly

.the tissue damage. Thatmlow oxygen is likely the major

factor is evident from the relief of symptoms obtained

by giving supplemental okygen. However, in some instances,:

this procedure was¢found to be not fully effective and
transport of the afflicted to a lower altitude provided
the only certalg relief. Hackett(1980) and ‘Houston and
D1ck1nson(1975)/have_showh that descent 'is much more ef-
fective in ameliorating the symptoms of’acute moumtain
51ckness(AMS) than ;1v1ng supplemental oxygen. These ob-
servat1ons 1nd1cate that the increase in partial pressure
of oxygen found at lower altitudes is not the only factor
reStofing normal_tiesue fumction. Thus, in addition to
hypoxia, sudden cmanges in atmospherlc pressure or some
othen factor m1ght have a role in AMS.

Most researchers study1ng the effects of hypoxta
often assume the phy51ologlcal react1ons to a hypobaric

type hypox1c atmosphere (e.g. one half atmosphére) iden-

‘
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ticai to those to a normobaric'atmosphere containing a .
lower than normalvfractidn of oxygen (e.g. 10% oxygeh'in
nitrdgen).“There‘heve been few studies in which the two
effects have been compared. In one Russell and Crook i
(1968)\reporteéahavingbfound total urinary nitrogen,
urea excretion, blood lactic 5cid, and serum urea con-
centrations increase linearly with the decreaee in po,
in rats exposed to”either type of hypoxic atmosphere sug-
'éting no difference in certain mefabolic functions.
‘Levine (1988) cautions that atmospheric pressure and ox-
ygen partial_pressure may affectvcell function differently,
particularly in the lung.

There is some evidence timt the two types of hypox-
ic atmosphere may affect puimona:y function differently.
~ Bartlett and Remﬁers (19?1) fotnd in rats cbnditioned
20 days to a hypobaric atmosphere that the alveoiar sur-
face area and lung volumes were greater than in control
. rats kept in a normobaric atmosphere'with an‘equivalene
low partial pressure of oxygen. Recently, Levine et al.,
(1988) demonstrated in sheep that hypobaric conditions
_ but not hypoxic cohditionsfgequivalent p02) increaeed.
lung lymph flow. After exposing sheep‘td "2600m" for 2
| hours'they found a significaht increase in lung lymph
flow which they attributed to a greater surface area

for fluid exchange under these conditions than that avail-

e
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9
'able for exchange under normobaric hypoxia. In another
study Parker et al., (1981) attributed an increase found
in the filtration coefficient of isolated dog lungs when
ventilated with an hypoxic gﬁs-mixture to changes in vas-
culér permeability, rather than an increased surface area
for fluid exchange. Evidently exposure of mammals to dif-
ferent types of hyggxia affected mechanisms that regulate
fluid balance across the vascular membrane differently.
Several conditions have been found to enhance free
radical generation in ;issues. Rec%g;ly, several authors
(McCord, 1987;Slater, 1982;Kappus and Sies; 1981;Fridovich,
1979;Fridovich, 1978;:Misra and Fridovich,lQ?Z;Boveris'et
al.,1976) have suggeSﬁed that hypoxic conditions in tis-
sues méy activate or prite tissues for the'generation of
- free raaiCAis. According to‘theée authors prodﬁction of
these highly oxidizing agents which contain unpaired élec;
tfons_tends to react'preférentially with unsaturated li-
pids (details of reactions given in chap.I) and proéein
moieties of cell membranes often caning cell lysis or
cell deatH. Hypoxia-induced activation of free radicals
could alter membrane structure or function and might en-
hance fluid flow and protein leakage Fhrough membranes.
‘An;altitude—induced change in mehbrane function in other

tissues such as the kidney may contribute to symptoms such

as edema, proteinuria and hematuria experienced by man at

40
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altitude. This enhanced free radical activity may also con-
tribute tocfevere headaches commonly experienced by man at
altitude. That membrane permeability is increased when free
radical action has been induced has been shown by some au-.
thors’1nc1udiﬁg_Ha11iwe11 and'Gutteridge(1984), Repine and
Tate(1983), Deneke and Farburg{(1980) and Ohmori et al.,
(1978). Evidéncé\indicating that ekposufe to hypoxic en§i-
ronments may enhance free radical activity in tissges gﬂ
mammals, however,is limited.

In the preseﬁt:study the possibility that environ-
mental hypoxia might activate free radical-mediated ac-
tivity in tissues of rats was exam}ned and the effect of
two types of hypoxia compared. Hyédxiéjconditions equiva-
lent to an altitude of 6000m were used as ﬂhis type of
exposure commonly induces severe symptoms of altitude
sickness in man and other mammals. To ;ssess possible li-
pid peroxidation in tissues of rats after exposure to dif;
ferent types of hypoxié atmospheres the concentration of
malonaldehyde (MDA) and lipofuscin (byproducts of ﬁree @iik
radical-induced oxidation) were determined in several tis- R
;;;;T‘;n addition, the concentrat1on glhe hemeproteln, cyto--
chrome P-450, which some authors (Rouba1,1971,Lev1ne,1982,
‘Levin et al.;1972 and Svingen et al.,1979) have shown to
be degraded by tﬁe action of free radicals was also deter-

mined.
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Other indices which have been reported to increase on
exposure to hypoxic atmospheres were also meaqured These
included hematocrit and methemoglobin. The tendency of an-
imals developing pulmonary edema, a common type of alti}“

tude sickness in man, was evaluated by dete(:ining the wet
weight /dry weight ratio of this organ,

o,
\‘_

&
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" B. Methods .

1. Anlmal and Exposure Cond1t10ns

e Groups of 10 male Sprague Dawley rats welghlng -
v;350 4509 were exposed to e1ther normal or hypoxlc at-ic
;fmospheres 1n separate chambers descrlbed below. For thet‘“
."g'hypobarlc exposure an atmospher1c pressure equ1valent
to 355 mmHg (hypobar1c hypoxla p02,70 mmHg),.equ1valent

ffqto an a1t1tude of approx;mately 6000m,'was malntaxned 1n

7vithe hypobarlc chambers u51ng a pressure/vacuum pump(Gasﬁ
ft1/6 hp pressure/vacuum to 27 FHg) and a regulator (nega-}f-flfv

'tlve pressure regulator, Matheson model 3491) The hypo¥

h;;ibarlc pressure 1n 1nd1V1dua1 chambers W s checked on oc—'

ca51on by attachlng a mercury manome _r to the repressurf
d,1i1ng pgrts.iln order to provade a normobarlc atmosphere »
bnthh a partlal pressure equ1valdht to that of the hypobar- e a;
f1c atmosphere descr1bed above, a gas mixture conta1n1ng h
»f10% oxygen and 90% n:trogen(normobarlc hypox1a,p02,70 mmHg)
’su“fwas passed through the chambers (flow rate=5.0 lm1n 1)»»

‘ﬁvSamples of ‘air w1th1n the chambers were drawn through the ?féig;

el

,lfrepressurlzlng ports 1nto a 50cc syrlnge durlng the expo-*
;dsure condltlon and the concentratlon of | barbgh d1ox1de in S
u“fhgfthe samples determ1ned by pa551ng them through a cmrboﬁ'

szloxlde (Capnograph Godart type KK) ana#yzer. These checks ‘

o

|
|

utrjw;lndlcated that dur;ng exposure to both types of hypoxlc HF"

”*aff;atmospheres the carbon dlox1de concentr’tlobfgasiiess than 5;};3




B

0 5% 1nd1cat1ng that flow through the system prov1ded ad-'
’.vequate ventllatlon..Prlor to the exper1ments, the rats
o were ma1nta1ned in shoe box type caq&s (6 rats/cage) in .
‘_the Un1vers1ty v1var1um.'They were fed rat chow(Ralston~
r’Purlna checkers) and water ad 11b1tum At all tlmes they
- were kept on 12 hour on, 12 hour of f room llght.‘The rats.
) were then transferred 1n the1r cages ‘to the laboratory f_
'_where they Were held under 31m1lar condltlons.JWhen used

'-the rats welghed 350 4509

‘4;4 ‘

Groups of 10 male rats were welghed and then exposed-"'

w5 at a t1me in separate chambers (descrlbed below) for

'(normobarlc hyp0x1a) or to a decreas?d pressure(hypo-'“i

' .4,

*-beru Afder the exposure they were welghed and kllled for
& ’ana1y51s ‘as’ descr1bed below.' '”
”'evaluate the effects of w1thhold1ng food and

and/or other effects on rats such as thelr belng

’;jplaced in a né% env1rbdhent (the chamber), an addltlonal f'

u
ek
o

‘_group(101”ormafs), whlcﬁ had access to food and water ad

SRRV I N 0 e

}ﬁ bltum, were.iahen d1rect1y from the1r shoe box cages
-,welghed kllled and tlssues stored for later‘analy51s.>3h
kIn keeplng w1th the f1nd1ngs of Conlee et al., (1976)

“; the rats were k1lled at approxzmately the same t1me each

_M-mornlng(10 oo/gn), a tlme,whlch.they found m1n1m1aed§the,

' 2 hours to e1ther ambzent a1r(controls) to a gas- mxxture"

S barlc hypoxla) No food or. water was prov1ded in the cham--



. . . . " L

'effects‘of~diurnal variation‘on‘olycogen stores./h
| The general procedure followed for preparatlon of
trssues was . as follows.‘on'removal from the chamber ‘the
:»rat was rewe1ghed anesthethed w1th ether then the ab—
dom1na1 wall Sectloned exposang the d1aphragm and beat—'f
ing- heart. Thls procedure fac111tated cardiac puncture.“
The blood obtalned was stored on 1ce 1n a refrlgerator
whlle varlous organs//eze rqmoved The lungs were blotted

dry and immedia y frozen 1n pentane cﬁllled in llqu1d

//:tfjggﬁf(cold pentane) and stored at -70C for later an-
aly51s. The 11ver was blotted dry, welghed and washed in

1ce-céld sallne as were the heart and k1dneys. The heart

,'and kldney were then cut in half (longltud1nally) and the
l1ver lobes)cut 1nto pleces welghlng approxlmately 2.q
each. After washlng 1n ice. cold sallne, the tlssue samples
were frozen in cold pentane and stored in v1als at--70C

’ unt11 analyzed for MDA and l1pofusc1n. Hematgcrlts and

methemoglobln concentratlons were then determlned on

samples of the freshi& drawn blood ’ o "b , h | [*»\kf;;jjf

I Chamber:De51gn and Tests_,.

-

= ' To prov1de the de51red experlmental cond1tlons, a
,&n, e

system of c }bers,t eaclwh'ol’.@'ing one. rat was de51gned
« ‘AL" N
Aaeloped (detqnls glven 1n F1g I and II) so

“‘ixTh1s was

) ‘¢4
7:? “thatigne«rat could be femoved from the partlcular atmo—'

&

,-ﬁ._‘.

phere leav1ng the rema1n1ng rats in the expefemental at—i
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e

“ ‘ﬁf

) - . ¢ 72hy- Pl ) )
was large enough j%ﬂ?ﬂiguogof the normal "shoe-box".
' | | w g o

- cages with water ja

.'_mospheré. One chamber could be'qpened by closing "isoiaf,

.tion" clamps on air lines then.opening the repressurizing -

port’slightlyiallowing ambient air to -enter slowly. O
Before this chambeﬁ sySte@iwas~developed.a number

of preliminary tests were conducted on rats using a dif-

ferent éhambevﬁqbnskggggzibf a heavy aluminum box which
‘ ‘ e L ERNENIEC S ' :

R

i

rs, fobd.and each containing 4 rats.

Use of this p:QVi”ed some indication of how the rats would :
4 viged ¢ , '€ .

react to the stregs of hypobaric conditions. One observa=
tion of thrée,s th hypobaric,triéls'was that at "6000m"

they neither até nb:”drank fpt‘up tq~g4‘hburs._5ubseQuent

«’_hypokic triais,'théqpfote,'were‘conducted without food or

water at room temperature(22C). . -
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III.'Chemlcal and Phy51cal Procedures L “.Q

Malonaldehyde (MDA) 1n t1ssue homogenates was deter-
m1ned using a modified method of. Buege and Aust (1978)
(@eta1ls-descr;beqaln'éhap.,II). In principle the MDA re-
acta,with an HCl?thjdbarbituric acid (TBA) reagent‘sol—'
ntion yielding the eplored_product which was assessed

pectrophotometrlcally\

L1pofusc1n was determlned us1ng a modlflcatlon of thev

method developed by Dillard and Tappell (1984), (detalls

are described in chap.II). In this, the fluoresggnt pig-
R . ) ® o )

ment was extracted from the tissue homogenate uw‘ﬁg a .

. chloroform:methanol"mixtnre and the relative fluorescence

intensity read'usingpa spectrofluorometer.

IV. Other Ind1ces of Tlssue Functlon

Methemoglob1n~ The procedure for determlnlng if- met—

-

hemoglobin was present was that used bg the C11n1ca1
\Sciences Department ofxfhe UniVersity of Alberta (un- -
‘_publlshed) For this 100 ul of whole ‘blood was "added

to 10 ml of dlStllled water and. the contents mixed by
1nvers1on of the_test tube to ensure hemolys;s_og the
A-eelis, The migture was then centrifugedl(10009) for ten.

‘minutes to‘remové cell debris :

-A‘of the supernatant was transfeﬁﬁi& to a cuvette and the

‘Ftrophotometer(Pye Un1—

cam: SP 1800) to determlne if an absorptlon peak corres-

absorbance read at 630nm in a se

llowing which an aliquot -

49
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 ponding to that for methemoglobin, was presenr..bisapi

4

pgarance of the absorption peak\following the addition
of 2 drops of 33% (v/v) ammonia} conf irmed }Képpresence
of,methemoglobin.

, N , A :
‘Preparatlon of leeg Microsomes and Determxnat1on of P-

‘ »450 The m1crosomal fractzon was prepared by the method
descrlbed by Sladek and Mannering (1966) For this, a
weighed sample (approx Ig) of frozen liver was homogen—lb
‘ized in 3 ml of ice cold KCl(1 15%) to give a flnal con-
trat1on of 25% of l1ver The homogenate was then centr1-b
fuged in 50 ml polypropylene centrlfuge tubes in a h1gh
speed refrlgeratedvcentrlfuge (MSE' Superspeed 50) at 1-4C
at 12, OOOg for 25 mlnutes.to remove debrls, nuc1e1 and
.m1tochondr1a. Follo$1ng‘th1s an allquot of the superna-
tant, whlch st1ll contained the.mlcrosomal fractlon, was
centrifuged at higher speed in a 10/10 ml angle head
at 78,000g for 60 mlnutes at a temperature of 4C. The
'supernatant was decanted . the pellet formed was r1nsed ’
“‘w1th ice-cold 1.15% KCl and then resuspended»using a hom-
: ;ogenlger in an equal volume of the KCl. To this microsomal
suapens1on 6 0 ml of a 0 2M phosphate buffer, pH 7.4, was
_added and a few crystals of ‘sodium dithio te added to
Qube» was sea led‘

reduce the haemprotelns present. The‘test

with Parafilm then_contents mixed by inverting the tube
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2~ 3 tzmes. Al1quots (3 ml) were then transferred to each
of two cuvettes., Carbon monox1de (100%) was then bubbled
through the contents of one cuvette for 30 seconds to re-
duceAthe methemoglobin formed. The second cuvette contain-

v'1ng the same reagents and treated in the same manner ex-

| ~.cept for the addition of carbon monox1de served as refer-

' enge,lThnwdlfference in absorptlon-spectra_betveen the
'sample and reference cuvettes was determined betneen'SSOl
‘and‘400 nm using a dual beam spectrophotometer (éye-Unicam
’éP 1800) Tbe cytochrome P-450 present was proportlonal |
‘to the’ absorbance at 450 nm less the absorbanre indicated
'at 490 nm. The P-450 content was calculated using the mo—'

lar extinction coefficient of 91 em” 'mmo1”

as determined
‘A by Omura and Sato (1964).

Evidence for Pulmonary Edema: One of the lung lobes fromv

each rat was weighed and then dried in the oven at 90C for
"12 hours and rewexghed The wet . weidht to dry weight ratios
»were compared The water content (%¥) of the sample of lung
“tissue (fgozen we;ght-dry welght/frozen welght x 100) was
aleo«calculated. n | |

V. Statistical Analyses

Students' t test was.used in making comparisons

"Nbetween means. The‘Pearson PfodUct-MOment Correlation.

“tionships between some of theﬁéndlces measured.,

Ll



C. Results

"

I. The effect of withholding food and water on lipid
peroxidation and on the water content of the lung.

Comparing values for the normals with the controls
reveals that withholding food and water from rats for 2
hours had ligtle or no effect on the concentration of MDA,

‘lipofuscin:in tissues or on the water content of the

‘lung. i
I1. The effect of hypoxia and withholding food and
water on lipid peroxidation 1in tissues of rats,
: . T

v

ExpdéUreJof rats td‘normobaric~hypoxia caused a sig-.
nificant (p<.05) decrease in the concentration of MDA in
~the lungs, kidneys and liver but had no apparent effect

‘on levels in t  heart (Table I). It caused a decrease in

" lipofuscin only #n the kidneys (Table II). At the same
time, lipofUSCin'inteﬂgity was found to. increase signif-
icantly (p<.05) in the 1i§ze; (Table II). .
- In.coné:ast to the decrease’in MDA concentration
found in most tissues of rats expoéed to normobaric-hypox-
ia, exposure to'fedhced pressure (hypobaric vs controls,
Table ]) for‘2 hours caused a significant increase (p<.05)
in MDA in the lﬁngs'and kidheys. A significanti(p<.05) re-
duction in MDA, howéver, was found in the heart}and iivgr
(Table 1), similar to that observed in rats exposed to nor-
‘mobaric~-hypoxia. Flubfescenée due to lipofuscin decreased

- (p<.05) in thellung'and'increased‘signifiantIy (p<.05)

s2



in the heart of rats exposed to hypobaric-hypoxia.
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Table 1. Malonaldehyde Cohcentration in some tissues of rats&... -
after 2 hours in hypoxic atmospheres,

" Index poz/pNz Pr. Malonaldehyde (nmol.L -1 ﬁ&?
Group atm| Lung | Kidney | Heart | Liver
Normals(10) 145/565|1.0| 184 352 302 595

(7) (10) (8) § (28)
Control 145/565|1.0] 190 363 240 559
, (4) (11) (21) (17), -
Normobaric- | 70/640 [1.0] 123% | 231® | 296 2558 ¢
Hypoxia . (7) (10) (17) (5)

——— . - e - . M S G S St A me S s W M e W AU e G S e G A S G G G MG G M S SN et (M WD N R T M T e S G e S e e

Hypobaric- 70/285 |0.5]| 2
Hypoxia (

g - — . Vb W S W A T G S e R W et e e e S G AN AN e e e A A - -

Values = mean of 10 means, S.E.(in brackets)

-

(1Q) 5 number’ of ratS-pqr group

Student's t test ' | ‘i
p<.05 '
‘a sign. difference vs other groups same Cﬁtumn

b sign. difference vs normobaric-hypoxia

and other groups same column

s
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Table I1I, L1pofusc1n fluorescence intensity in txssues of
rats after 2 hours in hypoxic atmospheres.

_____________ ,--_----___---_-_____-___--___-__-_-______-__;

Index poz/pN2 ATM szofuscxn Inten51ty
Group : Lung | K1dney JJHeart | Liver
Normals(10) | 145/86511.0] 12 78 44 71
(.80) (3.1) (1.1) (1.6)
Cofitrol 145/565(1.0| 14 76 42 79
Normobaric- | 70/640 |1.0| 15 | 67° 45 952
Hypoxia . (.80) | (1.1) (2.0) (3.1)
Hypobaric- | 70/285 [0.5] 9P 75 52P 67 .
Hypoxia , (.40) (2.4) (142)- | (1.5) .

Values= mean of 10 means, S. E(in brackets)
(10)= number of rats per group
* expressed relat1ve to butadlene fluorescence ‘¢10” 7mo'l)

Student's t test
p<.05

a sign. difference vs other groups'same cblumhfn;”{‘ &d
_b sxgn. d1fference vs normobaric-hypoxia Ly
: - and other groups same columm
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III. The effect of withholding food angd water on cyto-
chrome P-450.

A significant (p<.05) increase in the concentration
of P-450, similar to that found in rets exposed to hypo-
baric—ﬁypoxia but in contrast to the decrease in P-450
fopnd in the liver of rats exposed to normobaric-hypoxia

L

wasrround in the liver of rats deprived of food and water

(Table II1). The mean weight loss in the rats deprived
of food and wa‘sr for 2 hours was 8g.

1V. The effect of hypoxia,and withholding food and
water on cytochrome P-450 of rats.

A reduction in the concentrat1on of cytochrome

P-450 (Table II1II), in contrast to the increase found in
L4
rats exposed to hypobar1c hypoxla occurred in the liver
[T ¢
of rats after exposure to nérmo*ﬁr1c hypoxia. Rats ex- n
¢

posed to normobaric- hypoxla for 2 hour lost slzghtly

less welght than that lost by the rats exposed to hypo-
baric conditions (9g vs 12.8g). However, a significant
(p<.05) reduction in liver weight was found after expo-
sure to normobaric-hypoxia compared to normals, controls
and hypobaric rats. "

When compared to contro%e, exposure of rats to hypo-
baric-hypoxia had no significant effect on the coficentra-

tioﬁiof cytochrome P-450 in the liver (Table III). No sig-
‘ <

‘nificant difference in liver weight was found (Table III)

although mean weight loss was greater (12,8g vs 8g).

"



Q{Table III L1ver cytochrome\5¥450 and’ welght loss 1nlrats

after 2 hours’ exposure to hypox1c atmospheres.

T g e o o, s ke it o u-_;.._-“.- _____________________________ 4.&_—_»'_"_..‘.,.._'_._...__1,

‘1 Index«l poz/pNz;ATM, Wt. loss

: (9) 2
Normal/iJO) 145/565 1.0 .0 ¢
. v_‘, (0)
Control” w ' 145/5qs 1.0]. 8
o ' A (1.5)

ﬁrNormobar1Cft‘ 70/540 TAb-HW”Q A

Hypoxia | e

L -—-m—q-—puh-—.ﬁ—————--—p—-‘-é-—.&]’—’y—‘—;p—_'{—k_—-

"JHYpObarlc—»Hﬁ 70/285 0.5{  12.8

li' Hypoxla o) IR T N -jﬁ1,5); @t"'

H‘

“)= number of rats per group

FBW=f1nal body welght
A o
Student 5 t test

P 05

i;é 51gn. difference Vs other groups same column4_ a

'@vValues-‘mean of 10 rats, S E. (1n brackets)

BV S
"n’ . : - ‘5'7
“Liver wt.. Cytochrome IS
(%FBW*) - P-450 nmol/gm 11ve1
4.27 20.8%
(.12) (2.7) -
1 4.29 33,7
(.05) [EH
| &.002 16,32
, or) | (2.9
g9 | 32,8, - &3
(.10). (2.7)
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ﬁure to hypobarlc hypoxla caused a 29%(p< 05) 1ncrease in
. ¥ um(" o

- on the lung water content [ vrats

Exposure of rats to normobar1c~hf

caﬁséd'a-7%
(p< 05) 1ncrease in the wet welght to

~eightofatio‘
(Table IV)

A 51gn1f1cant 1ncrease (ﬁ% p<”

5) 1n hemat—
ocr1t was also found after thlS type of“

moglobln concentrat1on was not . affe ” dkby the exposure.

,t In contrast to the sli”ht 1ncrease 1n the wet/dry

y xposure. Methe*‘j

ratlo found in rats exposed,to normobar1c hypox1a,,expo-““"'

th1s 1ndex. Hematocrlt also 1ncreased 4% (p<. 05) wh1le

N methemoglobln concentrat1on 1n rats appeared to be unaf-

,fected-bykexposure,to_the{reduced pressnre (Table V)



‘ i '\";'?“J“” rgﬁ?}ﬁ.“”*"'“ | N
,,~Tab1e IV. Lung water of rats after 2 hourt 1n an hypoxlc
KR atmosphere. DR : RSO Saw } 5
el Index - po'z“/pNé]' ATM| Wet/Dry Lung water' "Het. JMetHb
;Group o t@r',. | o (ratlo) %) T (%) .'(Abs )
Normals(10) 145/565 1.0] 3.9%¢ 2 ) a6
(.11)
Control 145/565 1.0| . 4.2

g Normobarlc-ﬂf

‘”Hypobarlc—«u
: aHypox1a

ValueSr mean of 10 means, ‘8.E, (1n brackets) for Hct. and MetHb
.mean .of 10 rats, S.E. (in brackets) for wet/dry and lung
water - ) : -

f;(10)= number of rats per group
qualltatlve assay

: Student st test ‘.jﬁ.

d“r‘“‘ . ‘ - - Do S : A

51gn. dlfference Vs other groups same column except control Cedl

v : ‘~4, .

'!b 1nd1cates 51gn1f1cant d1fference vs normobarlc-hypoxla
and- other groups -same column K '“@95 - -

I N . : N oLl . . s RS



‘fnlscuss1on

The f1ndlngs, that the concentratlon o£ MDA 1n the
lungs and k1dneys and that of 11pofusc1n Ain. the lxver EPY
vand heart(Table I, II) increased suggests that free rad- .

| 1cal act1v1ty may have been enhqnced in some txssues by

-

2 h0urs exposure to hypoxlc-atmospheres. The decrease in B

the concentrat1on of P 450 (Teble III normobarlc hypoxxa)
ttfound in the 11ver also supports thls suggestﬂon. HOWever
1these are 1nd1rect assessments of enhanced free rad1ca1
‘actlon. Free rad1cals were not: measured d1rectly (e. g. as
ﬁcould be by asse551ng thelr characterlstxc electron spxn
resonance) However, oxygen radlcals or. other spec1es of :
5free rad1cals maght have 1n1t1ated ‘the p;ocesses lead1ng i
b"gto changes 1n these 1nd1ces. | | | 2

The results also suggest that some other factor or

'factors, 1n addltlon to hypoxla per’ se, may contrlbute
to the d1fferences in the act1v1ty of free radlcals in ,_f
1t1ssues of rats exposed to these env1ronments.‘The mostf~

apparent d1fference between the normobar1c hypox1a and‘f;

‘thobarlc hvpoxla 1s 1n the part1a1 pressure of n1trogeﬁ
- (pN,) which is lover in’ the hypobarac cond1t1on JQBS mmHgﬁ
7 and. hlgher 1n the nonmobarac hypox1a cond1tlon (640 mmHg),(_
| ?‘appr0x. 70 mmHg above normoxx% Po‘?smle means’ by wh1ch . j'j‘*~ S

1thls gas, whlch 1s usually coW51dered to be a nonreact1ve

dlluent'at"such,pressures,,may alterﬁprocessesosuch.assll-

.
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g p1d peroxxdat1on or - proteln degradatlon, 1f 1ndeed thlS

w 1s p0591b1e, is open to questlon. A further cond1t1on con-

¢
Wy
b

Xtrlbutlng to the res nses mlght be-1n the»d1fference~1n T

alr pressure 1tse1f jghe hypobar1c atmosphere may be ex-_’
5§cted to be 1n1t1ali*?more stressful to the exposed anlmal. o

'*j;t The greater 1ncrease found‘1n the wet/dry ratlo 3 o

',(Table IV) of the lungs of rats exposed;tohhypoba;;g—:.

:“—hypoxla than ‘that found in. the}rats”Expo§6d"tohnormoﬁa'

SN

“;bar1c hypoxi-csuggests that the,reducedvpressure may
,have‘;hduceu greater 1ncrease 1n membrane permeablllty

with more’hater accumulatlon ev1dent in i‘egrats exposed

to decreased amblent ressure.

o
K

The rapld 1ncreases found in water content of the
lung and 1nd1ces of 1ip1d perox1datlon in certa1n tls--
sues fdﬂloW1ng hypobarlc hypoxlc exposure ‘are in l1ne - } | i

' w1th the suggestlon that the responses may contrlbute to hgﬁf.»

';develogment of 1njury often assoc1ated WIth ‘altitude s1ck—

'rness fh .man and other mammals. . !

| The var1ab111ty 1n 1nd1ces of 11p1d peroxldatzon as-

‘h.

sayed in varlous t1ssues of rats in this’ study suggests
o :

that the effect of eadh type of hypox1a on. these tlssues

may dlkfer. The cause of the d1fferences in the concentra—

tlon o*‘MDA and 11pofusc1n 1n some tlssues and not in others r

1s not ev1dent Most authors 1nd1cate that when these in-

dlces increase, relatlve to normal values, t1ssue damage‘

- i . .4 VV



‘l"and llpofuscin 1n some tlssues but not others suggests

LR

is llkely to. be enhaﬁced The results from the present

';study wh1ch show increases in the concentrat1on of MDA

"that those show1ng 1ncreased concentratlons may have s‘f;_‘
‘fered some degree of damage by the exposure to reduced '
amblent pressure or normobarlc hypoxla respectlvely(Table ‘
1 II).“Perhaps, pN affected the 1nteract1on of enzymes |
'.w1th substrates or other membrane assoc1ated particles
.causing membrane damage This is sugg:sted by the fznd—
ings of Sushella and Ramarsarma (1973) who found - at 11{
,1ver m1tochondr1a1 succ1nate dehydrogenase)was.act1vated by
ub1q1none 1N.rats exposed to hypobarlc atmospheres where*‘,
as, under normobarxc hypoxla (gas mlxture at same p02) other
'substrates ‘were preferred Accordlng to Boverls et al.,
(1976) ut111zatlon of ub1q1none favors the generatlon of
,jfree rad1cals thus 11p1d peroxxdatlon and membrane 1n3ury’
may be enhanced when thls pathway is act1ve.-d

A clear relatlonshlp between MDA concentrat1on and

'llpofhsc1n 1nten51ty in the d1fferent organs assayed in

)

the present study was not ev1dent One poss1b111ty, po1nt-l.

ed out by Freeman (1984), whlch may contrlbute to the dlf--
'7ferent values found for MDA and l1pofusc1n between 51m1->' :vleg
lar tlssues and d1fferent organs, reflected dlfferences jiig |
in free radlcal produc1ng and in scaveng1ng mechanlsms :

‘of tlssues. The latter author,contended that d1fferent

- .Ut . .



'_“”factors $

, .
. i

.. enzyme astiv%tigs combined with availability'of,some co-

rate concentratlon or oxygen ten51on can
ffgyor free rédlcal productlon 1n excess of basal rates.‘
‘thhe variation found 1n the present study in,values for
' MDA and 11pofusc1n 1n the same tissues from different
: groups of rats and.between organs W1th1n rats 1nd1cates
"tthat the effect of the two types of hypoxzc atmospheres :
on factors regulat1ng l1p1d perox1dat1on in various tlS'-
sues is not consxstent. | | |
| leferent rates bf convers1on of MDA to 11poquC1n
rn t1ssues may have contrlbuted to the varlat1on’1n the
values seen. mhe 1ncrease in the levels of MDA 1n the'
‘lungs and kldneys of rats after 2 hours exposure to hy—
poharic oond;t1ons but a decrease ;n;thls 1ndex 1n,the_ e
;same‘organs after’zrhours exposure to‘hormobario—hypoxia=-*'
vsuggests that metabolrsm of MDA or 1ts conversxon to. 1i-
, pofusc1n may have been ongo1ng for at iqpst 2 hours in |

-the latter group. S1nce ‘the pO2 &70 mmHg) vas the same

*;16 the two atmospheres, these results suggest that oxygenhf

?

'guten81on was not solely respon51ble for th1s d1fference

:End that some other factor may have caused th@sépparent
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pofusci',zn the. lungs and 11vers at the same t1me was -

‘found to have 1ncreased suggest1ng that conver51on rates

.to this product may have dxffered 1n th@,dszer!kt hypox—mm

ic abﬂégfheres. The decreased levels of 1ipofusc1n found in

57
- the k1dneys of the rats gﬁposed to the normobar1c hypox1a

suggests that thzs matermal had been excreted Accord1ng to

‘some authors (Tappel 1§%O Dxllard ahd Tappel 1984,and
Gutter1dge 1985; Roubal and Tappel, 1966) the format1on of.
vlipofusc1n is dlrectiy_related to the concentrat1on of MDA;
the ava11ab111ty of reacthve amino.. groups, the concentra-
tion of other ox1datlon products' and on the length of

t1me these products have to 1nteract The apparent nonun-

Jform productlon of MDA and l1pofusc1n 1n tlssues of rats

-exposed to dlfferent hypox1c atmospheres supports this- hy-

pothesis..

7,‘ihave been suggested to aifect levels -

of these products of peroxxdatlon 1n t1ssues. Some authors
| (Iyer 1985; Rader et al.,1985 and Hash1moto et al.,1962)

have shown thatecerta1n metabolltes -in cells appear to

protect them from free radlcal-medlated 1njunwuﬂAdequate

GSH, NADH and NADPH appear to. be essentlal 1n%protect-‘
1ng*tlssues agalnst free radrcal actlon. Iyeriﬂ‘
'3(1985) suggested that 1n E%pox1c env1ronments;
vpto those used gn th1s study (p02,70\mmHg) redu -beida;_

;t1on of glucose v1a the pentose shunt duii:o ex ,§Ure't°‘
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the hyposic atmospherewtends to reduce.regeneration of
cOfactors likelNhDPH These cofactors‘were not investig-
‘ated in thxs study. However, Reed and Pace(1980) found

the concentrat1ons of these cofactors in the 11ver de- | 2

creased in rats after they had been exposed to "3800m"
for up to 3 hours.‘ | | ;
Lo The lower levels of MDA in the heart and liver may”
reflect the greater capacity of these organs-to metabo—
l1ze MDA - than the either lung or k1dneys.‘These organs
more read11y metabollze lactate than do either lung or

»
k1dneys and thus may be able to maintain: adequate pools

of GSH NADH and NADPH ThlS is - suggested by the f1nd—‘
11ngs of Fellg(1965) who found thas the surv1val rate of
'rats exposed to an atmosphere conta1n1ng 95% oxygen was -

’ 1ncreased by feeding them sod1um lactate. Exposure of rats

Z,to thls type of atmoi!here is known to enhance free rad—

',bn and membrane damage. He suggested that the

'hlncreased surv1val rate was due to enhanced generat1on of

pNADfQ The decreased concentratlon of MDA found in the 1li-

fver of rats (Table I) in the present study may . have been

: l1ze_yby the lxver. Since the metabol1sm of MDS and the

concentratlon of react1ve amino groups that c%ossl1nk with




MDA to form l;pofusczn is l1kely to differ between tissues,
the concentraxion of these. b1products ofs lipid perox1da-
tion may ‘be qu1te different 1n d1fferent tissues.

The catabol1sm of adenosgpe tr;phosophate (ATP)
to hypoﬂanth1ne (details in. chap I) can affect the le-
vels of ffee rad1cals in txssues and thus the concentra-
t1on of MDA an&*11pofusc1n. &ct1vation of xanthine ox-
idase by hypoxanth1ne d?rlng exposure to hypoxla may

¥ !
increase the product1on of superoxlde and enhance l1p1d

" peroxidation in tissues and thus the concentrat1on of MDA
. S - . N .

3

;. and iipofuscin.

+

iAnother facfor‘which mayleffeot’lipid peroxidation
in tissues is the concentration of glucose in the per-'
fu51ng flu1d Hearse et al.,(1976) and R1nette et al,,
(1984) have shown that adequate glucose, under some in

vitro cond1t1ons, may be essential to m1n1mlze free rad-

ical-mediated cell injury. Depletion of glucose was like-

-1ly not a factor in‘this study”howeVer since 'a two hour

period wiﬁhout food and water will not drastically reduce

fthe concentration of blood glucose in intact animals.

Since the concentrations of MDA and lipofuscin in the
control rats were not different from the normals (Table I,

I1) this suggests that glucose concentration was adequate-

‘and that withholding food and water for 2 hours was like-

ly not ‘a faoto: affecting peroxidation in tissues. .




The cohcsntration,of certain antiomﬁdanps such as
vitamin E or C in membranes‘ané cells may be critical
in protecting the cells from free radical attack. Expo4
'sufe to hypoxia, by altering the interaction of these
antioxidants with free radicals may affect lipid.peroi—
idation in tissues and thus the levels of MDA and ;{Qo—
fuscin, | | |

The processes wh1ch functlon to determlne the con-

centratlon of P-450 in the llver are not fully under-

stood. Recent findings of several authors (Bast and Hae-

nen, 1984°Quinn and Payne,1984;Levine, 1982;Jacobson et al.,

1973; Lev1n et al.,1972 Sv1ngen et al.,1979) have 1nd1cated
that the reactlon of P 450 with a number of endogenous and
exogenous substrates'generatesiﬁree radicals wh1ch in . turn
may qontributé to enhanced lipid‘psfpiidation. Théss re-
‘searéhers demonstrated. that cytochrshs-P-450 mayvfusction
in the propagation of Iipidiperoxidationwsnd that,free ra-
dicals so formed may tend‘fo degréde this hemepfotéin it-

‘self. F1nd1ng a decrease in . the concentratlon of P- 450 in

67

the liver of rats “exposed to normobar1c-hypgx;a is in line .

with this hypothesxs. The reduct1on 1n the concentration

'.,of P-450 (Table 111) found in the liver of Tats exbosea-:
to nqrmobarlc-hypoxla(poz/pNz, 70/640) and not inuthe

~ hypobaric groupﬁ(poszz; 70/285) points'to}ospsr factors

and not the low parfial pressure of oxygen alone as . init-



/

iating the process leading to the apparent decrease in
P-4§0. This may be due to activation of free redicals yhich
in turn caused destruction of thls protein, In the ra/s
exposed-to hypoxia for 2 hours, P-450 conceqt:atﬁon was

found to correlate with that of MDA (r= .59,p<. 01) and

" with that of. l1pofusc1n (= ~.46,p<. 05). The mechanisms

'“1nduc1ng thig apparent relat1onsh1p between these indices
of lipid peroxidation to that of l1ver cytochrome P-450
~is not clear froﬁ’this study. Oce‘pcssibility is that dur-
ing the initial_period of lipid peroxidation, P-450 ie re- .
leased from the membrane resulting in increased values.
According‘to Wolff et-all,(1986) Levinevet al,,(1982) and
.SVin?eq\i} al,;(1979) enhanced destruction of P-450 and
~ other proteins aiso may occur when depletion of cellular
“reductants such as NADQ, NADPH, or GSH occurs. Changes in
the levels of~these cofactors, icduced by w}thholdiﬁg food
~and water or exposu;e'tc hypoxic atmcspbereé‘may have ef-
fecteq‘iipid pejcxidation and protein degradation in this:
organ. | |

Rats may be sensitive to the stress of being in a
cew environmenc such as being trahsferred‘to a new.cage
- and to being without food énd'water.”After 2 hocrs:cf'no
.food and water,?a_SO% greater concentrai%on of P-450 wvas
found in the liver (Table III). This suggests that the

M
stress imposed on animals when they were placed in the



' ‘ ' iy

chambers wﬁé;enhanced and may have facilitated the syﬁtﬁe-
sis and or fglease‘of P~450 from microsomal membﬁanes.
This is not.in keeping with the findings of Sadano and
Omﬁra(1982) q;”KUmar et al.,(1980) who,founq that ;he'
normal turnover‘¢f P-450 is at ;east‘12'hodrs. Shirﬁkii:
and Guengerich (1984) concludéd‘that'leyels of microsomal
énzymes in‘thé‘livgr are primarily a‘fuﬁction'gf changes
‘in the ratet o pt tgin synthesis as opposedtto rates of
.degradation. | ' ‘

The‘synthesis of P-450 maybe é;;;nced by exposure
to hypoxic atmosphereg.»This was shown ih mice by Long—
muir et al.,(1977) ana cowo:kers(Rowe,and Longmuir, 1979;
Longmuir and pashko,1977). They, and Knoblauch et al.f{ 1'981),

~

suggest that P-450 could act as an oxygen éartier and the
increased synthesis on exposure to low PO, woﬁld enhance
this‘fuﬁction. The.résﬁlts of this study appear contrary
to their findings in that ?—450 concentration increased
significantly in rats by withholding food and water alone
and/or the stress of being pla;ed in a new cage. -‘

’ The increasé in wétér céntent of lung tissue (Tabie
CITI?vduring'the ﬁvb hours exposure to hypoxia suggests
incipignﬁ edeﬁa developed in‘this'organ. The rats expos-
‘ed;;ouhypd§arié~hypoxia however, retained more water in
the,luhggﬂthén those éxposed to normobéric—hypoxia. This

squéEts that the étress of the two conditions‘was‘not



3

v1dent1cal and some aspect of the hypobarxc condition caus-

a§;1V1ty in the lung and caused an increase in permeab- .

H
te

ed greater fluid to accumulate in the lungs. One posaib&lity

may be that the reductxon in PN, enhanced free radical 3

ilitf'of the vascular membrane. The concomitant incremge
ih the concentration of MDA (Tablezf),and vater in the
lungs (Table IV) of rats exposed to hypoba;;c cond1t1ons
support a dﬁnclus1on that a pressure induced increase in

¥

11p1d peroxadatlon of thlS organ occurred which 1n turn
l

_ﬁ&may have ;ncreaé%d vascular permeability in the lung and

IR AR :“
-

c0ntr1buted to water retentlon.

& ' :

Anaancrease in ,pulmonary arter1a1 pressure has also
y N

ngeen dbserved in man and in domest1c an1mals at alt1tude.

Loy

‘Thrs has been }mplzcated as a cause of pulmonary edema in

A '

;&;hese %peC1es.iThat such an*increase occurs in rats in the

R

wggpresent sﬁudy and m1ghtshave contrlbuted to the fluid ac-

iy
35

[N

cumhiataon observed 1n‘£hese lungs cannot be ruled out.

Lev1ﬁ%lqt al.,(1988) found the increase in pulmonary art-

¢ l

5 erial pressure tolbe similar in sheep exposed to hypobar-

'3f1c hypoxla as" when exposed to an equivalent normobarlc

W

'nypoxla. The lymph flow, however, was 51gn1f1cant1y great- .
er when they were exposed to reduced pressure. The pre—

fsent,results are in:-keeping with the suggestion that in

il

rats exposed to hypobaric conditions the vascular membrane

may have become more permeable due to lfpid peroxidation



'"H’however attflbured an 1ncreased 1Ym
7"~of sheép exposed to hypob 1c cohdl

'h‘isuﬁface area for flu1d exchange.

’ dic atmospheres (Table IV)@ The 1ncrease may have been

A

3“1Wh1Ch in’ turn may e%hance flu1d accumulatlon in the lungé B

eLev1he et al.,(1988) d1d not measure QDA in: the1r study

tlow found 1n lungs r

'ns to a greater

Several mechanlsms contrlbute to the 1ncrease 1@fhe-

'5"'"V‘ . \

“A’matocr1t observ d \& rats exposed to both types of hypox-‘ -

._vcaused by water loss thCh 1n turn would depend on. the 0

';;m’gnltude of the hypervenbllatory responses e11c1ted Ex-}‘"

"fposure to the hypoxlc condltlons may also have acted
"cbact1v1ty_of (he sodlum pump 1n the:h

°'QCells,bf

e

‘ wah 1ncfj se in hematocrlt

.ethrough some other mechanlsm such aS'

:;cause 1ntrhcellular water to accumuli

e

e A

pre551on of the

;ell ThlS would

swelllng the : f@\'wi7

7s producxng a mean cell volume 1ncrease and

Bri$g exposﬁre of rats to the types of hypoxla GES—iw

'dvcrlbed appeared to have had no effect”bn formatlon of met-

l~

: hemoglobln Th1s lack of formatlon of methemoglob1n udder

lanxsms of the red cell 1nc1ud1ng varlous cofaqtors,_were -3}51

adequate to prevent the format“on of methemoglobln and

v sﬁperoxlde.ff;"'

ondltlons stud1ed uggests that Ehe ant1ox1dant mech-»f:h



vrelated to the actlon of free radlcals, are greatér in .

"rats exposed to hypobarlc atmospheres that in those ex-‘
posed to an equ1valent normobarzc—hypoxla. These changes -
“°appear to occur 1mmed1ately becomlng evxdent with . 2 hours"

.nexposure; The magn1tude and nature of these rea"‘

f,jwh1Ch also appear to affect the concentratlon of Cyto—?”

‘J‘Mchrome p- 450 in the llver, may d1ffer with the pﬁture;p vx

l.:

"of the hypoxla and other p0531b1e stresses.h’ ';/ f ?-w

?'-" R @ . ' i P )
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ghangesuj'u}re gRadlcal Act1v1ty in Tlssues of. Rats Wlth P
?24 ‘Hours Exposure to: Hypobar1c-Hypox1a

oy

o,

& . oo s o

mater1al hereln 1ncludes values for normals,,control
~ and. hypobarlc rats from chapter I11 :




544‘f :
""sues by oxygen rad:oals (free rad1cals) may.be §nhanced

céa Servécas an Lndex of the extent of t1ssue 1njury.

‘Bxdlahg and’ Tappe) 1973 Ha111well 1987) the process of'

«l1p1d pgroxldptxon occurs rﬁ several stages. Th1s was also'

by free ra ‘ﬁb appears to be the ox1dat1on of unsatur-

Introductxon

S

y : ‘ -

Ql .. L
ﬁs been postulated Avt1vat1on of

H ." iy
. Pt X L 'l-_\ir.
. [“f
’ i IV

F

:u19&03 have*s es;ed fhax assay f a1n of fhese pro~r
S Ugﬁ

't"dncts such as.malonaldehyde and/or 1pofusc1n in t1ssues

Accord1ng to some authors (D1Ilard‘%nd Tappel 197ﬂ§

P

“oxldes and dlenes are produced Whlch may then react fur-.

Yy

~4'ther w1th oxygen and eventually, produce maronaldehyde

;(MDA) After apprec1able ox1dag'5n has taken place the £y

e

[ NGRS e CTARE SR S
» c " t " LT > ’W_’

As 1nd1cated prev1ously (chapter III) injury to tls-h

79

(]

l"

W1 suthors (Tappel 1975:Chio et a1.;1963 cmow
? a;é ;1#*967.ﬁ111ard and Tappel 1971; Hallawell and Gut-,"

2 Dlllard and Tappel 1984 Roubal 1971 Klm and LaBella,_w

“al stages 11p1d per ®



. go
second or propagatlng phase, during whlch oxldatlon cgn-

t1nues and‘the cros§l1nk1ng of MDA wzth protelns or mem-

ﬂ“c1ated ﬁarticles occurs produc1ng lipofuscin

’",,cumulates.\ The ‘tter process. apparentl)& contmues

| whlle'li fd perox1dat1on subéiies.,vadently this procgssv«.

‘1n t155ues ends ‘on numerous factors 1nc1udxng the type

and concentratlon of’ unsaturated fatty ac1ds in membranes,T
the proxlmlty of catalytlc metal—prote1n complexes contaln—

. ing iron or copper, the tlssue poz, the nature and

.

‘systems and on the concentratlon of antloxldants includ--

¥

- ing vitamin E or C. Enhancement termlnatkon and/or abate— )

7w

Wi ment of this actlon in- tlssues, therefore, may occpr ‘
qulckly or. take tlme, ‘depending on the comé%ex 1nttrac—*§\!w
tion of t ese numerous medlatprs._' L |

The variation i

f%he time for symptoms of altltude

[N . »

' slckness to develop or to i?ate, 1n some 1nstances, hours = °
or days may be related tG\the\ﬁact that the complex pro-
. cess’of lxp1d‘perox1dat10n in t1ssues occurs in several
| .stages. Some symptoms gf altltude sxckness éhellorate
- with. rest or descent suggestlng that on901ng metab611sm
within cells can be adequate to term1nate or’ reverse the
process causing the 1n3ury. In others, rema1nung at al-
'tituoe may result in the ;}mptoms becom1ng moge severe -
'suggesting that the extendedpstay'enhanced some mechan< -

-



A

B

\acthgtléfree rad1%91 induced changes in cé€

1sm w1th1n cell@ causing the symptoms to per51st. Dura-

t1on of the exposure to alt1tude therefore, can apparent-

ly affect mechanisms within cells that determlne the ex-

tent of tissue injury and 'the severxty of the symptoms.

To suggest that the uhpred1ctable nature and development _ ‘.‘
of symptoms of altltude sickness .may be related to perox-'
1dat1y§ processes 1n téfsues is tenuous, hqueuer, the dev-

)

elopmental stages of the two condltlons appear common tov

Ry

¢ o

poth ‘Previous stud1es (Chap.11II) hage suggested that

short exposure (2 hours) to- 51mulated h1gh alti ude can

»

including the lung whieh results 35 retentlonvof mome

water.

- to ‘ TR,

In the present study laboratory rats were exposed

to 51mula‘pd h1gh altitude for up to 24 hours.to deter-
4

mine possible changes in free radical action 8uring this"

L

time.
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TB. Methods o
Groups of 10 male Sprague-D&%ley rats (350*4509)
were exposedhs at a time in separate‘chambers (details
given in chap.IIl) for 2, 6, 12,,or‘é4 ﬁﬁuré to either
ambient air (controls) or to a decreased pressure equiva-
| lent to ah”altitude.oﬁﬁﬁooom‘(hypobaric)._After the ex-
posureqthe rats wé}e killed and tissue analyzed. As rats
had been found‘brevio?ély notAto eat or’drink during 24
hours exposure to such hypobar1c cond1t1ons, no food or (
water was provided 1n the chambers .. -
In order to evaluate &he_effects'of withholding
food and water["and/or otherjeffects o&irats such as

their being placed in a new environment (the chamber),

an addxtlonal group (normals), which- had access to food

and water ad 11b1tum, \¢re taken d1rectly from their

shoe-box cages, we1ghed dAkilled. ‘

, The general routine w uch that the conbrol rats
efe in the-chambé~s under‘ahb . condltlons for the, -
,eame duratlon a rats that'we .
‘h1gh altitude. Thus, for example,. o separate days,.s .
control rats were k111ed after 2Aho'rs exposure to am;'.
Rient cond1t1ons and compareé w:th 5 hypobar5c fats that*“‘iﬁ
were;k111ed the hext day foLlow1ng 2 hours exposuge to '
51mulated h1gh altitude.’ Two tTlals therefore, were ne-‘:tmgg
\cessary to complete each group i.e. 5 X 2 = 10/group

i . -



All rats vere k1lled at approx1mately the same tlme;
each mornlng (10:00 AM) therefore placement of the rats
in the chambers to begin their trial vas txmed according-

‘ly. After the exposure ae831on, the rats vere renelﬁﬁed,

hen

anesthetiaed w1th ether and bled by cardlec punctur

i \ 4

7organs removed and frozen for tissue analys1s.

The measurementSumade to® assess possible changes in

'.free nadlcal act1v1ty were as descr1bed in a prev1ous
. R
« o gtudy- (deqtals given in chap. II and II1). The concentra-

tion of mé&%naldehyde (MDA) and l1pofusc1n were. determln-
+ ed to assesb the effect of -the duration of the exposure o

ﬁ
.on,_these 1ndlces of. 11p1d peroxldatlon in tlssues. As :

<

R oY '
theaconceﬂlgation of cytochrome @-450 1n liver has been 0

shown *be 1ncreased by hypoxic cond1tlons and to be de-

LY

creased by the action of free‘radlcals, this hemeprotein
B , r .

was compared -

. -

Pulmonary edema often develops w1th altitude s1ck-

!.“

ness in man and as thzs condition may reflect an. 1ncreas-

ed permeab111ty of the vascular membrane, the wet welght

-

- to dry we1ghu ratio of thlS organ were compared Hemat-ﬂ

r,;'

»Lﬁabees wh1ch have been, found

." ' ' " e‘s ‘Ja"i‘;i ‘w"‘ }g e / 7 ¢ '-.'T . i
‘& &ncreaSe on expo ' y:poxia were ’also ‘M€ sured :
v :. s i )

tat;stzcal A nalyses }j.“f ' . S .
. /- . .

3 : . : b
A two-wazganalysls of variance with,nonrepeated.

. measures onh-all the indices measured was used to anal-
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84
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5 o
yze the data. Tukey s HSD(honest sxgnig*pant dxffer—
'ende) was used in m;klng comparlsons between means,
Although this was a serles of 1ndepehdent studies.the

"~ Pearson Product-MOment Correlat1on Cbefficient, "e"

’ ; ;§;2 comput‘i u51ng the mean values, to disclose pos-

*+ sible relationships between some of the 1ndxces measured.
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The effect of tHe different durat10nsmaf exposure to

P
the hprb§£1C atmosphere on the tlssues examined appeared

quxte Var1able. However, certaln tendanc1es are evrdent.

Appllcatlon of ANOVA revealed that one. or.more of'the
‘

éxposure t1mes had a 51gn1f1cant effect on levels of M
v .

each of MDA 11pofusc1n, cytochrome 'P~450, as well ‘as .

\‘pn lung Water content and hematocrlt Only the level of

N L

| imethemoglobln appeared unaffegted by ‘the . exposure 1ntall

e

-

fi1nstances. o o ","' RN ’ff | :5
The effects ‘were not umlform on all tzssues nor at
hall duratrons. Some dlfferences‘ev1dent w1th short expo—vl
sure were no‘.evuient w1th \l\onger exposure.‘For example,
as may be seen in Table I, the 1ncreased concentratxon “'a

of MDA 1n the lung and kldney after 2 hours exposure sug~

ey -

- ‘ ) . ) E

'gests that’ 11p1d peroxldatlon was enhanced 1n these or— A

SN
gans at. thlS t1me. ThlS increase in MDA was notwev1dent
Lo ~
~hese organs of other rats that were exposed for long-
S, B 2P “ ) : . ‘
tlmes. » ‘ ‘

f‘ The decline 1n MDA concentratlon observed 1n the heart

.

-

"and 11ver after 2 hours followed by an 1ncrease suggests
rthat perox1dat1on was 1n1t1ally depressed but becomes |
actlvated by some mechanlsm (free radlcals 7) with’ longer

exposure. Meanwhlle 1ts conver51on to llpOfUSCln appar-

¢

"ently‘contlnues as‘suggested by the’ 1ncrease»1n this 1§;H

e
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b dex 1n the lzver w1th contlnued expﬁsupel The d rease
. I

,1n lxpofusc1n in the kldney 5uggeets #hls Qrgan may ex- .

crete thls endproduqt of 11pld perd&{eatlon. o |
As. seen 1n the control values;éTable I, II) w1thhold-

Flhgﬂfood and water for perlods.up/io 24 hours d1d'not af-

fect l1p1d perox1dat1on 1n t1ssues unlformly. For example

LI

g perox1dat1on 1n§the lung (Table’I 11).does not’ appear t * .
* be affected whlle in. ‘the™ k;dhﬁys of thlg\group of rats, S\

"‘_MDA concentratlon 1ncreased/foll

,gx12 hou;s of food
‘ deprlvatlon. In contfast ybA concentratlon in the heart
///ZBa l1ver was found to decline follow1ng 6 hours withaut
. L ~/ ’

;food or-water.,. S - ‘ : o '
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"Table I. Malonaldehyde concentratlon in some tlssues of rats '

follow1ng up to 24 hours exposure to hypobar1c hypoxla.
(BOOOm) . ‘ o

. ’n' e :
______ , ..__'_..._....._.__..__.....__..__-.."......._p___......\......_.._......_-._..._ ..;..‘....-..- -
Exposure Group | Pr. Malonaldehyde fmol .L.” -1 s
Time (Hr.) atm, Lung | Kidney ﬁvHeart . Liver
0, Normals®| 1.0 l 184 352 302 | 598
L - (7) . (107 (9) (28)
____.._.._...._...f.‘.___.._....____-__;_-_.._.._..._________-__________;fé-
I Control I 1,0 | 190 - 363 | 240 559 .
- (4) (11) (21) (17)
2" bttt T T B o VS O -
: < Hypo- 0.5 231 a 490 a | 161°a | 470 a
> baric - (7) b (8) b | (17) b \ (15) b.
e e e e e e e o = ’ ————————————————————
L 3 ‘“; .
, Control" 1.0 | 200 | 383 ‘| 230 b l 312 b,
: N 1 (4) (14) (9) - (17) -
6 —-———————-:- —————— '———.—-‘—-—‘——-‘-—-———-—"—————-——-——————-"'—-‘-
. Hypo- 0.5 188 . |- 402 381 a 476 a
; J  baric ) ’ (29) (10) b.| (34)b
_________________ _ﬁa_...'-..._...-—_._';._-;__-2'.__-.__;____-____—o—_‘__ —-—.—Q
- Control L 0, 190 501. b 311 433 b -
' (17) |  (30)* (34) | (31)
12— e e
/ " Hypo- | 0.5. | 199 456 b | 390 | 609 a
o _ barigaﬁ ) I (7) - (21) (33) | (83)
| Control 175 375 302 |._426 b
| (6) (18)- (33) | (7)
24 Sremmo— et e ———— ey e et et S ————
; Hypo- 0.5 175 . 293 a 374 b 463 a
baric . - (4) (18) b (19) (10) b

; Value5'=;mean of-10 meénsfls'E (in braokets)’

Sign.vdiff 1nd1cated°’a vs control same column, same durat1on

p<.05 | : 'brvs normals o : &

P

8
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Table II, L1pofu8c1n fluorescence 1ntensity in some sues of
rats following up to 24 hours exposure to hypobﬁf hypoxia

(6000m) <

............. m.._....-'-...——'—-.----_‘;_:_.-........._A...___....._.\.‘__’}._..__...........*
: Exposute Group | Prx. L B L1pofusc1n* S
. Time(Hr.)| B atm. | Lung | K1dney | Heart | Liver
"-"'"—"'_"""t"""""""'"","'_—T——-'f—'* ——————————————————————————— SETE
0 ‘ Normals | 1.0 12 , 71
1 . -1 .80y ‘(3 1) (1 1) (1.6)
o o o 7 *--__-—f—_-;—‘ ——————————— e e e _’—---;‘-f-—--
Control | 1.0 \ 4. | 76 42 79
\ , (.80) (1.3) (1.8) | (2.7)
B  Hypo- 0.5- 9 a a 67 - a
baric | (.40) b (2 4) (1 2) b (1 5) b
'Controd | 1.0 | 13 | 65 b | 42 73
: ‘ (.60) (1.3) (1.0) (3.5)
6 .._.___.._-_..—--—.--—--—----___—'..____-___.-‘____-.-....'- _________
' Hypo= | 0.5 | 14 75 a | 44 - 78
baric - (.66) (2.0) ( 9) |- (1. 8)
1 ————————————————————————————————————————————— - o ———
‘ 14 70 45 I 90 /b i
(1.3). (3.0) (1.4) (1.9)
" 15 | 66 b 8¢ b
(1.4) (2.1) (1 4) 1 (1.6)
12 g b | 91 b -
(.35) | (1 (1 6) (1.1) ,
12 62 b -40- a 88 b B
(.36) (1.8) | (1.3)

.....-—___——_—_———'————.——————.—_-————_—_——_—_-—_—.—"

Values= mean of 10 means, S. E(1n brackets)

*.expresse relatxve to butadiene fluorescence(10 7mol)

- v Sign. diff 1nd1cated a'vs control same column, same duratlon

,p<;0$ ; - b vs normals



As m@& be seen in Table III the duration of the ex-
posure to hypoEatlc hxpoxxa had a 81gn1f1cant effect on

the. concentratlon of cytochrome P-450. WIthholding food

89

s

and water or exposure to s1mulated hlgh'altxtude for per—"

.- iods up to 24 hours alterred (in most 1n ¢hces) the con- :

centration of this hemeprotein. AfLef 2 hours, totalvcy?n

tochrome'P-450 concentration creased by approximately
47% in;both groupscof,rats,jhowever, after‘12 hours of
withholdind food and water_and/ot exposute'to hfpobetic
hypoxie, these streéSors or other condition associated

with the exposures appears to have 1ncreased destruct1on

of this prote1n. Since the analy51s of pP- 450 was done in

random order the changes in levels cannot be due to sys- .

tematic error. Further ekposufe (i.e. up}to 24 hours)
which resulted in an increase en’P7456 in the liver of"
control rats ouggests tgﬁg’processes in cells fevoring 
synthesis of this protlefn were fac111tated In contrast
to this apparent reversal of condztlons.ln liver cells
catsed by w1thhold1ng food 'and water (cont:ol_rats),
'those exposed to simulatedvhigh altitude.do not deﬁonf
] strate this tendancy to Pf450‘synthesis at this time.
'Apperently,‘prolonging the exbosufe to‘hypobaricﬁcopdi?
"tio;c‘suppreésed'and/or}COunteracted.the effects that
witnholding fooa enqﬁyater had on the concenttation,of,

C -

cytochrome' P-450. For exanple, withholding food andiwe-‘
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ter for 12 hours o?used a 72% reductxon in the. total con-‘
: tration of P 450(cénx%oi v} nonmals) while only a- 36% de-‘

%:~crease in P 450 ‘was found in ‘the hypobar1c rats during
& the same period of exposure,
Pfogregsﬁve wéightfloss, as may be seen iri Table
111, oocuryed_in'botb}grod%b of rats. The rats exposed N

“to altitude, iﬂ'all instances, lost progressively more

we1ght than thg control rats. In most. inétances“the'raqS,

exposed to hypo&£r1c hypoxla lost more of the1r l1ver

weight thathh% cbnfrols, perhaps due to dehydration.
: K “ . . .

*

90
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ﬂfable III.

[
oA :

'J':‘- ;" ) ;.4“"‘:\, ‘ |
Cytochrome P-450" in the liver of rats folloiT‘b up

to 24 hours eésosure ‘to -hypobar

Exposure . “Group. Pr. Wt losa L1ver Cytoohrome .
Time (Hr.) , | "atm, (g) (g) » P-450 .nmol.
- o - - e e - - - - - L e kel ke L T Ly e i p——
————————————— -‘-—————————————————————————————————--———-—-——--—
A}
| Con%rol 1.0 8 16.3 54% b
) 2 ) “‘ ---‘------‘—"--"““-".’ ------- PO o - - " --"‘"-“'-----" -----
. | 'Hypo- | 0.5 12,8 17.0 557 b
E baric (h.6) (.67) ‘
——————————————————————————————— i—v—-—__————————_——{.——--‘- -y - —
Control 1.0 15.1 16.8 453 b
s (1.7) (1‘2) '
6 e e i tuintnieietde Fem e ———————
Hypo- 0.5 16.5 13.6 a‘| 467 b
baric (1.2) (.58) b
y Control | 1.0 | 17.6 12.4 b 106 b
- (.77) (.70) )
12 s e e e -
v Hypo- | 0.5 25.2 a 11.8 b 239 a,b
baric €1.6) (.35)
\ e g "
Control | 1.0 32,1, 13.2 b | 256
e : Ceel(1,6) (.50)
24 e e e e e e e e e e e o
i Hypo- | 0.5 45.3 a | 11.5 b 204 b '
T baric | (1.9) I (.41)
* tQ@ai P-450/1iver N

Valuesu=_mean of 10 rats,

Sign. diff.
p<.05

1nd1cated a vs contr

ry ' ‘
o \ -~ 9
R : o

ie- hypgria (abprOx. 6000m)

S.E. (in brackéts)

ol -same column, same duration

b vs normals



LA

‘\ .. I . : B f ' *
| \ , L L R o 92

Yioop s

o S NN t . . .
- » - tl ) *

- The increase in lung water content seen in Table IV e\\

« ,‘«.-.'-’w:; e

.s an increaoed wet weight to dqi weight ratio was evident
' after "2 hours exposure to the hypobaric atmosphere Th1s

vin change was no longer evident after longer exposures, in

fact a 24 hours in the hypobar1c atmosphere the water
v - ,

content of lung tissue vas s1gnificant“ Pan that

of controls. W1thholdxng food and water, fo 24

.hours appeare to have had little or no effect‘on the

. water content of the lung. Hematocrit showed a consis-
tent 1ncrease w1th exposure, it being affected more by
the "¥ltitude” exposure than by withholding food and

water. The concentration of methemoglobin appeared un-

affected by the-exposnre.
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”Tablé-IV. Lung water content of’raéd‘tollowin? up to 24 hours
exposute to hypobaric-hypoxia (approx:GOOOm .
e e e e e e ————— Memmmeen
Exposure Group Pr, Wet/Dry \Lung . Het. MetHb,"
Time(Hr,) atm, ratio water(%) (Abs.)
0 I Normals ‘ 1.0 | 3.92 74 q 45.9 .3
o (.12) (.71) ] (.66) (.01)
B e e ———--
| | Control | 1.0 4.24 76 I 46.6 .39
' ' (.12) (.63) (1.3) (.01)
2 ............................... - o 90 D . - - - - -
‘Hypo- 0.5 5.40 a 82 a .| 48.6 .40
baric (.27) b.| (.89) b’| (.40) | (.01)
Cont 1.0 | 4.58 78 47.6 | .41
(.21) (.70) (.50) (.01)
6 —————————————————————————————————————————————————————
Hypo- 0.5 4,38 77 50 a .40
baric (.26) (.86) (.70) b (.01)
| Control | 1.0 4.10 76 49.8 b | .39
| 1 (a12) (.65) (1.0) (.01)
12 e T e T e e e e e e — e ——————
Hypoif J 0.5 4,31 77 50.1 b .39
baric (.08) (.75) (.60) (.01)
Control | 1.0 | 4.00 75 48.9 b | .40
- (.17) (.85) (.80) (.01) "
24 e e e o e " " " o e " o (o
Hypo- 0.5 3.27 a | .70 . 51.5 b | .39
baric "(.10) b | (.60) b (.70) -(.01)

Values =mean of 10 means, S.E.(in bracketé) for Hct. and MetHb.,
mean of 10 rats, S.E.(in brackets) for wet/dry apd lung

: ws:gn. aiff.

p<.05

1nd1cated.

b vs normals

* qgualitative

water

a vs control same column , same duration

-
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| reatment of these data by ANOVA revealed @hat ex
49 poeure\bf gleae rats tc simulated high altitude increased
peroxidation in the heart (Table 1), induced synthesis of
cytochrome P 450 in the liver and enhanced weight loss
(Table III) .and increased hematocrit (Table Iv).
.withhold@ng food and water for up to 24 hours sié-
nificantly incﬁeesed the concentration of MDA in some
cieeues (Table };e g.‘kidhey-Izahours) and e&pparently
enhanced its removal in others (Table I, e.q. liver+6

hours). W1thhold1ng food and water appears to have a

s1gn1f1cant effect on liver function (Table III, cyto-

chrome P-450),,h9wever, this stress appears to have had . /

[
little or no effect on the water content of the lung

(Table IV).

~
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D. Discussion. .
This series of studies on'rats‘exposedvgp,simﬁlated
high altituqsdtor_up to 24 hours provides some evidence
in keeping with the suggestion that free radical-mediated -
téactﬂ!ns might be responsible for inducing cpangeslin
MDA, cytobhfghe P-450 and the lung water content. In ﬁost
instances, the apparent decrease in these inéfcea with
longer exposures suggests that tht conditions in cells
£p§rcausing tﬁé initial increases were reversed, terhinated, N
VT or compensafed for on continued exposﬁre. This apparent
reversal of conditions in some tissues of these rdts, ev~~
ident after a certain period of adjustment (acclimatiza-
tion), could be considered to be analogous to the means
by which,amelioraﬁion of syﬁptoms of élfitude sickness
occurs. When adequate rest or other precautions such as
limiting_eﬁeﬁcise are taken, symptoms of altitude sick-"
ness typic;llf”become less severe. This suégests that the’
- reactionhs within celis causihg the‘symptomé'to develop |
. wére tetminatéd or compensated for on continued exposure,
responses not unlike those found in .these experimentsX‘?L
Fdr example, the prbcess which caused fluid accumulation
in the lung observed af 2 hours is ipparently reversed
or compensated for with ionger exposure thuérpOtent;aliy

fatal pulmonary or cerebral edema did not develop in these

rats.



The lung appears to be'particulariy sensitive to
a reduction in atmospherfe preeebre. Increases ip move- '
ment of fluid through membranes, such as the pulmonary
vascular membrane,‘may\result from either an increase in
hydrostatic pressure“differenee across the membrane, an
increase in meﬁbrane permeability or relative changes in.
colloid osmotic'ereasures between blood?and interstitial
fluid. An . increase in pressure in the pulmonary arteriaf
uyetem has been observed in man and othe; mammals expos-
'ed to hypobaric conditions. Such an increase in pressure,
along with possible changes in membrane propert1es, might
~ have contr1buted to fluid aceumulatlon eV1dent in the
lungs of these ra;s within 2 hours. Free radical-induced
changee in properties of membranes'which have been shown T//
. by other authors including Halliwell and Gutteridge(1984),
ARepiﬁe and Tate(1983) ,Deneke and Farburg(1980),0hmori et

1.,(1978) to increase membrane_permeabi;ity mey be one -

of the factors that contributed to the increase in lymph
flow found by Levine et al,.,(1988) to eccur in sheep'ex—.
posed tO'hypoberic conditions but not in sheep.exposed to
normobaric hypoxia. Since their studies also demonstrated
that ‘the increase in pulmonary pressure was the samé‘dur~
ing exposure to both types of hypoxia, some othet’ faqtor |

must have caused the increase in lymph flow dur1ng expo-

sure to hypobaric cond1t1ons. Levine and co-workers did

B
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not assess the possibility of oxidative damage to tissues
in their study. The present studies on rats proyid@lav~
idence (MDA,lung water-2 hours,TableI,xv,respectiyelyf‘to
suggest that enhanced oxidation of pulmonary membranes at
ﬁhis time, resulting in a possible increase in permeébil-
ity may have been a factor leading to accumulation of wa-

tér i‘l!hii‘tilsuo. The zpparont decrease in the accumula-

tion of water over the longer exposure suggests that the

processes causing membrane damage were diminished or con-

ditions reversed for water which may have accumulated was
reabsorbed. The concomitant reduction in MDA(Table I) at,.
this time, supports thi;‘sugﬁgstion. o
The finding of an increased hematocrit (Table I)v

-

in rats after 24 hours exposure to altitude might re-
flect water loss including that due to hyperventilation
or diuresis causing general dehydration of tissues in-

cluding the lung. The reduction in MDA in the lung on

‘continued exposure suggests less free radical damage to

this tissue and thus a possible*decrease in membrane per-

meability to osmotically active molecules. This apparent
adjustment in free radical activity on continued exposure
may have bgsn a contributing factor.

| The ppbcesses which determine the level of free rad-
ical acti(fiy within tissues are not clear. The variabil-

ity in the concentration of MDA(Table 1) assayed in var-

97



)MDAvxn

4‘ o livef

”,posure to hypobarlc cond1t1ons appears to ‘be suppreSSIng

fth:s study. However, one poSSIblllty is: that glycogen

8

l*dy and in the concentratlon of

ious t1ssue:jff th1s
n"cytochrome 450 1n the 11ver (Table IV) suggests that

i

,the Immedlate effects of w1thhold1ng food and water or

-

'ﬂare notfthe same(chap LII) Subsequent determ1nat10ns of

he 1ung kldney heart, and 11ver after 6 TZ or

524 hours exposure (Table I) suggests further the absence

fof a cons1stent response to these stresses and that the o

;duration of the exposure ev1dent1y can affect free radlc-ﬂ

-a

;?“c Ion 1n tISsues.~In some organs, partlcularly the

“or. counteractlng the effects that w1thhold1ng food and
";:water has ‘on these 1ndlces. In: others the longer expo-a :_
,”sure evldently enhanced ox1dat1on in the heart (Table 1),

:fwelght loss (Table III), and 1ncreased hematocr1t (Table

L T

How the duratlon of the exposure to these dlfferent

;stregses can affect free rad1ca1 act1on and thus the

'“:'levels of certa1n 1nd1ces 1n tissues 1n not ev1dent frof.

" a

'*-{Hstores 1n tlssues are llkely to become depleted w1th pr_-,fwﬁﬁ
‘f'fgressnvely longer per1ods w1thout food or water thus af- ff
'y;fect1ng blood glucose concentratlon whlch in- turn may

;have affected free radxcal actlon. Thls 1s suggested

(Table I Table II, Table III cytochrome P 450), ‘ex—.

o8

'e}pos1ng rats to 51mulated hlgh altltude on these 1nd10es :
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B

by flndlngs of Hearse et al. , (1976) and Rlnette et al.,
(1984) that" adequate glucose 1n the perfu51ng flu1d can ;[
m1n1mlze free radlcal—medlated cell’ injury in txssues
studled in v1tro. That blood glucose levels and glycogen o

stores 1n tlssues are depressed in. rats by exposures of

24 hours or more to altltude or fast1ng has been demon-

_dstrated by some authors 1nc1ud1ng Evans(1934) Cor1(1932)

| Tlmaras et al.,(1958) Westerterp (1977) Z1egler(1967)

: ‘and'Conlee et ‘al., (1976) In the preSent study, dlffer—

fentlal rates of conver51on of glycogen to glucose 1n

d1fferent tlssues dur1ng exposure to altltude or wlth—

holdlng food and water may have affected free radlcal e

act1v1ty and thus the levels of the 1nd1ces measured

”»1n partlcular MDA and cytochrome P 450, Some authors /

1ng mechanxsms may be less effectlve. They hav’

(Kappls and Sies, 1981 WOlff et al.,1986 Reed and Pacé

lf»4980) have suggested that w1thout adequate substra,es

such as glucose or glycogen certaln free radlcal‘scaveng-'

suggested

.fythat these substrates are essent1al ‘to ma1nt:1n glycoly-

,515 and the regeneratlon of GSH NADH and

\ 7

whlch are necessary for some free rad1cal/scaveng1hg7enz-

1 ymes. Barber and Bernhelm (1967) have shown that prlor

\DPH, cofattors‘

99
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lstarvatlon can greatly enhance the sen51t1v1ty of the li-

ver to the damaglng effects of 11p1d perox1dat1on and sug‘ '

ﬁﬁ gested that the 1n3ury may have been caused by a decrease
A .

L4
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1n GSH thus enhanc1nglthe accumulat1on of free radlcals.‘

. Perhaps, the decreased food 1ntake assoc1ated w1th acute o
x'exposure to hypoxxa foung by Ettlnger and ‘Staddon (1982)
and. as found 1n th1s study enhances thls effect The pre-
'_sent f1nd1ngs wh1ch demonstrage enhanced free rad1cal ac-
tt1v1ty in some ‘tissues of ratS‘after fast1ng are in 11ne
“wrth the f1nd1ngs of Barber and Bernh im, |

The trends 1n the concentratlon of dytochrome P-450

found wlth t1me 1n the l1ver of’ rats seen l1kely reflects

' the comblned effects of w1thhold1ng food and watﬁr ‘and

exposure to alt1tude on cell metab llsm. Perhapskxvar—*-‘

S

‘Guenger1ch (1984) concluded that the concentratlon of fet
.microsomal enzymes is pr1mar11yra functlon=of changes
in. rates of proteln synthesls as opposed to rates ‘of d
l_degradatlon. The present f1nd1ngs suggest that the d
‘atlon of the expoSure .may have affected mechan1sms reg—"
,ulatzng the turnover of P-450., Sadano and Omura (1982) and
_Kumar et al.,(1980) found complete turnover of P 450 in

*rat 11ver to occur 1n 12 to 16 hours.;The decrease 1n tot-

L

v
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~in the concentration of P- 430 in the controls &t 24 hours

fwould'support their findings.

. . .

The lack of- formatlon of methemoglobln under these
cond1t10ns suggests that the an€:Qx1dant mechanlsms of
the red cell, wh1ch 1n"1udes various cofactors, were

adequate to prevent the‘formatxon of methemoglob1n or
Voo B t ' N . : -
: ‘ % !

superoxide. v
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‘f-hours of W1thhold1ng food and water followed by an 1ncrease =

‘In conclusion, nonuniform changes in MDA, lipofuscin, :

and cytéChrome P-450 siggestS‘thatAffee radical/activity

*nay be enhanced 1n som but not all tlssues of rats by

w1thhold1ng food and w ter and/or by exposure to hypobar—‘»

ic hypox1a. Fufthermorg these f1nd1ngs suggest that the
'y
magn1tude and nature of these react1ons, 1nclud1ng pos-

' 51b1e changes in membrane permeab111ty,vmay differ thh

)

v;the durat1on of the exposure to these cond1t10n§é?nd‘other

, E%ﬁmlble stresses,' ‘
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ter also increased significantly suggesting that the vascu-

lar membrane in the lung was rendered more permeable by
these conditions. The findings, in part, are similar to
tho;e of Varskeviciene et al.,(1984) who found iR rats, a
marked increase in MDA concentration onlyu1n lung tzssue
x'follow1ng 2 hours exposure to hypobaric- hypoxla(an atmos-
pheric pressure of 200 mmHg). They did not measure lung

water. The decrease foundm@n the total concentration of

)

cytochrome P- 450 1n.the live follow1n up to 24 hours ex-

‘posure to hypobaric- hypox1a rs in line with a possible in-
crease in free radical act1v1ty in this organ. These mech-
anisms i.e., enhanced lipid perox1dat1on and protein degra-
datlon, which may be related to the action of free radic-
als, appear to be reversible or compensated for on'contin-
ued‘eXpogure, similar‘to the initial symptoms of acute moun-

tain sickness in man. Similar reactions in tissues of man,

if they'occur during acute expoéure‘to high aititude, might



underly the develdpment‘df variOus forms of edema as wvel
as other symptoms of mountain sidkness including intravas-
cular hemolysis, hematuria or proteinuria,/All these symp\
toms may reflect damage to membranes leading to increghed “
permeability of small proteins and water.

- The effects of exerciseiat altitude‘qnfthe'variables
‘studiéd is of interest as this stressor'is reqognized to \
aggravate the symptoms of acute mountain‘sickness. Bar- |
croft (1914) hypothesxzed that mountain sickness can be
triggered by exercise. Since his initial observations many
'others have corroborated his_findings. Tne.findings of the
‘present stddies, that lipid peroxidation is.- enhanced by
exposure to altitude, along with previousjfindings of other
“authors (Corbucci.et al., 1894;Davies et al.,1982;Dilla:d
et 21.1978 and Lovlin et al.,1987) that it is -enhanced by
~ exercise alone suggésts,that the exécerbation of mountain
sickness by exerciée reflagts the combined effect of the
two variables on llpld peroxidat ionw Whether or not this

reflects,a combined effect of the two variables on lipid

peroxidation remains to be determined. /'
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