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In this study we have synthesized meso-feteafE-hydroxy F-methoxyphenyiporphyrin and (d-methoxy)phenylporphyrin as
free buses and in a metal Ni*'liganded forn. Electron paramagnetic resonance specira of porphysins in a powder state
were measured at Foom temperature. Two of the four paralicl Ni lines with niteogen superhyperfine structure are well
resolved. The third mictal parallel line is overlapped by the stronger pevpendicular lines to different extents, whereas The
fonril parallel Ni line Is invariably completely overtapped. The centeal group of strong lnes, together with the strong
free rudical line, results msainly from the perpendicular feature.

INTRODUCTION

The study of metatloporphyrins by electron par-
amagnetic resonance (EPR) dates back 1o 1954
when Ingram (Swartz. Bolton & Borg, 1972) first
detected resonance in some derivatives of chloro-
phyll, hemoglobin  and  phihalocyanine. Since
then, much work has been done and some prog-
ress in the understanding of their clectronic
structure has been achieved.

Intercst in metalloporphyrins probably origi-
nated lrom the biological implications, but (hese
compounds arc chemically important on  their
own. Their complexes have a square-planar (Da,)
or, in some cases, squarcpyramidal (Ca) struc-
fures, bul arc unique in that the ligand is a fairly
rigid cyclic tetradentate and the metal-ligand dis-
tances therelore are very much constrained.

The chemically important electrons of the por-
phinato ligand arc those belonging to the conju-
pated m-electron system. They occupy orbitals that
transform like Aq. As,. B Ba, and Eg represen-
tations of Dy, (Symons, 1987). Only the ¢, orbitals
can bond with d orbitals (d.. dy.) of the metal, but
here the overlap is small. Thust, there are two
somewhat isolated electronic sysiems, one belong-
ing 1o the metal and the other to the ligand. As a
consequence, il is possible to point ot (hat it has

been possible in almost all cases lo assign either a
mctal or a ligand reaction (o a given oxidation or
reduction step of a metalloporphyrin.

In an clectronic spectrum of a metalloporphyrin,
the very strong 77 transitions of the ligand ¢lec-
trons completcly mask the much weaker d-d
transitions of the mclal. For this reason, the usu-
ally powetful tool of clectron spectroscopy be-
comces useless 1 studving the metal part of the

OH
OCH,

b R=R=R, =R, = {)-0CH,

Fig 1. Structure of metalloporphyrin. M-metal ion of Ni*',
Co' or free hase 2H'. (a) TAHIMXPP, (h) TMXTPP.

a) R’:R’zﬂazﬂ“:

Y Address for correspondence: [nstitute of Physics, Peenan University of Technology, Picirowe 3, 60-965, Poznan, Poland

Abbrevialions used:
H,TMXPP - meso-tetra{d-methoxy) phenylporphyrin free-base.

HyTAHINXPP - meso-letrad hydroxy-3-methoxy) phenyiporphyrin free-base.
Ni- or CoTMXPP — metal-ligated meso-tetra{4-methoxy) phenylporpliyring
Ni- or CoTAHIMNIT - metal-ligated meso-tetra(d hydroxy-3-methoxy) phenylporphyrin.
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clectrome structure. This leaves EPR as the only
aliernative for such investigations, and indecd, the
primgry objective of the EPR studies has been the
understanding of the part of the electronie struc-
ture belonging (o the metal,

EXPERIMENTAL

Porphyrins as lree bascs were synthesized accord-
ing Lo onr modification of the procedure described
by Adler er af. (Adler, Longo. Finarclli, Gold-
macher. Assour & KorsakollT 1967). Mctal por-
phyrins were obtained using the method of John-
son amd Dolphin (1980). Typical procedures were
as follows

Preparation of  [5,10,15, 20-tetve(H-methoxyphe-
) J=2 1, 23 H-porplune

Propionic acid (80 ml, Fluka) was magnetically
stirred and boiled in 250 ml three-necked round
bottom flask under reflex condenser, From Iwo
funncls p-anisaldehyde (2 72 g 0,02 mole) v 30
ml of propronic, and pyrrol (1 34 g, 0.02 mole) in
1 md of propionic acid was simullancously
dropped in during half an hour After completing
aldehyde and pyrrol addinon, the mixsture was re-
Nuxed additional half an hour. Propionic acid was
removed under vacuum. and the residue was twice
chromatographed  on  column  using  Florosil
(Fluka) wih methylene chloride. The liquor was
concentrated to vield crystals o give a tolal of
0.71 g purc product (21% vield). The oblained
product is characterized by following absorption
maxima i cthanol solution (in nm): 430, 514,
552, 590, 638, 687.

10 ¥

Fig.2. EPR spectrum of NiTMXDE in polycrystalic state,
Strongest line belong to free radical of porphyrin ring
and is at g = 2.0026. Microwave power atienuation &
dB, fiequency 9411 MHz, modulalion amplilude 0.2
mT, Room temperature,

Henryk Manikowski ef o,

Preparation of  [5,10,15, 20-tetra(4-methoxyphe-
nvl) [-2HH, 23 H-porphinato(2-) -nickel (1)

[5.10.15.20-Tetra(4-methoxyphenyl) |2 1H,
23H-porphine (0.136 g, 0.2 milimole) and 0.88 g
Ni(I1) acetate was dissolved in 50 ml of propionic
acid and refluxed for six hours, The mixture was
dllowed 1o stand overnight and was then filtered.
The product was washed with propionic acid,
twice with cther, and than Further with water. The
purple crystalline product was dried under vacuum
to give U118 g (68% yield). Chemical structure of
the synthesized porphyrins is shown in Fig, 1.

EFR spectra were measured at room lemperature
using Radiopan SE/X-25 spedtrometer with RCX
OO0 microwave cavity (Manikowski, Brzezinski &
Oleik, 1994),

RESULTS AND DISCUSSION

A typical polycrystalline spectra for nickel por-
phyrins are shown m Fig 2 and 3. Two of the four
parallel Ni lines with nitrogen superhyperfine
{shf) structure arc well resolved and can be used
for the accurate determination of gz, Af™ and A ™.
The third parallel N1 linc is overlapped by the
much stronger perpendicular lines to different
extents, whereas the fourth Ni parallel line is in-
variably completely overlapped. The central group
of strong lines, (o the right of the very strong free
radical line, results mainly from the perpendicular
featare. The gronp of strong lines on the very high
field end resulis from the "anomalous line". When
small width for the field modulation such as
0.1inT was applied, some of the parallel hyperfine
(bf) lines were found fo split mio at least seven
lines spaced with separations of 0.25-0.3mT
(Fig 2 and 3). Splitting of this typc may be inter-

Fig3. EPR spectrum of NiTAH3IMNPP in polyerystaliic
stale. Strongest line belong o free radical of porphyrin
ring and is a1 g = 2,0026, Microwave power attepuation
R dB, frequency 9408 MHz, modulation amplitude 0.2
mT. Room temperature.
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preted qualitatively of the unpaired clectron of the

mickel mteracts wath the hgand-nitrogen nucior 11

_the  four  nitrogen ligands  are magneticalby
cquivalent. mne shi lines should be cbserved wath
relative itensitics of b .16 19 16.10:4 1 The
cbserved shi structure 18 consisient with s ex-
pectation, 1f two weakest lines are assuined 1o be
simcared out. The spin densaty aronnd the mtrogen
ligands of N{TMXPP and NITANMXPP s ex-
pected to arise from the delocalization of in-plane

n bonding or from the configuration nieraction of

such orbital as w-plane s bondhng, To discuss the
bonding scheme along the hine accurate data for
AF aic at least required, Unfortunately we were
unable to detcet Ay
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RESPIRATORY BURST OF THE NEUTROPHILS IN ISCHEMIC
HEART DISEASE PATIENTS
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We measnred the oxibative hurst of nentrophils obtained frons peviphersl blood (PB) and coronmy sinus bloml (CSB) in
2% patients sullering from ischemic heaet dicease (1LD) with spmploms of unstable angina. The cxaminafions were per-
formed during corenary angisgraphy {CA) or smgioplasty (PTUA) We tested the gravdient sedimentation-lsolsted neu-
trophils asing the chemiluntinescence (CL) peneration system. A mean of the L (V' min.) of nomstimulbated apd PAMA
aml NP stimnliated neutrophils in 1Y patients did not dilTer significantly from the CL in 15 healthy vodunteess which
coniprised » control group. The oxidative burst of opsonized sl nonopsenized rymosan — stimulated nentrophils were
significantly (p < 0.05) lowered 25 compaved with controls, (C1, values: 10202 + 6270 and 1980 1 1694 coprparedd to
E5044 £ 690G sl 3562 £ 2554, respectively). There were no differences In the oxidative Brrst capacity of the PR nentro-
pliils in THD paticats s compared with CS) neutrophils. In the light of our earlier resalls on the irereased CL sctivity of

the cells, measnred in whole bood in 1D patients, we hy pothesire (hat e reduction of the €1 of fsolated nent rophils in
the paticnts mury be s result of the isolation amd purilication procedures. We sugoest that the simnltsneons memsuring of

the €1 hoth in whaole blood snad in isolated neufrophils can

trophils,

INTRODUCTION

Neutrophils have been implicated i myocardial
mjury foltowing reperfusion of the ischemic myo-
cardium (Simimak & Ozawa. 1993). Besides pro-
teases. osyvpen-denived free radicals (OR) are
thought to play an important role in the injury
(Reuner, Tanaka, Murry, Richard & Jennings,
1990). Neutrophils have been recopnized as a
main somce of the toxic OR produced duc o
ischemia induced stimuli (Ricevutti. Mazzone,
Pasotti, De Scrvi & Specchia. 1991) Nentrophil
denved OR reduce releasing of EDRF and prosta-
cyclin synthesis by endothelial cells m ischemic
myocardium (Rubanyi. 1988: Grvglewski, Palmer
& Moncada. 1986) This mav be a reason of the
gencration and development ol the ischiemic
changes i the heart, There are many data in (he
hiterature docimenting mercased newtrophil func-
tion in patients with IHD (Mehta. Nichols &
Metha. 1988), High leukocyte number and activa-
tion of the neutrophils have been cstablished as
the accessory risk factor of ischemic heart disease
(Ernst. Hammersnith, Bagge., Matrai & Dor-

Hallera |, Ladz, Poland.

answer more guestions om the oxidative poteatial of the nen

mandy. 1987). Thus, ncutroplul activation and OR
release are both a canse and a resalt of ischemic
changes in the heart, One of the most scnsitive
methods of the measuring of neutrophil activation
is detection of its luminol-cnhanced chemilumi-
nescence capacily during spontancous and stimu-
lated oxidative burst  (Wymann, Von Tscharner,
Deranlean & Baggiolimi, 1987). The aim of our
stndy was lo measure the chemiliminescence ac-
livity of ncutrophils isolated from periplieral blood
and from coronary sinus blood in patients suffer-
ing from unstable ischemic hicart discasc.

METHODS

Paticits

We examined 28 patients (20 men, 8 women,
aged 48 + 7.4 years) with clinically proven IHD
and with clinical symptoms of unstable angina.
They had no antinflammatory or immunomodula-
lory treatment 2 weeks before examination, Pa-
tients treated with calcium channel blockers or

Address Tor correspondence: Zbigniew Baj, Department of Fathophysiology and Immunclogy, Milirary Medical Academy, Plac
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Fig. 1. Chiemiluminescence of PR nevtrophils 7

with a history of myocardial mfarction or systemic
discases were excluded.

Fiftcen healthy volunieers (12 men, 3 women,
aged 446 + 8.6 years) constituted the control
proup.

Iselation of nentrophils

Blood samples from peripheral vein were taken
from healthy conirols and THD paticnts by vein
punciure in the morning hours before breaklast.
Blood samples from coronary sinus werc laken at
the samc time pomt, before PTCA or CA, using
atheters inserted into the femoral vein and posi-
tioned in the coronary sinus in the right atrium.
15,000 units of heparin was given to cach IHD
paticnt at the beginning of the procedure. Blood
samples from THD patients and controls were
stored at room temperature before testing and the
CL measurements were performed in up o two
hours time after sampling the blood.

Neutrophils were isolated [rom the heparinized
blood by onc step Gradisol-G (Polfa, Kutno, Po-
land) gradient scdimentation. Obtained neutro-
phils were washed twice and suspended at a con-
centration of 1-10" cells per ml i RPMI 1640
(Flow Laboratorics, G.B.) culture medium sup-
plemented with 2 mM L-glutamine (Flow Labora-
torics), 100 Ufml penicillin and 100 pg/ml strep-
tomycin and 10 % of heat-inactivated fetal calf sc-
rum (FCS, Gibko) and (hen uscd in the test. The
samc conditions and procedures were maintnned
in isolation and CL testing of peripheral and
coronary sinus blood neutrophils.

Measurement of cheniluminescence

A 1251 Juminometer (Bio-Orbit, Turku, Fin-
land) coupled with an IBM-PC AT-compatible
computer was used for the measurement of CL. To
defermine optimun concentration of the stimuli
chemotactic peptide — N-formyl-micthionyl-leucyl-
phenylalanine — (IMLP). phorbol myristate acetate
— (PMA) and zymosan (Z) curves were used and
dose-cffect dependencies were measurcd. The op-
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Fig 2 Chemulunuinescence of PB and OSB3 PMNs

timum concentrations of stimuli were used in the
measurements: TMLP — 1 nmol/ml. PMA - 200
ngfml, Z — 0.3 mg/ml. Investigation were carried
out at 37°C. A sample containcd 2-107 neutrophils
in 200 ! of PBS, 20 pl of lununol and 10 pl of
MLP or 20 ul of PMA or 30 pl of Z, and PBS (o a
final volume of 1 ml. Response of the nonstimi-
lated. resting cclls (NS) was also investigated.
Each measurcment was made in triphicate and ex-
pressed in mV-min, as the arca under the obtained
curve of CL versus time (integrated light cmission
0--30 min.).

Statistical analysis

Values are expressed as mean + SD. The Slu-
dent’s t test was applied for the analysis of dilfer-
ences between the data for IHD paticents and for
healthy controls Significances of differences be-
tween the CL of the ncutrophils m peripheral
blood and in coronary simus were obtained apply-
ing Wilcoxson matched pair test. The probability
value p < (105 was considered signilicant,

RESULTS

Values of spontancous and stimulated CL in THD
paticats were lowered as compared to these values
in healthy controls. Significant dillerences were
observed in CL stimulated with opsonised and
nonopsonised zymosan, respective values being
10202 + 6270 and 1980 + 1692 compared 10
15044 + 6906 and 3562 £ 2554 mV-pun.. Fig 1.

Nentrophils isolated from peripheral blood and
from coronary sinus blood in IHD paticnts had the
same respiratory bursi capacity, Fig 2.

DISCUSSION
Patients suffering from unstable ischemic heart

diseasc complain to a repeated chest pain as a
symptom of transitory myocardial ischemia. Such
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short fime ischemia results in the releasc of the
ullamuuatory medialors and cytokines which are
potent  neutrophil  stimmli (Shalaby, Apgraval,
Rindetknecht, Svedersky, Finkle & Palladino,
1985 Snuith, Sam. Justen, Leach & Epps. 1987:
Simon. Chambers, Buchler & Sklar, 1992). Some
of these substances act as a priming fictor leading
to a significant increase in 1he neatrophil chemi-
luminescence  esponse  to another  stimulus
(Wiederniann.,  Nicdermihlbicller & Braunste-
mer, 1992) Activation of neutrophils in palients
with stable angina has gained experimental and
clumcal support (Mehta of of., 1988). Increased
formation of newtrophil profeases, lipid moiclies
and OR was demonstrated (Mehta, Dinerman,
Metha. Sladeen. Lawson, Donelly & Walin, 1989;
Sisson, Prescoll. Mclntyie & Zimmerman, 1987:
Ricovulli of gf.. 1991). Significant increase in OR
gencralion during myocardial ischemia and im-
mediately afier the reperfusion was observed in
animal model using electron spin resonance spec-
lrometry (Kobayashi. Walanabe, Ozawa, Hayashi
& Yamazaki. 1989) The observed increase in
nentrophil OR generation has usually not been di-
rectly mieasured bt results from the lower ability
of the cells to respiratory burst (De Servi, Maz-
sone. Ricevuti, Fioravanti, Branmucel, Angoli,
Stefano & Specchia, 1990) This result is consis-
lent witl our presented lindings. The most power-
ful stimulus of the neutrophil CL is opsonised and
nonopsonised zymosan (Cain, Newman & Ross,
19687). The low CL response fo stimuli sugpes
“exhansted” oxidative potential of the cytokine-
stimudated neutrophils in ischemic myocardium,
Nevertheless, there were no differences between
CL activily in peripheral and coronary sinus blood
neutrophils. Thus, the Tlow of the nculrophils
through he ischemic myocardium did nol result
i a significantly ligher stimulation of the cells.
The presented resulls disagree with our provious
lindings on the neatroplul CL measured in whole
blood (Baj. Kowalski. Kantorski, Pokoca,
Kosmider, Pawlicki & Tchorzewski. 1994). We
hypothesize that the fong procedure of the cell
isolation may lead to the respiratory burst already
during the processing of the cells. Thus, the hy-
persensitivity rather then sensitivity of the neu-
trophils {o stimnli may be a reason of the observed
drop in the oxidalive potential,
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PARAQUAT-INDUCED CHANGES IN THE STRUCTURE OF
ERYTHROCYTE MEMBRANES ARE NOT CAUSED BY LIPID
PEROXIDATION

KRZYSZTOF GWOZDZINSK]

Departimen of Molecular Biophysics. University of LodZ, 20-237 Lodz, Poland

(Accepied 28 December 1994)

The alierafions of the stractural properties of human red blood cells npon paraquat frestment were stadied using spin
Labeling method. The increase in membrane lipid Muidity concomitsnt with the inereasing concentrations of paraguat
way indlvated by the spectra of methyl 12-deaylstearate spin label However, the elevation In the iliobarblturle reactive
subsianves was not ahserved, In lurn, the spectra of maleimide spin label (4-maleimido-2,2,6,6-teteamethyl-piperidine 1-
o) indieated a medification in membrane proteins in isolated erythrovyie ghosts bt not in the red blood cells internal
proteins, These pesults suggest that changes in membrane fipid uidicy did not result from lipid peroxidation but rather

froms the alterstions in liphd-protein interactions.

INTRODUCTION

Paragquat (1 1-dimethyl-4. 4'-ipyridininm  dichlo-
ride, methyl viologen, PQ) is a nonsclective con-
tact herbicide used in a variety of crops. It exhibits
high toxicity Tor man and ammals. Accidentally or
intentionally ingested. paraquat is a poison capa-
blc of causing a considerable toxicily to lungs,
kidney, liver and brain (Smith & Heath, 1976,
Fairslter, Rosen & Smitl. 1976). 11 was found
that paraquat has a considerable influence on
varions fissucs (Smith, 1985). The lung specificity
of paraguat toxic effect is duc to the active accu-
mulation of the horbicide o alveolar type 1 and
type 1 epithelial cells (Smuth, 1983). Bus ¢f af.
(Bus. Aust & Gibson, 1974, 1973) suggested that
paraquet may canse damage lo the lnng alveoli by
catalysing the peroxidation of lung lipids,

1t is belicved that the toxicity of this herbicide is
mainly duc 1o the toxic oxygen specics formed in
the reaction of bipindy lium cation rachcals wath
oxyeen (Bus ef of 1975: Bus, Cagan. Olgord &
Gibson, 1976). Furthcrmore, the authors sug-
gested that the one clectron reduction of paraguat
mediated by NADH eviechrome ¢ reductase re-
=ults in a formation of reduced exypen species,
However, the detailed biochemical mechanism of
paraqual loxicily remains unclear. Ope of (he
possible explanations ol paraquat toxicity involves
the assutnption that superoxide anion radicals can
canse lipid peroxidation which initiates the proc-
css of cell membrane damage. In agreement with

this view, pamquat is known to stimmlate lipid
peroxidation in hung microsonies in vitro (Bus ef
al. 1974, Trush, Mimnavugh, Ginsburg & Gram,
1981).

On Ihe other hand, moncrous reports questioned
ihis hypothesis. Shu e af (Shu, Talcot, Rice &
Wei, 1979) did not lind clovated conjugated di-
ches inmice lung after paragoat treatiment. Korn-
bust and Mavis (1980) also reported (hat paraquat
did not canse pulmonary toxicity by initialing per-
oxidation of hung lipids. They suggested that the
in vitro effcet of bipyridinum herbicides may not
be related to the mcchanisms of their toxicity in
v Another explanation nray concern changes
m fatty acid composition, which are likely to dis-
turb membrane lipid structnre (Kornbust & Mavis,
1980, Beretts, Fadini, Montcsiassa, Pomapa &
Stoppani. 1981),

Paraquat is also known to affect antioxidant cn-
zvmng activities and induce decrease in the cell
glitathione  levels  (Sandy., Moldens, Ross &
Smath. 1986). In this paper the cffect of paragual
on lniman red blood cells was also studicd using
spin labelling,

MATERIALS AND METHODS

Chemiceals

Glutathione, thiobarbituric acid and  ascorbic
acid were from Sigma Chenneal Co. All other
chemicals were of analytical grade rom POCh
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Fig. | EPR specira of methyl S-doxylpaimitate (a) and methy! 12-doxylslearate (b) incorporated into human reds Hlood cells,
The valucs of the order parameter (8) and the by ratio were caleulated for both Mel 5 DP and for met 12-DS. Ty and T, are
hyperfine splitting constants. Ty and by are midline height and high-field line height, respectively.

(Gliwice. Poland). Paraquat was used as Gra-
moxone (25% waler solution of paraquat).

Methyl S-doxylpalmitate (Met 5-DP) and methyl
12-doxylstearate (Met 12-DS). were synthesized
according 10 Hubbell and McConnell (1971) and
Waggoner ef af. (Waggoner, Kingzetl. Roltschac-
fer. Griffith & Keith. 1969), respectively.
Maleimide spin label  (MSL, 4-maleinndo-2,2.6.
o-tetramethylpiperidine-1-oxyl) was prepared ac-
cording to Misharnn and Polianovskij (1974) and
Gaffuey (1976).

Lipvthroeyte and ervthrocyte membrane isolation

Human blood was collected from five healthy
donors. atiending the outpaticnt clinic of the local
hospital,

Erythrocytes were centrifuged and subscquently
washed (hree times with phosphate buffer saline
(PBS) pH 7.4. Erythrocyte membranes were pre-
pared at 4°C by hypotonic lysis using 20 mmol/l
sodinm phosphate buffer pH 7.4, The membrane
ghosts were successively washed with 20 mmol/L,
10 mmol/L and 5 nunol/L. phosphate buffer. pH
7.4,

Determination of lipid peroxidation

Given the tecatment of red blood cells with vari-
ous concenlrations ol paraquat, the samples were
subjected 1o analysis of thiobarbituric reactive
substances (TBARS) according 1o the method de-
scribed by Placer ef al. (Placer, Cushiman & John-
soit. 1966) with modifications. The reaction prod-
ucts (TBARS) were extracted with butanol and the
absorbance was measured al 532 nni.

Spmr labeling of erythrocyles and erythrocyle
menbranes

Erythrocytes were labeled by the introduction of
aliquots of the ethanol solution of spin label fatty
acid csters. The final ethanol concentration i
erythrocyle snspension was lfess than (.05% (viv)
In the casc of MSL, crythrocyles were incubated
for 1 hr al room temperature, and then the un-
bound spin label was removed by several washings
until the ESR signal in supernatant disappeared.

After labeling, crythrocyte suspensions were in-
cubated at room temperature for 1 hr with increas-
ing concentrations (0.05, 0.1 and 0.3 mmol/L) of

paragquat.
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ESR measureinents were performed at room
lenmiperature using SE/X-20 (X-band) spectrometer
(Wroclaw Teclmical University. Poland),

Statistical analvsis

Statistical analyscs included the calculation of
means 4 SD. The significance of differences was
estimated by Tuckey's test for multiple compari-
sons

RESULTS

Fig. I a shows a typical spectrum of methyl 5-
doxylpalmitate incorporated into human red blood
cells. The order paramcter, which reflects the
membrane lipid Muidity was calculated from the
equation (Hubbell & McConnell, 1971):

S=(h =T ay Ty ~Te ) ay

where 7y and 7' are hyperfine splittings con-
stants for the magnetic ficld parallel and perpen-
dicular to the bilayer normal. respectively. while
Tz =324 Gand T3y = 6.1 G are hyperfine split-
ting parametcrs determined after the incorporation
of nitroxide derivatives into host crystals (Scelig,
1970).

an= (1) + 27, 3 and ay = (T + 2T3) are
the isotropic hyperfine constants for uitroxide in
membranc and crystal slate, respectively.

We also used methyl 12-doxylstearate which
monitors the changes in deeper region of lipid
membrane (Fig 1b). The experimental parameter
Tafho. where fiyy and hy, are the heights of low-
field fine and middle line of the spectra, respec-
tively, was determined as a semiquantitative
mcasure of acyl chain {lexibility corresponding to
lipid bilayer fuidily (Morrisett, Pownall, Plumlee,
Swmith, Zahner, Esfahani & Wakil. 1975: Stuhne-
Sckalec & Stanaceyv, 1978). Figures 24 and 2b
show the effccts of the increasing concenirations
of paraquat  on lipid bilayer dynamics. These re-
sults indicate that paraquat docs not change lipid
bitayer near the surface of membrane (as indicated
by Met 5-DP). However, paraquat induced a sig-
nificant increase of the hy /My, parameter for Mel
12-DS. This increase is significant (approx. 5%)
for methyl 12-doxylstearate. in which the nitrox-
ide reporting group is located deeper. and these
clinges are relevant o the mcrease of membrane
hipid fluidity.

Fig. 3a shows the spectrum of maleimide spin
label attached to human red blood cells. Under
neutral pH maleimide reacts mainly with thiol
groups of proteins (Berliner, 1983). MSL pene-
trates membrane and reacts faster with -SH groups

Krzysziof Gwoizdzinski
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Fig. 2 Effect of different paragust concentrations on mem-
brane lipid fMuidity menitored by Met 5-DP (1) (no sig-
nificant changes) and Met 12-DS (b) - 0.1 mmol/1. and
0.3 mmelL, p - 0,001,

of internal peptides and/or proteins than with
membrane proteins (Gwosdzinski, 1991).

We also showed that more than 90% of label
was bound to iniracellular Auids.

For a measure of mobility of internal peplides
offand proteins the relative correlation times were
calenlated from the equation (Keith ef af | 1970):

1
2

To=k W -[h Th ) 1],

where 7o 18 a rotational corrclation time, k s the
coustant egnal to 6.5-10" for nitroxide spin label,
iy, by and b,y are mid ficld line width, mid line
height and high field line height respectively.
Maleimide spin label attached to intact human
erythrocyles yiclds a triplet spectrum, whereas the
spectrum of the label bound to red blood cell
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membrane reveals the ESR signals of weakly nn-
mobilizad (narrow-line, hw) and strongly imipo-
bilized (broad-ting. hs) components (Fig 3by The
analyses of the spectra of maleinide attached 1o
red blood cells membrane was perfomied by the
calealation of f,/h, rabio. which is a very sensiine
measure of the physical state of proteins in the
membrane (Buttesficld, 1982: Fung, 1983).

Smail perturbations 1 the nearest proximity of
the label bound to membrane proleins may pro-
duce significant changes in the MSL spectra used
for the monitoring of conformational changes of
proleins.

Figures 4a and 4b show the cffects of various
concentrations of paragual on internal profein
mobilily and mewmbrane protein mobility. respec-
tively. Using maleimide spin fabel we obscrved
the increasc in Moth ratio. which reflects the
paraquat-induced clianges in protein conformation
or possibly disposition of spin labeled fragments
of protcins We found the increasc in mobility of
the label only in the isolated membrane ghosts.
The results prescated herein suggest the coour-
rence of possible changes in protein conformation
in membrancs but not in the intracellular matrix.

We also checked the effect of various substances
on paraquat reduction. We found that paraquat

can be reduced 1o paragquat cation radicals by vari-
ous substances such as ascorbate, glutathione and
other thicls 1 1s possible than these substances
may redoce paraqual to its radhcal and thus the
nitiate the generation of foxic OXygen specics.

We observed the increase of hipid fluidity but we
did nol find lipid peroxidation in ervthrocyies. as
estimated by (he determination of an amount of
TBA-reacting substances, inchding malondialde-
hyde.

DISCUSSION

It is generally accepled that paraquat can be re-
duced to paraquat cation radical’

PQ" - PQ'

Paraquat cation radical is rapidly rcoxidized by
molecular oxygen with the formation of superox-
wle anon radical:

PQ* + 05— PQ* + 03
Enzymatic dismutation of superoxide amion
radical provides hydrogen peroxide, which in the
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Haber-Weiss reaction can generate hydrosy 1 radi-
cal

05 +H:04 5 0H +OH +H.0,

Thus reaction. however, 15 possible only n (he
presence of traces of hemvy metal ons Further-
more, even more hikely 1s the reaction of paraquat
cation radical with Indrogen peroxide:

PQ* + H,0; - PQ** +.OH + OH”

Depending on the conditions, all (he toxic ovy-
gen species metioned, mcluding singlet oxyeen.
arc likely to appear

T
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Fig. 4 Paraguat-mdoced changes m the mohility of
mialemude span labels attavhed be red bloed cells (a) (no
signilicant changes) and red blood  cell membrapes (b).
05 mmeld., 0§ mmold] and 03 mmol T, o 0l

However, the mechanism of ccll injury as in-
duced by paraquat may differ in various organs
and depend on whether the study was performed
under cither i vive or i vitre conditions. Parag-
nal was reported (o stinmlate lipid peroxidation in
mictosomes isolated from the murine lungs (Bus
ef af . 1975) and rats (Trash ef of | 1981). In con-
trast, Shu ef af {1979} did not Aind clevated leyels
ol conjugatee chenes (the indicator of lipid peroxi-
dation after paragual treatment i vive and in vi-
fro (Rornbrust & Mavis. 1980) in the lung Sato
ot ol (Sato. Fijii, Yuge & Morio, 1992) showed
mmcreased lipid peroxide levels only in murine
biver, bat not in lungs. kidney or brain upon the
treatment with paracal

In this paper we attcinpted to answer he gues-
tion whether paraguat-induced lipid peroxidation
is cortclated with the allerations of membrane
Nuidity. We showed that paraqual mcrcascd lipid
Mndity as indicated by methyl 12-doxy Istcarate
spectra in deeper regions of hipid layer These re-
sults correspond very well with our previous re-
sults (Gwozdzinsky, 1991b) We observed an -
crease it membrane liped Ouidity without the con-
currend lipid perosidation alter gamma radiation
of red blood cells In contrasl, an  increascd
ridhgity in all the regions of the bilayer upon lipid
peroxidilion was shown by othors (Bruch &
Thayer. 1982, Bartoss, Chirist, Bosse. Stephan &
Gartner, 1987).

The clfect of paragual on the red cell proteins.
using malesmide spin label. was also exammimed
Paraquat did not cause significant changes m in-
tersal peptides orfand proterns. On the other band,
the increase m the B, ratio correlated well with
the increasing paraqual concentrations in isolated
red blood cell ghosts. This increase may reflect (he
conformational changes of profcing aficr paraquat
treatment.

Our results suggest that the increase i mem-
branc fluidity is not associated with the peroxida-
tion of membranc lipids in red blood cclls It
scems that changes in lipid fwdity may be cansed
by a different mechanism than lipid peroxidation
Such an observation corresponds very well wath
the previous reports. where considerable changes
in the fatly acd composition probably resulted in
the weakening of the structure in memwbranc lipids
(Kombrust & Mavis. 1980: Beretia ef af.. 1981)
We also found the significant alterations i mem-
branc profcins. I is thms likely that paragual may
change protein conformation and the subsequent
increase in fluidity may possibly resull from the
allerations in lipid- protein interaction.
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The 1w types of puramagnelic conters: o semiquinone and nilrogen Tree padicals, existing in poradrenaline-welanin were in-

vesligated by electron spin resonanee method uxing numeric:
ESH linewidihy and infensifies coused by an incresse of micr

ol anadysis of lineshape of e ESR spectrea. The changes of the
owave power werd neasured, The hemogeneouy broadening of

the ESR fines was delected. The long and short spin-lattice relivatlon fime is characteristic for o-sceniguinone and nitrogen
free padleats, respectively. The inferaction of unpaived elecirons with Baifice sioms is attermated by presence of atmespheric

oxygen in ssunple eovivomment.

INTRODUCTION

Elcctron spin resonance studics with continuois
wave indicate long spin-latlice rclaxation limes
(10-100 ms) of unpared clectrons in natural and
ssuthetic melanins (Blois. Zahlan & Maling,
1964)  Chemical and  physical treatments of
melanin influcnce the inferactions of unpaired
clectrons with lattice atoms in the polymers,
changing their saturation behaviour, The spin lat-
tice- relaxation time was fonnd to be shortened by
copper-doping, beeause of a cross relaxation effcct
diue 1o the inferaction between copper and the
melanin spin systen (Blois er af . 1964). Effects
on relaxation time due to hydration of the samples
was obscrved (Blois of af . 1964) Homogencously
broadened ESR signal of L-DOPA mclanin in so-
ltion, in the abscnce of oxygen. becomes inho-
mogencously broadened as a concequence of the
magnclic interaction with oxygen (Pasculli, 1992).

The aim of our ESR studics. using progressive
nicronave power saturation, was fo compare spin-
lattice interactions of o-senuguinene and nitrogen
fice radicals in noradrenaline-melanin and de-
lermine the influence of atmospheric oxygen on
the refaxation process in the investigated melanin.

METHODS

Preparation of the noradrenaline-melein sanple

The investigaled model neuromelanin was ob-
Lained by oxidative polymerisation of noradrena-
linc in Tris-HCI buffer (0.05 M., pH 7.4) by
method reported previously, Stepicit el al (1989).
The solution of the catecholamine sample (5 mM)
was acrated lor 48 h. Afler acidification with hy-
drochloric acid (o a final pH of 2, the mclanin was
scparated by contrifugation, dialyzed against dis-
lilled water and dricd.

FESIR measurements

The clectron spin resonance invesligations were
performed nsing an X-band (9.3 GHz) ESR spec-
trometer. with moduolation of magnetic feld of
100 kHz made by RADIOPAN-Poznat. The mi-
crowave [requency was recorded.

The ESR spectra of dry noradrenaline-melanin
sample in comtact with air were measured. The
sample was then evacuated at 10 Torr for 24 h.
scaled under vacuum and the ESR spectra were
measured again. In order to observe the influcnce
of microwave power on ESR linewidth and in-
tensity moasurements were laken with a wide
range of atlcnuation of microwave power (20-0
dB). Numerical analyses of ESR specira was made
using algorithim given by Opfermann (1984).

Address for comespondence: Krystyna Stepron, Departiment of Biochemistry and Biophysics, Jagiellofiska 4, 41-200 Sosnowiec:

el (U32) 666417, lax (032) 66630,
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() and mitrogen (3) fice radicals of noradrenaline-
mictanin, lor sample inar Mo, M - produced by source
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Fig3. The broadenimg of the ESR lines Irom exygen (o)
and npitropen (1) free radicals  of noradrenaline-
melanin, with increase of microwave power (sample in
air).

RESULTS AND DISCUSSION

Two types of paramagnetic centfers exist in the in-
vestigated noradrenaline-melanim: o-seniquinone
frec radicals wilh g-valuc of 2.0045, and probably
nitrogen  free radicals with lower g-value of
2.0029. The ESR lines of o-semiquinone and ni-
tropen free radicals are described by Lorentz and
Ganss function, respectively, The experimental
spectra of noradrenaline-melanin, both for meas-
urcmenls in air and in vacuum. are fitted by si-
perposition of these 1wo curves. The ESR lines of
nitrogen free radicals were found to be high
broadencd by strong dipol interactions (the
linewidihs of 0.94 mT for sample in air, 20 dB-
atienuation of microwave power). The narrower
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ESR lincs (0.51 mT) werc measurcd under the
same conditions for oxygen free radicals. Oxygen
and nitrogen frce radicals interact with onc un-
paired electron of atmospheric oxygen molecule
by weak quasi-chemical bonds.

Homogencons broadening of the ESR lines of
oxygen and nitrogen free radicals was monitored.
The intensity of all the ESR signals increases ini-
tially with an increase of microwave power, and
decreases alter saturation (Fig. 1, 2). The ESR
lines broaden with increase of microwiave power
used (Fig. 3, 4).

Unpaired electrons localized on oxygen and ni-
trogen atoms in noradrenaline-melanin  visibly
differ in saturation betaviour. The ESR lines of o-
semiguinone free radicals with relatively lTonger
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spin-lattice relaxation time saturate for lower val-
ucs of microwave power than the ESR signals of
nitrogen free radicals (Fig. 1, 2). It leads (o the
conclusion that weak and strong interactions with
lattice atoms of noradrenaline-melanin are charac-
teristic for oxygen and nitrogen free radicals, re-
spectively.

The quasi-chemical bonds between unpaired
clectrons of the two groups in the melanin and
atmospheric oxygen change the spin-lattice inter-
actions in the sample. The ESR lincs in air satu-
rate for the lower microwave powers (Fig. 1, 2).
The spin-lattice relaxation time of unpaired elec-
trons is longer in sample in atr than [or evacuated
sample. The quasi-chemical bonds aticnuate intes-
actions of both type of unpaired electrons with (he
lattice atoms.

Summing up, two group of paramagnetic cen-
ters with diffcrent magnetic inferactions cxist in
the investigated noradrenalinc-melanin, Weak and

Barbara Pilawa ef al.

Strong. spin-spin as well as spin-lattice interac-
tions, were found for o-semiquinone and nitrogen
free radicals. respectively. Spin-lattice relaxation
in the studied melanin is altenuated by atmos-
pheric oxygen.
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ANTIOXIDANT ACTIVITY OF MODEL NEUROMELANINS IN
THE PROCESS OF LIPID PEROXIDATION
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The cifeet of model newromelaning on peroxidatlon of unoxidized snd partly ovidized Tecithin In Bpesenul membranes
was studied. I was Tound thai dopamine- and noradrensline — melanins added (o anovidized Tiposomes effectively sup-
pressed the yield of thivharbiturie acld reactlve substances during UV- or Fet' -indueed lecithin peroxidation. When
mekanin was added fo partly oxidized liposomes, prepared by UV irradiation or by preincubation of liposomes with Fe'',
s signilicant decrease in conjugated dienc bydvoperosides Tormation and TEA-reactive substances accumubation was oh-
served. The obtalned resulis suggest that model nevwromelaning are uble to inhibit lipid peroxidation, acting as chain -

breaking antioxidants,

INTRODUCTION

Neuromelanins, the dark pigment of human brain,
are products of the metabolism of dopamine or no-
radrenaline via the indele pathway (Barden, 1969;
Rodgers & Curzon, 1975, Graham, 1978). They
accumulate during life in the cyloplasm of the
catecholaminergic neurons of the brain-stem and
basal ganglia (Mann & Yates, 1974). Their bio-
logical Munctions are still controversial. The vul-
nerability of melanized catecholaminergic neurons
to depigmentation and degeneration in Parkin-
son's discase (Hirsch, Graybiel & Agid, 1988),
and an increasc in total nigral content (Solic,
Paulus, Jellinger, Riedcrer & Youdim, 1991
Dexter. Wells, Agid, Agid, Lecs, Jenner & Mars-
den. 1987) and in basal lipid peroxidation in the
substantia nigra of Parkinsonian brains (Dexter,
Carter. Agid, Agid. Lees. Jenner & Marsden.
1986, Dexter, Carter, Wells, Javoy-Agid. Agid,
Lees, lenner & Marsden 1989, Jenncr. Dexier,
Sian, Schapira & Marsden. 1992) supgest that
ncuromelanins may play an important role in the
process of lipid peroxidation in biological mem-
branes. Ben-Shachar of af. (Ben-Shachar, Riede-
rer & Youdim, 1991) reported that synthetic do-
pamine-melanin decreased basal lipid peroxida-
tion in rat cerebral cortex homogenates, but it po-
tentiated lipid peroxidation after addition of iron
to homogenates. In contrast. Porgbska-Budny ef
al. (Porgbska-Budny, Sakina, Stepien, Donstov &
Wilczok, 1992) found that melanins obtained from

catecholamines were able to inhibit Fe*'-ascorbic
acid — induced peroxidation of cardiolipin
lipesomes. The ability of melanins (0 suppress
lecithin photooxidation was alse demonstrated
(Stgpieni, Porgbska-Budny, Hollek & Wilczok,
1992).

The aim of the present study was (o determine
and compare the effect of model neuromclanins on
peroxidation unoxidized and partly oxidized leci-
thin in liposome membranes.

MATERIALS AND METHODS

Model ncuromelanins were obtained by oxidative
polymerization of dopamine and noradrcnaline, as
described previously (Stgpien, Dworzaiiski, Bili-
fiska, Porgbska-Budny. Hollek & Wilczok, 1989).
Multilamellar liposomes were [reshly prepared
from cgg yolk lecithin (L-c-phosphatidylcholine.
Sigma. type XVI-E) according to Bangham ef al.
(Bangham, Hill & Miller. 1974). The amount of
conjugated dicnes in the obtained liposomes was
negligible as judged basing on absorption valucs
at 232 nm. Lecithin peroxidation was induced by
Fe'' (150 mM or 300 mM) or by UV light. (UV
lamp POLAMP typ PLK-85, UVA 44%, UVB
33%. UVC 23%., P 365 nm, 125 W). During i~
radiation (3¢ mun), liposome suspensions were
continuously stirred and cooled in an ice-water
bath. Melanin suspensions in Tris-HCl buffer

* Address for correspondence: Krystyna Stgpien, Department of Biochemistry and Biophysics, Jagiclloficka 4. 41-200 Sosnowiec;

tel (032) 66641 7. fax ((32) 6GGUI
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bath. Mclanin  suspensions w Tris-HCI buffer
were added to wnoxidized or partly osidized
liposomes. The oxidized liposomes were preparcd
by UV trradiation of liposomal suspensions or by
preincubation of liposomes with Fe™' (300 M),
Final concentration of mclanins and lecithin in
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Pig. 1 Fited of dopamine-melinm and novadienaline -
melanm on Fe™ anduced lecithin perosidation. Fe®' con-
ventration: |50 phd. melanin concenlration: 400 pgiml;
lecithin concentration 3.5 mig/ml. Data are mean & SEM
values (n=9),

incubation mixtures were 400 pp/ml and 3.5
mg/ml, respectively.

The accumulation of lecithin peroxidation prod-
ucts was assayed by the thiobarbituric acid (TBA)
test as deseribed by Bucge and Aust (1978). Since
the TBA test is non-specific o malondialdchyde

1.24
S — =
4 (f_l oy
1.0+ - !—!JAIIN‘FI -
08

C D

lig, 2. Eflect of dopamine-melanin on perosdation of oxi-
dized lecithin hiposomes preparcd by Fe* addition. After
30 min of preincubation of liposomes with Fe®', melanin
or Tris-HCT huffer were added (A), and liposomes were
incubated for 60 oun (B). 24 h (C), and 48 h (D). ¥
concendration: 150 pd: melanin concentrstion: 3.5
mg'ml Pata are mean & SEM values (n=9).
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Fig 3. Ultravislet spectra ol Tecithin during peroxidation e the absence (<) and i the presence of dopaminc-mnelanin (-). (A) after
preimcubation of liposomes with Fe” and addition of melanin (400 pp/ml); corve K — unoxidized lecithing (1Y, (). (1) after -

cubativn: for 24 h, 48 hand 120 h. respectively (see Fig. 2}
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Fig. 4 Effea of dopamme-melanm and  noradvenaline-
melmin on UVemdieed leeithn peroddation. Suspen-
stz o liposomes (lecithm copcentration 3 5 mgml) and
wielansr (400 ppandy were sradiated by UV Tight lor 30
wnre (A ) and then incubated for 24 b (7). Dats me mesn
+ SERT vahues (n=9).

in perosidized lipids (Kosugn & Kikugawa, 1989),
the degree of lecithin peroxulation was cxypressed
as an increase in absorbance at 532 nm

The extent of lecithin peroxidation in the ab-
sence or presence of melanin was also monitored
spectrofotometrically, The 0.2-ml aliquots of in-
cubation mintures were added to 2 8 ml of abso-
Inte cilumol and UV spectra were yecorded (Dode-
Array HP 8432 A spectrophofometer)

RESULTS AND DISCUSSION

The cllect of wclanins obtained from dopanine
and noradrenaline on Fe''-induced peronidation
of Iecithin m hposome wembranes 1s shown in
Fig. ). Mclamns were added 1o unoxidized
liposomes before addition of Fe™'. The presence of
miclaning during incubation of lippsemes caused a
significant decrease in the yield of thioharbiunc
acid — reactive substances compared 1o the con-
trol, mdicating ihair ability to inhibit hipid peros-
dation  Antiexidant cfliciency of noradrenaline-
meclanin was higher than dopamine-melanin. The
formation of TBA-reactive substances was almost
complelely suppressed in the presence ol norad-
renaline-melanin. whercas melanin from dopa-
wine inhibited lecithin  peroxidation by about
60%.

When dopamine-melanin was added to partly
oxidized lecithin prepated by preincubation of
Liposomes with Fe'. a decreasc of TBA-reactive
substances was observed (Fig. 2A). Since the most
of these substances is formed from degradation of
various lipid peroxides under the TBA assay
conditions, the obtained resulls suggest that
melanin was able fo interact with products of
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Lig & Lot of melanios on peroxidalion of oxidized leo-
thin ||p(w|rm¢.:i. lrﬂ'qmtu’] by UV gight irradiation for 30
min Frs-HIC buffer and dopamme= or neradrenaline-
micdanm (400 ppml) were added sfter rmadiation {(A)
apd lrposcites (locithin concentration 3.5 mgimt) swere
wenbated for 24 h (1) Data are mean | SFM values
-2

leeithin peroxulation and break free radical chatn
oxidation. Indeed, during subscquent incubation
for 48 N the production of THA-rcactive sub-
stances was strongly mhibited (Fig 2. B. C. D)

The conrse of Fo~'-induced leaithin peroxidation
in the absence and presence of dopamine-melanin
wias also montored  spectrofolometrically As
shown m Fig. 3. oxidation of lceithin i conirol
hiposomes was accompanicd by an crease m ab-
sorbance at 232 nm due to conjugated dicne Tiy-
droperonides formation and at 270 nm. arsing
fiom conjugated tiencs and carbomy | groups of {i-
nal products of peromidation, The addinon ol
melanm to partly oxidized liposomes prevented
the formation of conjugated dienes and tricnes.
suggesting that melanin could scavenge lipid atkyl
radicals or lipid alkexyl radicals gencrated during
iron — catalyzcd decomposition of lipid hydroper-
onides

The cffcet of melanins on UVanduced lecithin
peronidation s shown m Fig 4 When melanin
was present durring irradiation of liposomes, a
significant inhibition of lecithin photoosidation
was found. Alier 30 min ol irradiation. the
amount of TBA-reactive substances was reduced
to 36% in the presence of dopaminc-melanin and
to 13% in the presence of noradrenaline-melanin,
All the samples were incubated additionally for 24
i at room temperature without irradiation. In the
absence of melanin a further increase in lecithin
peroxidation was observed. whereas the presencc
of mclanins inhibited the peroxidation. Mclanins
added to liposomes afler UV irradiation also
caused a decrease in formation of TBA-reactive
substances but in this case the bibiting cffect
was lower than that observed when mclanin was
present from the begiuning of irradiation (Fig 5.).
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The obtained results indicate that model neurome-
lanins arc able to inhibit lipid peroxidation, acting
as chain-breaking anvioxidants  The ability of
melanins to bind ron fons (Ben-Shachar of af
1991). scavenge oxyeen free radicals (Sarna. Pi-
las, Land & Truscott, 1986; Korytowski, Kaly-
amraman. Menon. Sarna & Scaly, 1986), and ab-
soth and transform clectromagnetic radiation 1o
heat (McGinnes & Proctor, 1973). suggests that
welanins may also acl as preventive antioxidants.
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ERYTHROCYTE MEMBRANE

MIROSLAW SOSZYNSKI!, ANNA FILIPIAK, GRZEGORZ BARTOSZ,

Deparimient of Molevular Diophysics, University of Liwdz, Banacha 12/16, 90-237 Lodz

{Accepted 28 December 1994)

The effect of amino acid perxides, reintively stable products of irradiation of amino ackd solutions, on erythrocyte
membrane was studied. Interaction of proline, lysine, valine and lencine peroxides (160-300 M) with erythrocyle mem-

branes brought about @ decrease of membrane protein -Sil

group content and of activities of {Na*., K} ATPase and

Ca -ATPase, nnil induced aggregation of membrane proteins, due mainly to the formation of interpeplide disulfides.
The effecls of amino scil peroxides are similar to thuse of -butyl hydropess ywide. These resulls indicate that peroxides of
amino acid and proteins which can also be formed under physiologic conditlons, may be medltors of the cellular action

of reactive oxygen specles.

INTRODUCTION

Reactions of rcactive oxygen species with amino
acids and proteins lead to formation of peroxides
(Gebicki & Gebicki, 1993). Some amino acids.
especially Val, Leu, lle, Pro and Glu form perox-
ides with comparatively high vields. In the ab-
sence of other reactants. peroxides of profeins and
amino acids are relatively stable specics but they
may rcact with biological reductants and metal
ions (Babiy. Gebicki & Gebicki, 1993; Gebicki &
Gebicki, 1993). It is therefore of interest if they
may interact with and damage other macromole-
cules and cellular structures. The aiim of this study
was (o examine the effect of amino acid peroxides
on the erythrocyic membranc,

MATERIAL AND METHODS

Amino acid peroxides were gencrated by irradia-
tion of 20 mM solutions of aniino acids (Pro. Val.
Leu. lte, Lys, Glu) prepared in 20 mM phosphate
hulfer, pH 7.4, phosphate-buffered saline. pH 7.4
(PBS) or deionized water (pH 7.4). Irradiation was
performed with a dose of 2.5 kGy of gamma ra-
diation (50 nin) from Co™ source whilc passing
oxygen bubbles through the solution during ra-
diolysis. Hydrogen peroxide was removed from ir-
radiated solutions by adding catalase to the final
concentration of 2 pg/ml (corresponding to an ac-
tivity of 6O Sigma units/ml).

Concentration of perosides formed was deter-
mined by the iedometric method (Hicks & Ge-
bicki. 1979; Simpson, Narita, Giescg. Gebicki,
Gebicki & Dean, 1992). Peroxides were reduced
with excess of sodium borohydride. excess of bo-
rohydride being removed by acid treatment. For
comparison. hydrogen peroxide and t-butyl hy-
droperoxide (both 300 pM) werc also uscd.

Fresh human blood from normal adult donors
was obtained in a local blood bank. The crytliro-
cyte were isolated by centrifugation at 4°C.
2000 x g and purified by three cycles of resus-
pension and washing with 20 volumes of phos-
phate-buffered saline (PBS) with 1 mM EDTA
and 0.5 mM PMSF. After carcful removal of the
the buffy coat. the residual lcukocytes werc re-
moved by passing through a column of HBS cellu-
lose.

For the studies of hemolysis, erythrocytes at the
concentration of 0.02% were incubated with
amino acid peroxides for up (o 48 h at 4°C and
hemolysis was determined turbidimctrically at
3. = 710 nm. The crythrocyte ghosts were prepared
from washed cells according to Dodge ef al.
(Dodge. Mitchell & Hanahan, 1963) with some
modifications, For determination of ATPasc ac-
tivity the ghosts were prepared in Tris-HCI buffer.
Formation of protcin aggregates and decrease in
the content of main protein bands in the erythro-
cyle ghosts was estimated by SDS-PAGE in the
buffer system of Laemmli (1970). Slab gels were
prepared in a Desaga electrophoresis unit. The

1 Address for correspondence: Dr Mirostaw Soszyfiski. Kaledra Biofizyki Molekularnej Uniwersyletu Lddzkiego, ul. Banacha i2/1 G,

90-237 Lodz, Poland.
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fable |

Peroxide concentration i irmadioted smine acid solie
ons (inean = 51D, number of determinations in paren-
Uteses)

Miroslaw Soszyiiski ef af.

Table 2
Effect of peroxides on the thiol group content of eryth-
rocyte ghosts

Agenl Thiol groups [mnolfimg I
Agent Perosidey |nM| meinbrane profeim|
Hutler 135 (3 Confrol buffer RS0+ 1.8 (M
Pro 290+ 31 () Irradiated BIoL20 (9 M
Lys 240 257 (%) buffer
Val 22020 (3) 1103 86.54£20 (20) NSH
len 16628 (4) t=-But-001 65420 (18) <0001
Cilu a0 (1) Conlrol 'ro RS .8 (20)
Pro-O0t 68.4423 20y |<0o0mP
Control Leu T4EE38 (10) g
gels were stained with Coomassie Brilliant Blue 1o Sodx7d €10y | <0en
R-250 by il thod of Fairbianks / Control Lys 73409 (H
~= by the method of Fairbanks ef al. Lys-001 ] 678429 (4) 005"

(Fairbanks, Steck & Wallalh, 1971) and analysed
with a DESAGA CD-60 densitometer. The major
protein. bands were numbered 1-7 according to
Steck (1974). The total ~SH group content of
membrane profcins was determined according to
Ando and Steiner (1973).

For studics of he cffects of peroxides on the
crythroeytc membrane cnzymatic activities, sam-
pPles of eryihrocyte ghosts (protein concentration
of 7.0 mg/ml) were mixed with control soluticps
and peroxydes at o ratio of 1:3. Afier 0 (control), 8
and H-heur incubation a1 room temperature cn-
symalic activitics of the membrane were mess-
ured. Na'. K™-ATPase activity was dctenmined in
a medium confaining 100 mM Tris-HCI. pH 7.4,
10 mM Mg™, 15 mM KCL 85 mM NaCl and 2
mh ATP (final concentrations), by measurement
of the difference in the liberation of inorganic
phosphate in the abscnce and in the presence of

| (+DTT)

L With respect to control buller
" With respedt 0 non-tradiated amino acid

0.1 mM ouabain during 30-min incubation of a
membrane preparations at 37°C. Ca™-ATPase ac-
tivity was mecasured in a medium containing 100
mM Tris-HCL pH 7.4 10 mM Mg®, 1 mM
EGTA, as a difference in the liberation of inor-
ganic phosphate in the presence and in the ab-
sence of 1 mM Ca™'. The phosphate liberated was
cstimated  with  Malachite  Green  (Baykov.
Evtushenko & Avacva. [988). Acetylcholines-
terasc activity was determined according to Ell-
man of af. (Ellman, Courtney, Andres & Feather-
stone, 1961).

| (-DTT) |

Fig. 1 SDS-PAGE of protcing of control ervthroeyle membranes and of membranes treated with ammo acid peroxades for vari-
ous time periods. Left side: electrophoresis under reducing cenditions (in the presence of DTT), night side. electrophoresis un-
der non-reducing conditions; Agg - aggregates. a-c and -t Glu-OOH, incuhation for 0, 24 and 48 b o-f and meo; Lys-OOI1,
incubation for (1, 24 and 48 b; g-i and p-s: Leu-OO0H, incubation for 1, 24 and 48 h.
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tivity [%
4 iy %]
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Fig 2 Ll of peroxides on the Na' K'-ATPase nchety of crvtieocyie membranes. Control semples include siembrares mu-
bhated 1 wader. inadiated waler and non-irndited profine solution. Control value of activy: 1S £+ 32 nmobimg protem 3 b

Mean values of 2 expenments,
RESULTS AND DISCUSSION

irradiation of solutions of Lys. Pro and Val under
the indicated conditions resulted in the formaton
of perovides in the range of 200-300 pM while the
vield of formation in Lea and Glu solutions was
slightly lower (Table 1)

The effects of so formed amino acid peroxides
on the following erythrocyte parameters weic
studicd. hemolysis, membrane -SH group content,
membrane protein aggregation, membrane protein
conformation using @ malcimide-TEMPO spm la-
bel, actnvities of membrane ATPases and acetyl-
cholinesterase, and hemoglobin oxidation. No in-
duction of hemolysis by the peroxides (Pro-OOH.
Lys-OO0H and Ghi-OOH) and no cffects of the
peroxides on acetylcholinesterase activity (Pro-
OOH. Lys-0QO0H) membrane lipids perovidation
and protem conformation as judged from ESR
spectra of spin-labeled  membrancs (Pro-OOH,
Lys-00H) were found (not shown).

SDS-PAGE  demonstrated  peroxide-induced
formation of prolcin aggregates accompanicd by a
decrease in the content of Band 1 and 2 (spectrin),
Band 3 and Band 4 2. Figure | shows the SD&-
PAG clectrophoregrams of erythrocyte ghosts afler
incubation at 4°C with peroxides of Glu-OOH,
Lys-OOH and Leu-OOH for 0. 24 and 48 hours
The contemt of profein aggregates was much
higher under non-reducing conditions than alter
reduction with dithiothrettol which demonstrates a
predominant contribution of -8-5- bridges to the

aggregate fTormation The cffectivencss of amino
acid peronides for membrine protein aggregate
formation was Pro-QOH = Lys-0O0H = Leu-QOH
= = Val-OOH = Gle-0O0H

Pro-O0H. Leu-OO0H and Lys-OOH mduced a
statistically  sigmficant  decrcase m membrane
protein ~SH group content (Table 2) The decrease
of the membrane -SH group content look place
within the initel 60-min imcubation of membrancs
with the perosides at 1oom femperatiic.

A stgmificant inhibation of the Na' K-ATPasc
activity by the proline hydroperosaide was found
(Fig. 2). The Ca '-ATPase activity decreased
gradually also in contrel preparations. perhaps
due to proteclysis which 15 not complelely inlub-
ited i membrane preparations even in fhe pres-
ence of EDTA and PMSF (Bartosz & Gaczynska.
[983) Nevertheless, the rate of activity decrease
was higher in the presence of proline hydroperos-
ide than in contrel preparations (membranes
added with water) and in membrancs added with
non-irradiated proline (Fig 3) Hydrogen peroide
brought about a stmilar, and t-buty| hydroperoxide
a much higher mactivation of the both ATPases

The effects brought aboul by amino acid perox-
ides were similar to those of t-bufyl hydroperoxide
though lower in spitc of similar concentiations.
However, being polar and charged. and less mem-
brane-penctrating than the Tatter, amino acid per-
oxides may excrt a lugher degree of sclectivity in
their reactions and perhaps function as second
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activity [%)]
e . _ —
100 |
BD -
60 3y :
40 - | | n
20 | N/ | |
5 __ A
0 24
incubation time [h)
[T control H,O &= irrad. H,O B control Pro
w2z irrad. Pro =8 H,0, S +-But-OOH

i 3 Blfect of peroxides on the Ca™ - A TPase activity of eryibrocyle menibrnes, Control samples include membrancs incubated
n water. irradiated water and non-irradiated proline sohition. Control value of activity: 732 & 65 nmolimg profein x h Mean

values of 2 experiments.

messengers of biological damage by reactive oxy-
Een specics,
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Four sirains of yeast Soecharomyces eorevisine difleving from cach other in deficiency of anfioxidant cnzymes such as
calaiase, copper and zine superoxide dismutase (ZaCuSOD) or manganese disnndase (MnSOD) susd a strin with reduced
shutatisione level were irradiated by pamma vays, Survival at varlous doses For each strain wis determined by plaling

suitable cell dilutlons on YPG agar plates. Radiation resist

ance of the strains mentioned above increased as follows: SP4

(wild-type), ASO (catalase-deficient mutant), C4 {rlutathione-poor mutanty, DSCD1-C, (ZnCuSOD-deficient nviitant),
DSCD6-6R (double mutant without either ZnCuSOD or MaSOD). Heat shock induced radiation resistance was investl-
gated inorder fo answer the gquestion why the mutam strains acking some anlioxidant enzymes and the strain of reda wed
ghitathione level are significantly less vadlosensilive than the wil type. Survival the will (ype increased about 4 rold, or
culziase deficien] mutant about 3 Fold, and of glutathionc poor mutant abowt 2 foll. Heat shiock hardly changed survival
of dismutases-deficient mutants. The results suggesi that the absence of an antiovidant enzyme or reduced phitatlijone
tevel nuty be a form of stress responsible Tor induction of protective response which markedly Increases the radiatfon re-
slstance of the mutsnt strains in comparison wilh the wild type. This phenomenon seems not 1o depend on either superox-

Ide di t

< or catalase levels hecanse there Is no correkation between SOD levels or heat shock induced change of

catulase level and survival of varlous yeasl struins hefore and after heat shock.

INTRODUCTION

lonizing radiation is onc of the means for generat-
ing reactive oxygen species  (in the  air
GCOH)=2.7; G037 )73.3; (i(H202)=0.71) which
arc able to kill cells. causing oxidation of profeins
(Davics, 1986). DNA  lesions (Herskind - &
Westergaard, 1986; Ewing, Koval & Walton.
1986 Radford, 1986) and lipid peroxidation (Dix
& Aikens, 1993).

Catalase, superoxide dismutases (both ZunCu-
SOD or MnSOD) and glutathione are known to be
important as the antioxidant agents (Krinsky.
1992). In yeast protection against oxidant attack is
mainly afforded by superoxide dismutases
(Bilinski. Krawiec, Liczmaiski & Litwiiska,
1985) whilc the protective role of catalases is not
clear (Bilinski, Krawiec. Litwinska & Blaszc-
zyiska, 1988). SOD-deflicient mutants are highly
sensitive (0 oxygen stress induced by 100% oxy-
gen. paraquat and illumination of riboflavin but
less sensitive to hydrogen peroxide. In contrast.
catalaseless wuatants do  not  differ in oOxy-
sensitivity from the wild-type.

In this paper four strains of yeast Saccharony-
ces cerevisioe differing fram cach other in the
amount of antioxidant cnzymes, and a  glo-
tathione-poor strain were investigated in order to
determine i lack of catalase, ZnCuSOD, MnSOD
or reduced level of a glutathione have an influence
on radiation survival.

MATERIAL AND METHODS

Ntraus

The organism uscd in these experiments was the
yeast Saccharomyces cerevisiac. Wild type and
mutants were obtained from Zamo$¢é College of
Agriculture:  SP4 (wild-type). A5 (catalase-
deficient mutant), C4 (glutathione-poor mutant).
DSCDI-1C (ZnCuSOD-dcficicnt mutant),
DSCD6-6B (double mutant without either ZnCu-
SOD or MnSOD).

Radiation exposure

The yeast strains after having grown in liquid
medium YPG (1% yeast extract, 1% peptone and
2% glucose) al 22°C to mid log phase (1 x 107

* Address for correspondence: Ewa Jaruge, MS.C, University of Lodz, Department of Melecular Biophysics, Banacha 12/16, 90-237

Ladz, POLAND.

This study was supported by the Commitiee for Scientific Research (Grant No.6 P203 001 04).
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cells/ml) were irradiated (25 ml in a 250-ml flask)
at ambicnt temperature by gamma rays for 6, 12,
I8, 24 minutes at a dose rate of 0.925 Gy/s. Sur-
vival at varions doses for each strain was deter-
mined by plating suitable cell dilutions on YPG
agar plates (1% yeast extract, 1% peptone, 2%
glucose, 2% agar).

Heal shock-mndnction of radiation tolerance

The yeast strains were heat shocked by transfer
of the culture (25 ml in a 250-ml flask) 10 a
shaking watcr bath at 37°C for 30 nun. Survival
of cach strain was determined at the dose of 666
Gy before and afier heat shock,

Cell-free extracis
Ccll-free extracts were obtained by shaking of

Table 1. The per cent survival at the dose of 666 Gy,

Ewa Jaruga et al.
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Fig 2 Survival of Saccharomyces cerevsiae iradiated

660 Gy bofores and alier et shock

yeast pasie with glass beads and centrifugation at
3500 rpm during 25 min,

Catalase activity

Catalase activity was determined by the method
of Beers and Sizer (1952) in which catalase activ-
ity is defined in terms of nanomoles of hydrogen
peroxide consumed per minute per milligram of
protein sample (change in absorbance at 240
nm/in).

SOD activity

SOD activity was determined by the method of
Oberley and Spitz (1985) in which one unit of
SOD activity is the amount of protcin which gives
50% inhibition of NBT reduction by 03

(mecasured by change in absorbance al 540
nr/min).

Enzyme aclivitics arc expressed as units per
milligram of protein. with protein measured by the
method of Lowry (1951),

Catalase and SOD activities were measured for
each strain before and after heat shock either for
irradiated (666 Gy) or for not-irradiated samples.
Each cxperiment was repeated at least three times
from independent cultures,

Sirain Survival
S5P4 wild-type 1.7% + 0.4%
AS( catalaseless J8% + 1.0%
C4 glutathione-poor 6 0% + (0.9%
DSCDI-IC ZaCuSOLkless 9.4% x [ 8%
DSCDG-6B  ZnCuSOD, MnSOD-less 8.5% + 1.3%
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Fable 2. Catalase sctivity [UAng of protem ]
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RESULTS

The mutant strains lacking some antioxidant cn-
symes and the sirain of reduced glutathione level
were signilicantly less sensitive to irradiation than
the wild type. The diferences m radioscnsitivity
among the mutants were sisaller and statistically
significant at the dose of 666 Gy and 999 Gy
There was no significam difference m survival
between SOD-deficient strains (Fig, 1, Table 1).

Afier the heat shock of the wild-type SP4 sur-
vival al the dose of 666 Gy mcreased about 4 [old.
that of catalase-deficicnt mutant ASO about 3 fold.
and that of ghitathione-poor mutaut C4 about 2
lold. Heat shock hardly changed survival of dis-
mutase-delicicut mutants. DSCDI-1C. DSCDO-6B
(Fig.2).

Enzsme activities of the mutants irradiated afler
and before heat shock were comparable to those of
the wild-type (Tables 2. 3)

DISCUSSION

NMutations teading to deficiency of aniovidant cn-
symes such as catalase. superoxide dismutases or
to reduced level of glatathione have plewotropic
effects including amimo acid auxotrophy (Bilmsks
el al.. 1985) and radioresistance. The absence of
SOD may be involved in hypersensitivity 10 oxy-
gen (Bilinski ef af . 1988).

The results of this study suggest that deficiency
or reduced level of antioxidants may be a form of
stress capable of profective response induction
which significantly increases the radiation resis-
tance of the nutant strains in comparison with the

wild-type stramn. This rmses questions of the
mechanisms  and  components  of  antioxadant
shorlage-slress response

The results indicate that there are differences m
these mechanisms among the mutants. SOD deli-
ciency resnlt i hypersensitivity 1o oxygen and
radioresistance which might be a consequence of
oxygen stiess Physiological studhcs suggest that
the protective response of yeast cells to SOD lack
may parthy overlap the hear shock response since
radioresistance does not change aller heat shock.
In contrast. catalases in yeasls seem nol 1o play a
protective role against oxygen stress and this
would explain the fact that catalase deficiency
could not induce defence response to such an ex-
tent as SOD deficiency could. Morcover the heat
shock does change radioresistance of catalaseless
mtants which suggests that catalase lack-defence
response differs (rom that to heat shock and that
o 50D Tack.

The phenomenon of heat shock-induced ra-
droresistance does nol scem to depend on cither
supcroside dismatases o catalase levels because
there is no correlation between SOD levels or heat
shock-induced chauge of catalase level and sur-
vival of yarious irradiated yeast strains before and
after heat shock
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In this work (he effect of ethanol, 1-butancd snd -butano] radicals penerated by radlation on the level of dissociation and
on the functional characteristic of human hemoglobin was studled. Dissocintion and sggregation of hemoglobin was de-
termined by the method of molecular fltration through Sephadex G-100. Henoglobin irradiated under anaerchlc con-
Jdiflons without alcohol underwent considerable aggrepation. The presence of alcohols during beradiation prevented ag-
grepation and a considerable part of protein occured in the dissocinted form as dimers. The greatest dissoclation was
cuused by (- hutanol radicals under NaO. In general, all lrradiated hemoglobin preparations were characterized by anin-
creased oxygen affinity and decreased co-operativity, The results obtalned dleate that alcobol radicals having ihe odd
cleciron sitnated on fi-carbon canse hemoglobin destruction than these having the ol electron on a—carbon.

INTRODUCTION

in studies of the radiolysis of biomolecules in wa-
ter solutions alcohols arc often used as scavengers
of hydroxyl radicals ('OH). Hydroxyl radicals re-
act with alcohols mainly through the abstraction
of H atoms causing their transformation inlo sec-
ondary alcohol radicals. Alcohol radicals arc less
reactive then "OH radicals but literature data indi-
cate that they are able to damage biomolccules
(Schuessler, 1975; Szweda-Lewandowska & Pu-
chala, 1981). Therclore, examination of their de-
structive influence on biological compounds is
important.

Rate constants for the reaction of "OH with al-
cohols are: for ethanol 1.8-10°dm® mol ' s, for I-
butanol 3.6-10' dm® mol ™' 5" and for t-butanol
52.10%dm® mol ' s (Dorfinan & Adams, 1973).
At necutral pH the yield of H-abstraction from the
C., position of ethanol is 83 per cent while the
vield of abstraction from the Cy and C, carbons
only 13%. However, for I-butanol the yicld of H-
abstraction from C, is 53 per cent and for Cy and
C, together 46 per cent. In the case of t-butanol
the abstraction of H in position Cy is 96 percent
(Asnms, Mockel & Henglein, 1973).

In this work (he effect of alcohol radicals differ-
ing in localization of the unpaired electron on the
level of dissociation and on the functional charac-
teristics of human hemoglobin was studied. The

radicals used were cthanol, I-butanol and (-

butanol radicals gencrated by radiation.

MATERIAL AND METHODS

Aqueeus solutions of human deoxyhemoglobin (2
mg-eni Qe 3.1-107% mol-dm ™ with respect to
tetramer, in 002 mol-dm™ phosphate buffer,
pH 7) were irradiated at room temperaturc under
the atmosphere of argon or N0 without alcohels
or in the presence ol ethanol (0.1 mol-dm™), 1-
butanol (0.05 mol-dm™Y) and t-butanol (0.1
mol-dm *). Under these conditions about 99 per
cent of "OH radicals were scavenged by alcohols.
The source of radiation was “Co and the dosc rate
was 5.1 kGy-h .

The level of hemoglobin dissociation and aggre-
gation was studied using the method of molecular
filiration through a Sephadex G-100 column (95 x
2.5 cm). Mathematical analysis of the obtained re-
sults was carried out using the approximation of
peaks by exponentially modified Gauss function
(Foley & Dorsey, 1983).

The functional properties of the preparations of
hemoglobin were determined on the basis of
measurements of oxygen dissociation curves by
the spectrophotometric method according to the
procedure given in a previons paper (Szweda-
Lewandowska & Puchala, 1981).

* This work was supporied by $tate Committee for Scientific Research (Poland), grant No: 445409203,



148

Micczyslaw Puchala ef a/

Absorhance

Fig 1. Gel hitration on Se-
phadex G=100 of control he-
maglobin and of hemoglobin
irradiated under MNoO with a
dose 1.3 kiiy.
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RESULTS AND CONCLUSIONS

Gel filtration

Fig 1. shows elution profilcs from a Scphadex
G-100 column of hemoglobin solutions irradiated
under N20 with a dose 1.3 kGy, in comparison
with unirradiated hemoglobin (control). Control
hemoglobin was eluted in the form of one expo-
nentially modified Gauss peak (fraction T) with
maximum in tube No 80 which corresponded to

tetrameric Hb molecules being  dissociated  into
dimers only to a small cxtent.

Hemoglobin irradiated under anoxic conditions
r.e. under N2O or argon in the absence ol alcohol
underwent considerable aggrepation which s
visible through appcarance of the elution peak
with maximum in tubes 48-70, with a molecular
mass above 120 000 (A). A small part of protein
was also eluted in tubes above 87 which indicales
the presence of dissociated Hb molecules (dimer
fraction D, Fig. 1, Tab. 1).

The presence of alcohols totally prevented ag-
gregation of hemoglobin. Elution profiles of he-
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Table 1. The contribition of the fructions of tetrameric moleenles (T), dimers (13) and aggregales
(A) it hemoglobin preparations rradiated in the presence of alcoliols under NyO and argon

(expressed as percentage and calenlated by EMG approximation),

Mol

aleohol dose [kGv] A T 1

without

aleohol 1.28 59.1 260 14.9

cllinol 1.70) ~ 166 134

Id 235 - T34 241

I-butanol 1 70 — 724 7.0
2.55 — [ 394

t-battamol 1,70 503 497
255 - 403 577

Aroon

aleohol dose [kGy| A T 1)

wilhout

alcolal I.83 402 45 1 14.7

cthanol .83 715 225

| -butanol 1 K3 - Fi) 23.1

-butanel 1.83 — 76.1 2310

Table 2. Valnes of log pi(y and the Thll

"0 parmneter for control hemoglobin and deoxy-1b irradi-

ated under vavious conditions with a dese of 1 kGy

N2 argon

seavenger log pra(h "n" log pin(n “n"

not irradiated 1.03 +£0.01 303+ (.36 1.03 £ 001 3.03 £ 0.306
1 Ib{control)

Hb irradiated without | 061 £0.06 1.54 £ 0.3 0.75 £0.02 228+ 0.16

seavenger

Hby irradiated 0.76 & 0.06 2,67+ 041 (.85 £0.07 225+ 035

with-ethanol

I-butanacl 081 004 2154025 088 +0.07 2024020

I-butunol 038009 1.53£0.42 0.78 £ 0.08 1.65+ 035

log praQY; — log of partial oxygen pressure corresponding Lo 50% oxygenation ol hemoglobin
w — slape of the Finear part (20% — 80% oxygenation) of the Hill plot log(y/X 100-y)) = {{log pOh),

where y — percentage of oxygenated hemoglobin

hemoglobin irradiated in the presence of ethanol,
l-butanol or (-butanol under the atmosphere of
N0 with a dose 1.7 kGy are shown in Fig 2.

In these preparations o large part of protein was
prescnt in the dissociated form as dimers (fraction
D). The proportion of the dissociated fraction (1))
for irradiated preparations under N-O depended
on the kind of used alcohol and increased in the
following order: cthanol 13 per cent, 1-butanol 28
per cent and t-butanol 50 per cent for the dose 1.7
kGy (Fig. 2. Tab. 1).

Functional propertics of the hemoglobin

In general, all irradiated hemoglobin prepara-
tions were characterized by an increased oxygen
affinily (decreased log pn()-) and decreased co-
operativity (deercased "n" parameter), Tab. 2. (-
Butanol radicals caused the greatest changes: a
very large increase in oxygen affinity (log
p1202=0.38 under N2O) as well as the total disap-
pearance of co-operativity. Changes in the pa-
ramelers of oxygenation correlated well with the
changes in the level of dissociation of hemoglobin
fetramers.
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tag 2. Gel Drapon on Sephadex G-100 ol hemoglobmn
selutions irradiated with a dose of 1.7 kGy in the pres-
ence of 0.1 mol < dm? ethanol, 1-butancl and t-
butanct under N0, -

When the preparations were irradiated under the
atmosphere of argon no basic differences were ob-
served for individual alcohols in the level of dis-
sociation (Tab. 1) as well as in functional parame-
ters (Tab, 2). This effect is probably caused by re-
combination reactions of radicals where oxidizing
radicals (OH or t-but’) as well as reducing radi-
cals (¢ ) arc present.

The destruction of hemoglobin by alcohol radi-
cals is caused, among other factors, by the forma-
tion of covalent bonds (cross-linking) between Hb
and alcohol molecules (Puchala & Schuessler,
1986) as well as by the H-abstraction from protein
by alcohol radicals (i.e. from SH-groups; Puchala,
unpublished),

These results indicate that alcobol radicals canse
considerable Hb destruction. Most damaging, are
those radicals in which the unpaired electron is
situated on the f-carbon, less damaging are those
in which unpaired elcctron is situated on the f-
carbon (ethano! radicals).
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1t is often avssved fhal DNA danage induced by fonizing vadiation is expressed as chromosomal aherrations only fur-
ing the first mitosis which follows afier o radiation exposire. While stslletype aberrations, e.g. veciprocal (ranshocations

s lnversions can be passed (o eoll progeny, mstable aberrations, like dicentrics or terminal deletions are gradually lost
as cells proliferate. This assumplion is, on the one hand, based upon resulls showing a one-to-one corvelation hetween the
yield of unstable aberrations s cell survival (Revell, 1983) and, on the ofher hand, upon estimations of the expected
frequency of unstable-type aberration at the second milosis (Banchinger ef al, 1986). Consequently, while testing for
possible chromosome-damaging effects of polential mutagens, greal care is taken to score cefls at the first mitosis Tollow-
ing exposure. There is, however, a growing body of evidence indicuting that, at least in some cell systems, a part of the
rodlation-indnced damage s not expressed at the first mitosts but can give rive (o novel aherrattons several mitotic divi-
sions afler the exposure. Thus, & radiatlon risk assessment based upon fhe aherration frequency seored al the first mito-
sis after expostre may aciually feal to an underestinsation of the genetic risk induced by the insalt. Forther, it has heen
reported by several authors that radiation may lead to o chromosomal instabilily, resulting In enhanced aberration fre-
quencies several cell generations after the expusure. These lindings are Interesting as they may fead towards a befler un-
derstanding of the mechanisms mwdertying cell transformation.

INTRODUCTION

It is often assumed that DNA damage induced by
ionizing, radiation is expressed as chromosoml
aberration only during the first mitosis which fol-
lows after a radiation exposure. While stable-type
aberrations, ¢.g. reciprocal transtocations and in-
versions can be passed (o cell progeny, unstable
aberrations, like dicentrics or terminal deletions
are gradually lost as cells proliferate. This as-
sumption is, on the one hand, based upon resulis
showing a onc-lo-one corclation between the
yield of unsiable aberrations and cell survival
(Revell. 1983) and, on the other hand, upon csti-
mations of the expected frequency of unstable-type
aberrations at the sccond mitosis (Bauchinger,
Schmid & Brascelmann. 1986). Consequently,
while testing for possible chromosome-damaging
effects of potential mutagens, greal care is taken
to scorc cells at the first mitosis following, expo-
sure. There is, however, a growing body of evi-
dence indicating that. at least in some cell sys-
tems, a part of the radiation-induced damage is
not expressed at the first mitosis but can give risc
to novel aberrations several mitotic divisions after
the exposure. Thus. a radiation risk assessment
based upon the aberration frequency scored at the
mitosis after exposure may actually lcad to an un-

derestimation of the troe genetic risk induced by
the insult.

Further. it has been reported by several authors
that radiation may lead to a chromosomal insta-
bility. resulting in enhanced aberration frequen-
cics in several cell gencrations afier the exposure.
These findings are interesting as they may lead
towards a beiter understanding of the mechanisms
underlying cell transformation.

In the following. publications dealing with both
aspects of delayed expression of chromosomal ab-
errations will be briefly reviewed.

DELAYED EXPRESSION OF RADIATION
DAMAGE

The analysis of the frequency of chromosotmal ab-
errations in successive mitoses requires either a
cell system in which cells divide synchronously. or
manipulation of the cell calture conditions allow-
ing to discriminate between cells which passed
through different numbers of divisions.

A unique cell system which fulfills the former
requirement is the mouse preimplantation embryo,
in which the first three cell divisions are highly
synchronized. Weissenborn and Streffer (1988)
analyzed chromosomal aberrations in three suc-
cessive mitoses following exposure to various X-
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Fable 1 Distnbntion of chromosomal abermations per embiyo i the first to third mitesis (percent)

Andrzej Wojcik & Christian Streffer

after neutrons (0. 25075 Gy) at the 1-cell stage. p r.: post radiation. Data Trom Streffer (1993),

Fotal aberrations

Chromosome breaks

Cliromatin breaks

. (%) (%)
st mitosis pr. 19 i3 6
2 mitosis pr 27 16 26
Jud mstosis pr 54 51 68

tay or neatron doses at the zygole stage (1 hour
post conceplion). The results indicate that new ab-
criations are produced afier the first postradiation
mitosis and expressed during, the second and third
mitosis When the number of chromosomal aber-
rabiens was calculated per embryo, 40% of all ab-
errations. 53 1% of all chromosome breaks and 17%
of all chromatin breaks were observed aller X-
weradiation in tird matosis (Streffer, 1993). The
cffect was even more pronounced after exposure 1o
newtrons (Table 1). The results of cxpenments
preseotly carned out at our institute show that
treatment of Zygotes with Alul, a restriction endo-
nuclease, doos not lead to a delayed expression of
aberrations  indicating  that lesions other than
double stand breaks. possibly base damage 1s re-
sponsible lor phenomenon

Moore and Bender (1993) also studicd X-ray in-
duced clhromosemal aberrations in the first and
second mitosis of JU56 cell line. Uncquivocal sec-
ond division metaphases were oblained by treating
irradiated cells with a low concentration of Col-
cemid. yicelding tetraploid mitoses. The results
showed that new chromosomal abervations can
arise during the sccond post-irradiation  infcr-
phasc. This observation was further confirmed by
the fact that cells containing chiomosomal aber-
rations at the first watosis were nol numcrous
enough to explam lack of clonogenic survival cs-
timated after 10 days of culture,

RADIATION-INDUCED CHROMOSOMAL
INSTABILITY

Several authors have found enhanced frequencies
of cliromosomal aberrations - cells hanesied
several pencrations after a radialion exposure.
Pampler and Strefler (1989) trradiated mouse #yv-
gotes 1 hour post conceplion with X-ray. isolated
the Irradiated fetuses 19 day later (1 day belore
birth) and cultwred fctal Gbroblasts i viire Tor 48
hours. The analysis of chromosomal aberrations
vielded a significantly higher level of aberrations
in fibroblasts of fetuses irradiated af the zypolc
stage as compared with controls. An cven higher
frequency of chromatide-type aberrations was ob-
served in fibroblasts of fetuses carrying radiation-

induced pastroschisis, a malformation typical for
the mouse strain used. Since the malforimation is 2
consequence of irradiation of the zygote, it most
probably results from genomic instability induced
by the radiation exposnre.

Kadhim ¢t af (Kadhim, Macdonald, Goodhiead,
1992) studicd chromosomal aberrations in indi-
vidual colonies of hacmopoietic cells derived from
irradiated monse stem cells. Exposure to alpha
particles from “*Pu, but not to X- ay produced a
high frequency of aberrations in the clonal de-
scendants analyzed after approximately 10-13 cell
divisions. The aberrations were mostly of chro-
niatid type and occurred al most in 50% of cells of
a given colony. This means (hat they could not be
derived from a single aberration induced in the
first interphase by the radiation exposure. There
was no evidence 1o suggest that specific chromo-
somes were consistently involved in aberrations,

Martins ef o/, (Martins, Sabaticr. Ricoul, Pinton
& Dudrillaux, 1993) irradiated human fibroblasts
with heavy ions (neon, argon and lead) at the 19th
passage after initiation of cultures. Cells were
harvested approxinwtely at every f[fih passage
following the irradiation. At the first passage high
frequencies ol both stable and unstable-type aber-
rations were observed, the [requency of the latler
declining steadily as cells proliferated Around the
10th passage. the few remaining anomalics were
cxclusively of the stable type, however, starting
approximately at passage 15 a steep increase of
cells showing, predominantly unstable-type aber-
rations was obscrved. The effect was scen for both
neon and argon bradiated fibroblasts. In contrast
to the data of Kadhim ef al. (1992), the distribn-
tion of aberrations among chromosomes was not
random, with chromesomes 1, 13 and 16 being
most frequently involved.

In order to siudy the effects of X-irradiation on
clone forming ability and karnvoty pic abnormalitics
in human peripheral lymphocytes. Holmberg ef al.
(Holmberg, Filt, Johansson & Lambert, 1993) ex-
posed ymphocyies to 3 Gy of X-rays in vifro and
analyzed the karyolypes alter culturing clones
from individual cclls for 9-34 days. The results
showed that the X-irradiation gave risc to karyo-
typically abnormal cells which were able to prolif-
erate and form expanding, cell clones. Karyotype
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abpormalitics were found in 65% of irradiated
clones. The majority of the abnormal cloncs
showed the same aberrant karyolype m all cells,
indicating that it originated during the first inter-
phase after radiation exposurc. In some clones,
however. cells were found containing novel, non-
clonal aberrations which obviously originated
during latcr cell divisions. The increased [re-
quency of such cells was scen only in clones with
clonal aberrant karyotypes. This suggests that the
delaved expression of chromosomal aberrations is
linked to some radiation-induced changes of the
karyotype.

The occurrence of chhanced frequencics of
chromosomal aberrations several cell pencrations
after an X-ray exposure was also reported by Mor-
gan and Marder (1993). They have applied the
technique of chromosome painting 1o detect
chromosomal rearrangements of the human chro-
mosome nuniber 4 in a hamster hybrid cell line,
In contrast to the results of Holmberg of al. (1993)
no clear cui correlation between an abnormal
karyolype and chromosomal instability was evi-
dent.

CONCLUSION

An increasing body of evidence exists indicating
that an exposurc to ionizing radiation can lead to
a delayed expression of chromosomal aberrations
Al least in some cell system, novel aberrations can
arise in the sccond and even third mitosis follow-
ing exposure. It is not known which kind of DNA
damage is responsible for that phenomenon, bul
the fact that treatment of embryos with a restric-
tion enzyme which induced only double strand
breaks does not lead to novel aberrations in the
second and third mitosis indicates (hat damage
other than the DNA double strand break is in-
volved.

Several authors have observed a high [requency
of novel chromosomal aberrations occurring sev-
eral cell generations following a radiation expo-
sure. When successive generations of fibroblasts
were screened for aberrations, an initial decrcase
and a subscquent increase of the frequency of ab-
errant cells was observed (Martins ef al.. 1993).
indicating that the aberrations do not arisc from
some long lived DNA damage but are rather a re-
sult of a genemic instability induced by the radia-
tion exposure. Genetic mstability is also thought
to be responsibic for observed delayed reproduc-
tive cell death and delayed mutations (Chang &
Little. 1992) in ccll surviving an exposure (o ion-
izing radiation. How radiation induces genetic in-
stability is not clear, It is assumed that radiation
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may lead 1o a deletion of a gene or set of genes re-
sponsible for maintaining genomic infegrity. For
example. it has been proposed that a defect in cell
cycle checkpoint may lead o genomic mstability
(Hartwell, 1992). Since genomic instability fre-
quemtly precedes tumorigencsis, futher studics of
the phenomenon may lead towards a better un-
derstanding of the mcchanisms underlying neo-
plastic transformation.
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The puper presents hata showing that Tervous iron toxiciy is strictiy corvelated with avadlabifity of ghicose as 2 carbon
souree and Is ohserved mostiy in resplratory competent cells. The foxicity ulso strongly depends on the phase of growtin
of yeust eultures. The duta suggest that mitochondrlal complex 111 conld be one of (he main cellufor sources of hydrogen

perasite in vivie,

INTRODUCTION

Hydroxyl radical "OH 1s considered one of the (wo
main  causative [actors ol oxygen  foxicify
(Fridovich, 1975. 1986) Extremely high chomical
reaciivity of "OH conld explain any irreversible
damage done to the coll. Hydroxyl radical is
formed in the Fenlon reaction:

Fe™(Cu'") + Ha0s — Fe'(Cn™' )+ "OH + OH
(N

Awailability of both reactants for the reaction is
controlled by various cellnlar mechanisms 11 has
been assumed that mass Tormation of Indroxyl
radicals 1 vitro could be achicved during {orrous
ron overload. fully acrobic condions being a
prerequsiie for hydrogen peroxide formation Un-
der those conditions the amount of hydroxyl rade-
cal formed would depend on the rate of hydrogen
peroxide gencration within the cell. There are
numerous potential sources of hydrogen peroxide
within the cell It can be formed directly during
some osdative processes or indirectly from super-
oxide O» i the reacuon catalyzed mamly by su-
peroxide disnutases, preseat in almost all acrobic
organisis.

20‘2 +72H' - HA0,+ 05 . (2)

It s been postulated on the basis of in vitro
experiments that mitochondria could be the main
cellular source of superoxide (Nohl. 1987). Mito-
chondrial complex 1 is presumably onc of these
sources (Boveris, 1978). This postulate is sup-
poried by recent findmg (Gwdot . McCord
Wright & Repine, 1993). that yeast mutant dcfi-
cient in mitochondrial superoxide dismutasc can
grow in hyperoxia only in a respratory deficient
form.

Thercfore, we hive assumed (hat an inmpamrment
of respreatory activity of the cell should strongly
influence won toxicity 11 vitro.

Our prebminary expenimenis have shown that
toxic effects of iron can be obsencd only when
yeast cells are treated with millimolar concentra-
wons of Iforrops salts or with molecular wron
{catbionyl 1ron) The wse of molecular iron has
proven to be difficult wnder laboratory conditions
due 10 its sedinentation. Thercfore. m further ex-
periments forrous salts were exclusively used

Experiments performed (Fig 1) with standard
resparatory sullicient p° and respuatory deficient
strains harvesied 1 late cxponential phase ol
growth clearly show that respiratory delicient p
cells are highly resistant 1o mmon overload, Also
mhibition of the complex MT by antrmycin A pre-
vents toxic cffects of iron on the standard strain,
whereas KON does not (not shown). The results
show also that won toxicity 15 observed only i the
presence of oxygen, thns confirming involvement
of hydroxyl radicals in the process. Respinory

This research was supported by Grant 417649101 from the Tolish Commitiee for Sdentific Research, Autors are indebited 1o the
Foundation for Development of Polish Saence for supplymg our laboratoly with necessary equipment,
Address for correspondence: Zamose College of Agriculture, Agriculiral University of Lublin, 22-400 Zamosd, ul, Szczebrresha

102, Polamd
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Fig 1. Cells of the standard respivatory sufticient p* and respiratory deficient

Renata Wisnicka ef af.

It is worth noting that antoxidation
of ferrous cations owtside the cell is
also a potential source of superoxide
The Fact that iron is not toxic for sta-
tionary phase and respiratory deficient
cells means that amounts of hydrogen
peroside formed in this process are
not high cnengh to be cytotoxic.

In the conrse of studics on the role
of various inhibitors of mitochondrial
functions in iron foxicity it has been
found that uncouplers. dinitrophenol
and CCCP completely prevent iron
toxicity. both in exponential and latc
exponential phase of prowth. It sup-
gests that wnder experimental condi-
tions transport of iron into the cell or
within the cell requires a pH gradicnt.

r-sbrams SP-4 Ml abeu] argd, were grown in standard YPGlucose me-
tha on rotatory shaker New Bromswick G-24 at 28°C, 150 revimin under
acrohic conditions and barvested in late exponential phase of prowth. Cells
were cenfnfuged and suspended m fresh YPGlncose medinm, Ferrous salt
FeSth (MI1)280,  6H20 was added to the medinm and samphes were in-
cubated acaobically and anaerobically on s rofatory shinkes al 180 revimin,
Aligquots irom all samples were tsken after different intervals and plated on
¥ PGlucose medium solidified with 2% Difco Agar to =stablish the number
of survivors. Similar procedure was applicd to lest the role of oxygen in
won loxicily, but suspensions were preincubated during 30 mipwtes in the
atmosphere of nitrogen before ferrous salts were added. Nitrogen was
Hushed through the suspensions during the expenment Results are pre-
senped a5 %0 of survivors. Thito Yeast Extract, Bacto-Pepfone and antimy-
win A produced by Sigma were wsed. Other chemivals were of laboratory

According to the Fenfon reaction
only ferric form reacts with hydrogen
peroxide to form hydroxyl radicals.
On the other hand there 1s nunerous
cvidence Lesuwisse & Labbe (1994)
that within the cell amount of ferrous
iron is strictly controlled including
ferroxidative activity of some proteins.
Recently Dancis et of. (Dancis, Yuan,
Haile. Askwith, Eide, Mochle, Kaplan
& Klausner, 1994), have shown that
the copper contxining protein of yeast
cells plays such a role. Mobility of

grade,
slars respitalony sulficient p'
Tilled sguares — respiratory deficient p
cmply Sijuares -

A

vorsses — respiratory sulticient in the atmesphere of nitrogen

achivity of yeast cells changes depending on phasce
of growth and on the carbon source. Figure 2
shows that standard yeast strain is most sensitive
to iron overload m exponential phasc of growth,
whereas stationary cells arc much less sensitive,
Standard strain grown on nonfermentable carbon
sources lolerales won. These results show  that
iron is toxic only for dividing veast cells grown on
glucose as a carbon source. The protective role of
antimycin is observed exclusively at (the end of
exponential phase, when cells switch from fermen-
tative to oxidative metabolism.

It is well known that ferrous iron oxidizes
spontancounsly in the presence of oxygen. We have
determined the rate of disappearance of ferrous
wron under experimental conditions (pH 6.0). It
appears that within the first hour of incubation 1.5
mM out of 9 mM of ferrous iron was oxidized,

respiratery sufficient treated with 10 pg'ml of antimycin

iron within the cell, however, requires
reduction of iron. which could be con-
nected also with the activity of ferrire-
ductases and/or the presence of low
molecular substances such as ascor-
bate. glutathione and supcroxide. In-
dircct invelvement of superoxide in
the formation of hydroxyl radicals is known as
metal mediated Haber-Weiss process. which con-
sists of the Femon reaction (Equation 1) and the
following reaction:

Fe'+ 03 > Fe®' + 0, 3)

Yeast cells do not posscss ascorbate, and thus
the role of superoxide in reducing oxidized iron
salts couldd be very important. Therefore, we have
tested sensitivity of supcroxide dismutase deficient
sod!  mutants o iron  (Bilinski, Krawiec,
Liczmanski & Litwinska. 1985). The results have
shown that sed! mutants in which the level of su-
peroxide is highly elevated Imlay and Fridovich
(1991) can grow at 4 mM ferrous iron, whereas
the wild type strain tolerates 10 mM iron. The re-
sults suggest that indeed the role of superoxide in
iron toxicity could be important also in vitro.
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Fig. 2. The procedure was identical to this desoribed in the Legend to hg 1,
bt cells were harnvested in differemt phases of growth or on ditlerent

sources of carbon,
stiws — expopential culturs on Y PEthancl medivm
filled sqpuares
CIpLY Suares
crosses  stabionary culture on YPGlucese medium

Our studics on the mechamsms of iron toxicity
allow the following conclusions: Ferrous salls are
toxic for yeast cells growing on glucose as a car-
bon source. This toxicity is comypletely prevented
by uncouplers which suggesls an invohvement of
pH gradient in ron uptake into the cell. Doring
transition from fermentative to oxidative metabo-
lism, mitochonctrial complex 111 is presumably the
main cellular source of hydrogen peroxide. The
other source of hydropen peroxide, much more
powerful. dominates during fermetative phase of
growth_ but its natore is so far unknown. It could
correspond 10 NADH oxidoreductase of heart mi-
tochondria described by Nohl (1987).

— exponcntial culture on Y PGlucose medium
late exponential culture on YPCHucose medium
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OXYGEN EFFECT IN THE RADIOLYSIS OF PROTEINS
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ICa ditute aqueous solution of profeins is leradinted, protelns are modificd by the reactions of OI8- radicals and SUPLETON:
itfe radicals. Awino acid apalyses on irradisted ribonuclesse showed a loss of cystine, methionine, {yrosine, phenyba-
lanlne, lysine and histidine, The most important reaction induced by radiolysis of proteins in lhe presence of oxygen is
the fragmentation of the peptide chain, while under nitrogen aggregation is dominant. This peptide chain cleavage ks nol
a rundom process. bul leads to specific protein fragments which can be separated by electrophoresis. The extisted nig-
levatar weights of these fragments suppord the sssumption {hat {he preferemtial breaking sile Is the aminoacylproline

peptide group.

INTRODUCTION

Since the total weight of mammalian cells consists
of abont 70% of waler and 20% of different pro-
teins, irradiation of cells induced mainly reactions
of these two components. To learn more about this
Kind of reactions radiolysis of diluted profcin so-
lutions luss been studied. In that case the interac-
tion of the jonizing radiation is primarily with
water. Radiolysis of water yields mainly the threc
radicals: OH and H-radicals and the hydrated
clectrons ¢y, The reactions of all three radicals

can only be observed under pitrogen, If oxygen is
present. the following reactions occur:

Coq + 02 — 03 +0H,0
H + 05— HO;

So il irradiation is carried out under air, only
OH-radicals and superoxide radicals conld react
with the proteins but the O3 is rather unreactive.

Mainly two kinds of alterations of proicins were
observed afier irradiation of protein solutions:

alterations of the amino acid composition;

altcrations of the molecular size: aggregation
and fragmentation.

Alterations of amine acid composition

In general the reactions of OH-radicals with
amino acid become only fast, if the side chains
contain aromatic residues or sulfur, Only trypto-
phane, (yrosine, phenylalanine, histidine, ar-
ginine, cysteine, cystine and methionine have rate
constants for their reactions with OH-radicals

which are higher than 10° Mg Hydrated clec-
trons react with a comparable rate constant only
with eysteine and cystine. When ribonuclease was
irradiated with high doses under different condi-
tions amino acid analyscs showed a loss of cyste-
inc. methionine, fyrosine, phenylalanine, lysine
and Instidine. All these amino acid residucs lyvsine
have high rate constants for their reactions with
the primary radicals, Similar resalts were obtained
with lactate dehydrogenase.

Irradiated ribonuclease was separated by gel fil-
tration in two components, one was monomer and
enzymatic active and the other one was inactive
and aggregaied. Amino acid analyses of both
components showed the same loss of amino acid
residucs. This result pave evidence that the
change in amino acid composition did not cause
the inactivation of enzyme, but the change of mo-
lecndar size led to the loss of activity.

Besides the amino acid residues the primary
radicals react rather fast with the peptide chains
itsclf. The reaction of OH-radicals leads 1o a C,-
rachical

~CH-C ~NH- + "OH = -C-C-NH- +H,0
' Ll

k=2.10°M"g"

and the reaction of the hydrated clectrons forms a
carbon-radical:

~C—NH- + ¢, - ~CH - C~NH-+nH,0
Tl T

k=1-310M"5"
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Though the reaction rates of amino aad resi-
dues and the peptide chain arc similar, the scav-
enger capacity of the peptide chain s at least 3-5
times greater than the one of the tyrosyl residuces.

Alterations of the molecular size

When proicins were irradiated under N, the
mam reaction was the aggrepation of the mole-
cules. The aggregates were separated by gel filtra-
tion or by polyacrylamide pel clectrophoresis
(PAGE) with and without sodium dodecylsullate
{SDS). Since most aggregates were not destroyed
by SDS. new ntermolecuiar covalent bonds mus!
exist after the radiolysis. Al different protein
radicals can react with each other or they can 1c-
act with anether protein melecule to from covalent
bonds,

Il rachiolysis of proteins 1 carned oul under air,
the apgregation process is inhibited, because the
proicin radicals react very quickly with oxygen (o

vield protein peroxyl radicals. In the presence of

oxygen only OH-radicals react with the proteins
and under H-abstmetion C-radicals in the pepride
cham ate formed. According 10 o mechamsm
published by Garrnison (1987) the peroxyl radical
derivative can underge decomposiiion 1o form an
unno derwative, which hydrolyses spontanconsiy
to vield two peptide frapments. an amide {rom the
N-terminal annne group and a ketoacyl denvatne
This mechanism ndicates that all € -residues
have an cqual chance to be attacked and peplide
cham breaking was expected to be a random proc-
ess. However, SDS-PAGE of under an irradiated
and 1educed bovene sermm albunun yickds a scpa-
ration of specific protem fragments. Such separa-
tron it defferent distmet fragments could be ob-
scrved over a large dose range Since (hese resulls
show that the radiation mduced cleavage of the
peptide chain 1s net a randmmn process, we hane o
assume that there are sites m the peptide chain
which have a higher probability to break than
other. The uswal peptide bonds are secondary
amune gronps. ohly the peptide bond of g ams-
noacyl-proline is a tertiary mmde bond, which s
cagicer to oadize than the secondary amide bond.
Therefore as a1 possible reaction 1l is suggpested
that protcin-peronyl radicals attack the  partly
positive charged C-atoms before the prolyl resi-
dues. Tlis oxidation leads to peplide clin scis-
sion before the prolyl residues. This mechamsm is
hypothetical, but we got very good support for it
by comparing he molecular weights of the frag-
ments determined by SDS-PAGE and the molecu-
lar weights of the fragments calculated under the

assumption of a single break of an amninoacyl-
proline bond per protcin molecule. There was a
very pood coincidence in the case of bovine sernm
albumin where we obtained a scparation mio 12
fragments. Aller radiolysis of haemoglobin the
densitograms of SDS-PAGE showed a separation
into 4 fragments with melecular weights which
agreed with our assumption. After radiolysis of ri-
bonuclease n the presence of oaygen 6 fragmentds
conld be separated and their melecular weights
corresponded (o the caleulated valaes.

Furthermore our hvpothesis got support by re-
sults of Davies & Delsignore (1987). They found
that rachation-induced fragmentation of bovine sc-
i albumin produced new carbonyl groups with
no apparent merease i free amino gronps, wluch
was demonstrated by an assay with Auorescamme.
If peptide bond sphting would have been at the
usual secondany bond, the reactivly of fowres-
camme should merease. Since proline docs not re-
act with Muorcscanmine, no increase was found,

In the case of hacmoplebin cven under anacro-
bic conditions radiolysis produced fragments. be-
ause the hacm group and perovides react with
rescase of oxveen

Further mformation on oxygen cffect you will
find 0 the foilowing pubhcations  (Jung &
Schifler, 1967, Schubler. & Jung 1467,
Schibler & Hergel, 1980; Schibler & Schilling,
1984 Puchala & Schiililer, 19973)
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EFFECT OF ADRIAMYCIN AND GAMMA RADIATION ON
CULTURED MAMMALIAN CELLS MEASURED BY FLOW
CYTOMETRY
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The objective of this siudy was (0 compare effect of gamma radiation and adrvianycin on culured mammalian cells, Flow
cytometry (FOM) (echnique was applicd (o stidy changes in coll stracture sand conforimation of two lmmortalizced Chi-
nese hamster coll lings (CHO vvary and Bi4 peritonen! fibrablasts). Changes in coll shape and structure as response of
cells {o damaging effect of vadiation and drug were estimated. Cells entification was done on the basis of forward and
side seatteved light. Damage (o edlls after treatment with different doses of gumma radiation and concentrations of
adriamycin was estimated as the relative percentage of structnrally changed cells present in fhe tofal population of
measured cefls, 11 has been found that ganima radiation as well as adrinmycin comsed signilicant dose-dependent changes
in cell shape and structure. Both investigated coll lines were different in thelr sensilivity to radistion and deug afthough
they shewed similar distribution of cell cycte. CHIO cells were more sensitive o ganuns radiatlon compared to B14 peri-
toneal libroblasts, while no dilferences in sensitivity (o adriamycin between the both cell (ypes were fonnd.

INTRODUCTION

Adriamycin (ADR) is a representative member of
the anthracycling antibiotic family which like ra-
diation is widely uscd in the clinical treatment of
several human cancers (De Vita, Hellman & Ro-
senberg, 198Y; Chabuner, 1992). Both types of
agents arc also known mutagens and carcinogens
(Marquardt, Philips & Stermberg. 1976: Solcia,
Ballerini, Bellini. Sala & Betazolli, 1978 Bucci-
arelli, 1981; Borek, 1983, 1987).

There arc currently several hypotheses proposed
to explain the biological sctivity of adriamycin.
One of them atiributes drug cytotoxicity to the
production of reactive free radical species and the
ability of these radicals to destroy DNA and cell
membrane (Marks & Fox. 1991; Daoud, 1992:
Feinstein, Canaani & Weiner, 1993: Krugh,
1994). Tt has been demonstrated that adriamycin
like other quinones with antitumour activity can
be reversibly oxidized-reduced in aerobic condi-
tions. This results in the formation of semiqui-
nones  and oxygen radicals (Goodman &
Hochestein, 1977, Keizer, Pinedo, Schuurhuis &
Joenje, 1991; Benchckroun, Sinha & Robert.
1993) in electron-carrying chains in microsomes
(Bachur, Gordon & Gee, 1977, Mimnaugh, Gram
& Trush, 1983), mitochondria (Davies & Doro-
show, 1986) and nuclear fractions of the cells

(Bachur, Gee & Freedman, 1982: Mimmaugh,
Kennedy & Trush. 1985). Autoxidation of the
scmiquinone leads in turn to generation of active
oxygen specics such as superoxide (03 ) and hy-
droxyl radical (OH) which readily destroy both
cell membrane (Daoud, 1992) and DNA (Marks &
Fox, 1991; Rowly & Halliwell, 1983; Miura, Mu-
racka & Ogiso. 1984: Fenstein ef af., 1993) via
lipid peroxidation (Guticridge, 1984; Cummings,
Bartoszek & Smyth, 1992) and induction of single
and double strand breaks (Pommier, Schwartz,
Kohn & Zweilling, 1984; Fisher, Brown & Patter-
son, 1990; Whitaker, 1992). Both the carcino-
genic and the (herapeutic aclivities of anthracy-
cline drugs are thought to arise mainly from their
DNA modulating action. Adrianycin like other
anthracycline drugs interacts with DNA by inter-
calation (Neidle. 1986, Chaires, Fox, Herrera,
Britt & Waring, 1987; Krugh, 1994), groove
binding (Leupin ef al., 1990), and covalent at-
tachment of the tetracyclic quinone or one of its
metabolites (Commings, ef al., 1991; Purewal &
Lier, 1993) and its cytotoxicity is largely the result
of this binding. It has been shown that drug is ca-
pable of inducing condensalion of DNA
(Kapuszcinski & Darzynkiewicz, 1986; Cera &
Palumbo, 1990) and chromatin (Walds & Center,
1981, 1982; Palumbo, Cera, Marciani & Palu,
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1988) as well as DNA interstrand and DNA-
protein crosslinks {Levin, Silber. Isracl. Gold-
leder, Khetarpal & Potmesil, 19815 Konopa, 1990
Gullinane, Rosmalen & Phillips, 19%4). Another
very important mechanism of action of adriamycin
and related compounds is inhibition of replication
enzymes and topoisomerases (Tanaka & Yoshida,
1980; Kohn. 1983; Tewey, Chen, Nelson & L,
1984, Deffic, Batra & Goldenberg, 1989: Beck &
Danks, 1991) which results in subsequet block-
ing of nucleic acids synthesis (Gullinane & Phil-
ips, 1990; Ramachandran, Samy. Huang, Yuoan &
Krishan. 1993).

[n this study we use the light scattering FCM
method to compare response of two immortalized
radent cell lines (Chinese hamster ovary (CHO)
and peritoneal fibroblasts (B14)) to gamma radia-
tion and adriamycin.

MATERIAL AND METHODS

Cell calture

Chincse hamster ovary cells (CHO line) were
routinely subcultured in monolayer with Hamm's
F12 medinm supplemented with 10% foetal call
sernm, 4 mM L-glutamine and 5 pg/inl peatamy-
cin. Clunese hamster lung fibroblasts (B14 ccll
ling) were cultured in menolayer with MEM Eagle
medinm  containmg  10%  heat-inactivated  new
born calf scrnm and 5 pg/ml gentamycin Cells
were kept at 37°C in a waler-saturated incubator
conlaimng 5% CO- and 95% air. Prior (o experi-
menis cells in exponcntial growth were plated at
10° cells per 60-mun dish and were incubated for 2
days fo cnsure asynchronous growth.

Irradiation conditions

For irradiation cclls were removed from incuba-
tor. washed twice with cold PBS to remove the
medium and 500 pl of cold PBS were added to
cach dish.

Cclls in monolaver were oxposed in sterile
condilions to various doses of gamma rays with a
%o sonrce al a dose rate of 35 kGy/li, in air, at
4°C. Alierwards cells were washed with fresh cold
0.9% NaCl, tnypsinized and centrifuged at 1000
rpm for 5 min at 4°C. For flow cytometry analysis
10° cells were suspended in 1 ml of PBS and kepl
on ice uniil use.

Drug treatment.

Adriamycin was dissohed in deionized water
immediately before use. A 3.5 mM stock solution
of the drug was added to a desired final concen-
tration and cells were incubated with the drug for
3 hours. Plates were removed from the incubator,

cells rinsed twice with 0.9% Nacl to remove the
drug. trypsmized. washed twice with 37°C PBS
and centrifged at 1000 rpm for 5 min at 4°C,

Flow cyiometiry

Flow cytometry (FCM) teclimgue was applied to
study changes in cell stracture and conformation
as well as cell eycele distribution. For estimation of
small angle (forward) and large angle (side) light
scattering 10° cells suspended in PBS were passed
through the Oow chamber in a flat laminar Now
Flow cviometne scallering patlerns werce gener-
ated using an Argus llow cylometer. (Argus. Oslo.
Norway) Histograms were anabyzed by Scatren
compulcr programine.

For estimation of cell cycle distribution 1-10°
cells were suspended in a 10 ml of ice-cold 70%
ethano! and placed @t -20°C until nsc. Immedi-
ately prior to the cytometric analysis, cells were
centrifuged at 1000 wpm at 4°C for 5 min and re-
suspended in a 0.1% citrate solution containing 2
pe/ml of DAPL (4 6-diammo-2-phenylindole)
Flow cytomctric patterns were generated using a
Fartec PAS-IT flow cytometer (Particle analyzing
system) (PARTEC. Basel, Switzertand) and cell
cycle components were identified by computer
analysis.

RESULTS AND DISCUSSION

The light scattering of cells is a complex function
of their shape. composition and internal structurc.
The relative contribution of those various cell
charactenstics vary significantly with the scatter-
ing angle. Generally, forward scattering. i ¢. scat-
tering at small angles depends primary on cell
size, whereas structure becomes relatively niorc
important at larger scattering angles. Thus, flow
cytometric measnrement of the light scattering of
cells at both fow and large scatlering angles pro-
vide an eflicient mcthod for differentiating be-
tween different cell types. The damaged and dead
cclls are clearly scparated from intact ones by this
type of measurcient. Their small angle to large
angle scallering, ratio is being much lower than
thett of Inang cells.

In our study changes in cell shape and structure
as response of cells to damaging effect of radiation
and adriamycin were estimated on the basis of the
small to large angles scattering ratio and calcu-
lated as the relative percemtage of structurally
changed cells present in the total populations of
measured cells. For FCM  analysis the FSC
(forward scatter) vs SSC (side scatter) dot and
contour plots of all events obtained for cach sam-
ple were divided into four fixed light scatter sec-
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Fig 1 Forward seatter (FSC) vaside seatter (SSC) dot and contour plots of cultured Climese hamster ovary ¢CHO cell line) and
peritoneal (1314 cell ine) fbroblass. Fach dol represents one cell, The outermost contour line represents more than 10
cells The number of cells is doubled each time the contour is narrowed,

Sections:
B debris and cell aggrepates
C - popalatson of intact cells showing bigh FFC/SSC ratio

D — population of damaged and dead cells showing high FFC/SSC ratio

tions (hoxes A, B, C and D). Two dilferent popu-
lations, showing different ratio of smalllarge an-
gle scatterimg were displayed in all histograms.
Examples of scattergramns are shown on Figs |
and Fig 2 In Fig | scattergrams of congrel cul-
turcs are displaved, in Fig2 — scattergrams of
cultures subjected to 10 Gy of gamma radmation or
10 pg adriamycin/ml culture medium. More than
90% of contrel cells displayed in the box C of
histograms had uniform characteristics of high
forward scatter and low orthogonal scatter (Fig [).
Alter irradiation and ADR treatment the same
populations ol CHO and Bl4 cells undergo cig-
nificant changes in scatter characteristics (Fig.2).
Box C of the scattergrams reflects the nuiber of
infact cells while a box D — damaged and dead
cells. In the populations of treated oclls the pro-
portions of cells i both sections of histograms
(boxes C and D) have changed significantly in a
dose dependent manner; the nmnber of cells in a
box C (greater FSC/SSC ratio) decreased whercas
the number of cells in the box D (lower FSC/SSC
ratio) increased. Results are summarized in Tab. }
and Tab. 2 and in Fig.4 and Fig 5.

Both cell lines differ in their sensitivity fto
gamina madiadon. CHO cells were mmore sensitive
compared to B4 peritoncal hibroblasts. Quantifi-
catron of percentage of damaged cells Tollowing
cxposure o gamma radiation has shown 4-fold in-
crease of populations of damaged cells following
200 Gy of gamma radiation in both cell types.
FCM analysis showed that both cell lincs are
characterized by similar cell cycle distribution
(data not shown). No significant differences in the
percentage of cells in a particular phase of the ccll
cycle between the beth cell types were found
which could in part explain this effect. At the
same time both cell lines response in similar way
to adriamycin (Tab.2). The observed changes were
dosc-dependent up to the concentration of 5 pg/ml
of the dmg. At the pgreater concentrations of
adriamycin (10 and 20 pg/ml) the population of
damaged cells remained similar (Tab.2). No sta-
tistically significant difference in sensitivity (o
adriamycin between the two types of cells was
found while a statistically significant difference
(» < 0.005) in the number of damaged cells was
observed at all doses of gamma radiation except at
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Table 2 Quantificaiion ol pereettage of damaged cells following treatment withdifferent peentrations of
adrannem

Adriamen | CHO cells mean | 1314 cells mean  test?
{up/mi) + 8D + 5D

Control® 0935+ 24 o4+ 1.2] N

2 IRBEL 242 2865+ 27] NID.

2] 4045+ 3 96 34.69+2 98 N

i 4079 +422 19,83 £ 3.66 NI

20 4892 +376 4095 + 390 NI,

'Average percentage of dimaged eells in total populations of measured cells
*Sigmificance was determmed nsing a two-tailed test

*No adriamycu treatment

"No statistical difference between the two groups
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Fig 4. Canges i cells shape and structure as response 1o
damaging effect of gamma radiation and adriamyom
{Chinese hamster ovary fibroblasts - CTHO eell lne).

all doscs of gamma radiation cxeepl at 200 Gy
(Tab.1). Generally, the adriamycin has caused
higher relative percentage of damaged cells com-
pared to gamma radiation (Tab. | and 2, Fig.4 and
Fig 5). Under these conditions cells are given a
vasl excess of DNA strand breaks (Powell, 1990)
which probably covers the differences in their
seusitivity observed afier lower doses of radiation
(Tab.1). Distinct response of cells (o radiation and
to adriamycin might be considered as the effect of
dilferent mechanisms through which both agents
act on a living ccll. While the ionizing, radiation
induce mainly DNA strand breaks via oxygen free
racical formation in the most cells, the contribu-
tion of this type of free radical damage to the cyto-
toxicity and antitumour effect of adriamycin is
probably minor (Whitaker 1992 Sognier ¢t al.,
1991).

On the basis of our resulls we can sumnarize
that the most significant changes in cell structurc
and shape appeared in the range of the 0-5 pg/inl
concentrations of adriamycin. Further increase of
drug concentration did not have any cffect. Both
cell lines showed different scusitivity 1o gamima
radiation but similar response to adriamycin. Chi-
nese hamster ovary fibroblasts were significantly
more sensitive to ionizing radiation compared to
B14 peritoncal fibroblasts while no differences in
sensitivity 1o adriamycin between the both cell
types were found. FCM light scatter dual parame-
ter (FFC and SSC) estimation is very sensitive and
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powerful method enabling a convement and fast
screening of the damaging effect of radiation and
anthracycline drigs on cultured mammalian cells.
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The present study was undertaken to cvaluate the effect of the stable end-product of Rpid perexidaflon — malondialde-
hyde (MDA) and some other aliphatle sblchydes on the stracture and funclionst properiies of human envilirocyies.
Madification of enythrocyte membranes by MDA induced quenching of mesibiane protelns tryptophan Huorescence, de-
stroyed the compaet stracture of membrane skeleton proteins and decreased the fuidity of # lipid bilayer. Middle and
long chain aliphatic aldehydes perturbed the membirane lipid biliyer and disturbed the protein — lipid interacilons in the
erythrocyie membrane. The effect of aldeliydes and their derivatives on the siructure of erylhrocyte membranes de-
peads on the hydrophobleity and the end-group of an effector molecule, the place of tocalisation of an elfeclor in the
menbieane and the way of its inferaction with membrane components.

INTRODUCTION

Increased levels of active oxygen species or free
radicals creale a situation, known as ovidative
stress, which leads to a variety of biochemical and
physiological lesions often resulting in metabolic
upairment and cell death. These ughly reactive
oxygen injermediates can readily react with var-
ous biological macromolecules such as proteing
and lipids (o cause protein destruction and peroxi-
dation of membrane lipids. At present little is
known of the molecular mechanisms by which
these active species damage the cell components
and by which the cell perceives oxidative insult.
Lipid peroxidation, induced in the situation of the
oxidative stress. may change a membrane lipid
composition and increase the level of highly toxic
aldchydes — stable end-products of lipid peroxida-
tion, such as malondialdehyde (MDA) and hy-
droxvalkenals. The aldehydes. produced in thesc
pathological conditions. may induce posttransia-
tional nonenzymatic chemical medifications of
proteins andfor disturbances of membrane Linid
bikayers (Esterbaucr, Schaur & Zollner, 1991).

The aim of this work was (o study the cffect of
MDA and some other aliphatic aldehydes on the
structure  and  functional propertics of human
erylhrocyles.

Our carlier work showed that the inferaction ol
the tong chain aliphatic aldehydes and corre-
sponding falty acids (the latler can accumulate in
the cells as products of endogenous lipases action)

with human erythrocyte membranes induced lysis
of red blood cells (Zavodnik, Piletskaya &
Stepuro, 1991). We assumed that Iysis was causcd
by perturbation of protein-lipid contacts in the
membrane by aliphatic aldehydes. The present
studly showed that the intra- and intercrosslinking
of membranc proteins caused by MDA destroyed
the compact structure of ervilirocyle membrane
skelelon proteins and incrcased microviscosity of
the lipid bilayer. Middle and long chain aliphatic
aldehydes effectively decreased the bulk lipid and
protein-bound  lipid  microviscosity, perturbed
membrane lipid bilayer and disturbed the protein-
lipid interactions in the erythrocyte membrane,

MATERIALS AND METHODS

Blood was obtained from healthy donors. Eryvthro-
cytes were washed three (imes in an isolonic NaCl
solution and membranes were isolated as was de-
seribed earlier by Dodge ef al. (Dedge, Mitchell &
Hanahan, 1963). Aliphatic aldehydes and their
derivatives (Reakhim, Russia) were added as a
concetrated clhanol solution to the membrane sus-
pension immediatcly before measurenients. The
cthanol concetration did not exceed 2%. MDA
was cbtained by the acid hydrolysis of 1,1,3.3-
letramethoxypropane (Aldrich, Germany). Lauric
aldehyde was obtained from Ferak (Berlin), The
erythrocyte membranes were modificd by MDA by
incubation of membrane suspensions (2 mg of

" Address for correspondence: Maria Dryszewska, Institute of Biophysics, Umiversity of Lidz, Ranacha 12/16, 90-237 LodZ, Peland.
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proteins/ml) er intact erythrecyle (1% haemalocrit
in phosphate-buffered saline, pH 7.4; PBS) with
vartons concentration of MDA at 37°C for 2
liours.

The microviscosity of the membrane lipid phase
was measured by the Nuorescent method described
by Dembo, Glushko and Aberlin (1979). In this
method the monomer (395 nm) fo excimer (463
nm) fluorescence ratio of pyrene (Sigma, USA) is
measured. Isolated membranes were suspended m
0.02 M sodium phosphate buffer, pH 74. The
protein concentration in the erythrocyle mem-
brane suspension was 0.075 mg/ml and the pyrene
concentration in the sample was 575 pM. The
bulk lipid viscosity was measured by the direct
excitation of pyrene [uorescence at 319 nm and

the protein-bound lipid viscosity by excitation of

pyrenc fluorescence at 296 nm due 10 the chergy
transfer from toyptophanyl residues of membrane
proteins, Pyrenc and  l-anilinonaphtalene-8-
sulfonic acid (ANS, Sigma, USA) [uorescence
spectra were recorded using an Aminco-Bowmin
spectrofluorimeter (USA). The steady-state {luo-
rescence anisotropy of  I-[4-trimethyl-amino}-
phenylhexa-1,3 5-triene (TMA-DPH, Molecular
Probes, Eugene, OR, USA), incorporated at the fi-
nal concentration of 1-10 © M into the membranes
of human erythrocytes of 0.05 haematocrit in PBS,
was determined by a Perkin Elmer LS-5B lumi-
nescarice spectrometer. Polarizers select the verti-
cal and horizontal components of both the excita-

tion (356 nm) and cmission (428 nm) beams. The
anisoiropy was calonlated according, to Van Blit-
terswijk. Van Hoeven and Van Der Meer (1981).

The calormmetric curves of the processes of heat
denaturation of ervthrocyte membranes werc regis-
tered by precision differential scanning micro-
calorimeter DASM-1M (Russia). The protcin con-
centration in the membranc suspension was 2.0
mg/ml.

RESULTS AND DISCUSSION

Maodification of erythrocyte membranes by MDA
induced quenching of membrane protein (rypto-
phan fluorcscence accompanied by a short-wave
shift (Fig. 1). Keeping the membrancs at 37°C for
2 hours without MDA also changed the structure
of erythrocyle membrancs which was reflected by
the quenching of membranc protein tryptophan
fluorescence without changing the fluorescence
wavelength and by disturbance of the ANS inter-
action with erythrocyle membrancs (a decreasc of
the ANS association constant with membranes)
(Fig. 1.

The short-wave shift of tryptophan fluorescence
after membrane modification by MDA may by
connected with transfer of some membrane pro-
tein tryptophan residues into more hydrophobic
regions. Modification of membranes by MDA also
decreascd the number of the ANS binding sites in



170

@l 50 &0 70 &t

Fag 2 Phermal denatarasen on the isolated human ervih-
recyle membranes (microcalormetne curves) i the
absence of MDA and modidied in the presence of 23
23 amd 49 mM MDA (3) 20 mM sodinm-phosphate
bulir, pH 7.4

the membrane without any change of the associa-
lion constant (Fig 1)

Frg. 2 shows the result of heat capacity meas-
urcimenls on crythrocyvte membranes, Each of the
four peaks of denaturation curve of native mem-
branes is belicved (o be due o a localized thermal
transition. The first transition is due 1o the ther-
mal denaturation of cytoskelelon proleings speotrin
and ankyrin (Snow, Vincentelli & Brandis. 1981).
The membrane modification by MDA changed the
microcalorimeinc curves mainly in this tempera-
ture region. The analysis of mircrocalorimetric
curves of heat denaturation of membranes after
then modification by MDA showed that the de-
wiuation of the cooperative units of membrane
profeins occurs in a narrovwer lemperalure range
as compared 10 control imembranes and the area
under the calorimetric curve is smaller (Fig. 2). It
is probably due to the disturbance of the compact
structure of membrane peripheral proteins, spec-
trin and ankyrin, and destabilisation of some other
proteing by intra- and intercrosslinking of protein
molecules.

At the smne time. modification of crythrocyle
membranes by MDA decreased the fhudity of the
membrane lipid bilaver. As shown in Fig. 3 ani-
solropy values of the TMA-DPH fluorescence in-
creased alier imcubation of erythrocyte membranes
with increasing concenirations of MDA, The de-
crease of enythrocyte membranes fhudity corre-
lated with the increase of osmolic stability ol
crythrocytes after medification by MDA, (Fig. 3).

Hia Zavednik ef af.
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Fig 3. Eflect of modification by MDA on the amisotiopy of
membrane bound TAA-DPH (1) and rate constant of
csmotic haemolysis (2) of human evythrocyles

On the contrary, middle and long chain aliphatic
aldchydes and thewr derivatives increased the flu-
idity of the membrane  Alteration of lipid micro-
viscosity was eslitnatcd by changes of the ratio of
Nuorescence intensities of e monomeric and ex-
cimeric forms of pyrene built into the lipid bilayer.
This ratio was proporiional to the probe cnviron-
mental viscosily and inverscly proporlional to ils
Iateral mobility (Dembo ef al., 1979). The pres-
ence of long-chain aldchydes and their derivatives
decreases the wicroviscosity of both protcin-bound
and bulk lipids (Fig. 4). but to the different extent.

L75

155

.75

1 2 3
[effector] x 10%, M

Fie 4 Changes inomicrovescosity of protem-bound (8 5)
and hulk (17 57) lipids of eryihrocyte membranes in the
presence of capryhie acid (1.1'), lauric acid (2.2°). faurie
aldehyde (3,37, palmitic acd (4.4 melhyl ester of
palmitic acd (5.5, 0.02 M sodium- phospate bufler,
P 7.4.
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Fig 5, Stern-Volmer plets for the quenching of membranc-
hound ANS Muerescence by caprylic acid (1), caprylic
aldehyde (2), lauric acid (3). lauric aldehyde (4), pal-
mitic acid (5), methyl ester of pafmitic acid (G),

The effect of fatty acids or aldchydes increases
with the elongation of the aliphatic chain in the
effector molceule (Fig. 4). Aldehydes diminish the
bulk lipid microviscosity to a greater extenl as
compared 1o long-chain fatty acids. Methyl estcrs
of fatty acids have the biggest cffect on lipid mi-
croviscosity, the microviscosity of free lipids being
decreased to a greater extend (Fig. 4). One may
suggest that this effect is related to the better
solubility of esters in the lipid phase of the mem-
branc in comparison to the corresponding faity
acids and aldchydes.

Frec aldehydes and corresponding free long-
chain Fatty acids quenched cffectively the fluores-
cence of membrane-bound ANS (Fig. 5). The cf
ficicncy of quenching increased as the carbon
chain length of aldchydes increased and depended
on the cnd group in the cffector molecule
(increased in the series of methyl ester of farty
acids < aldehyde < falty acid).

Al the same time aliphatic aldehydes and corre-
sponding free fatty acids decreased the stability of
membrane proteins only Lo a low extent.

It can be concluded that middle and long chain
aliphatic aldehydes and their derivatives perturbed
the membrane lipid bilayer and disturbed the pro-
tein-lipid interactions in the erythrocyte mem-
branc. Aliphatic aldehydes and their derivatives
may compete with - endogenous phospholipid
headgroups for binding with membrane proteins
at the lipid=water interface, thus inducing a mem-

brane structure changes. In this situation an cffec-
tive decrease of the bulk lipid and protein-bound
lipid microviscosity, an effective quenching of
membrane bound ANS fluorescence as well as ly-
sis of erythrocytes are obscrved. Madification of
erythrocyte  membranes by MDA induced
quenching of membrane profein tryptophan fluo-
rescence, destroyed the compact structure of
membrane skeleton protcins and decreased the
number of binding sites for a fluorescent probe
ANS. Aldehydes are accumulated in the mem-
brane as products of lipid peroxidation and [aity
acids as products of action of endogenous lipases.
They aflect the arrangement of the lipid bilayer
and proteins incorporated in the bilayer and may
be factors of cell ageing,

The effect of aldehydes and their derivatives on
the structure of erythrocyle membranes depends
on the hvdrophobicity and the end-group of an
elfector molecule, the localisation of an effector in
the membrane and a way of its inferaction with
meinbrane components.
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The study was carried oul on guines pigs receiving during 12 weeks 2 diet with addition of cholesterol (L2%. A parl of
the smimuals were given with the diet vitamin C and F andfor beta-carotene. 10was fotnd Gt addition of beta-carolene to
The atherogenic diet prevented in the same degree acenmulation of fipid peroxides in (he serum of the aninmks with hy-
percholesteroneminas supplementstion of the diet with afl three antioxidative vitamins, The sddition of 0.2% cholesterol
1o il diet decrensed SOD and CAT sctivity. The stidied antioxidative vitamins vestored the activily of these enzymes in
a simifar deprec. The diet with added cholesterol significantly decreased the serunt level of GSH, while supplementation
ol the diet with beta-carotene or vitami C and E caused no change of GSH in ihe bloost of the animads on the atherogenic
diet. The oblained results show that addition of beta-carotene or all Heee studied vitamius given jointly inhibited to a
similar extent the accumulation of lipd peroxidation products and restored the activity of aptioxidative enzymes which is

decreased In experimental hypercholesterolaemia.

INTRODUCTION

The development and progression of atheroscle-
rosis depend on many factors. Studies of humans
and experimenis on animals show that, besides
hyperlipidaemia, an important role is played by
peroxidation of lipids in cell membranes and
plasma lipoproteins (Sicinbrecher, 1980). Ever
more requently the opinion is expressed that ac-
cuulation of cholesterol esters in arterial wall
cells is preceded by peroxidation of plasma lipids,
which facilitates the modification of the native
LDL forms (Steinberg, Parthasarathy. Carew,
Khoo & Witztum, 1989, Avogaro, Bittolo Bon &
Carzolato, 1988). The susceptibility of plasma
lipids and lipoproteins lo oxidative modification is
increased by deficiency if certain vitamins acting
as  natural  antioxidants  (Esterbauer, Dicber-
Rothender, Striegl & Waey, 1991).

The observation that dictary supplements of vi-
tamins C and E or treatment with them reduces
the intensity of peroxidation processes in the or-
ganism has been well documented (Packer, 1991
Di Mascio, Murphy & Sies, 1991; Mickle, 1991).
However, in recent years it was shown that besides
ascorbic acid {vitamin C) and tocopherol (vitamin

%
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E) a powerful antioxidative effect was exerted by
beta-carotene (Burton, 1989; Gaziano, Manson,
Ridker, Buring & Hennekens, 1990 Salonen, Sa-
lonen & Nyssiinen, 1992). The administration of
that vitamin to patients with coronary heart dis-
case (CHD) decreased the anginal symptoms
(Gaziano ef al., 1990). In animal experiments it
was shown that beta-carolene prevented the devel-
opment of cholesterol deposits in guinea pig aoria
during atherogenic dict (Ziemlanski, Paczenko-
Kresowska, Bukowska & Naruszewicz, 1993).

It has been demonstrated in CHD that the activ-
ity of antioxidative enzymes is decreased (Logper,
Goy, Bedn & Rosensziajn, 1987 Panczenko-
Kresowska, Ziemlanski, Rudnicki & Rucinski,
1992). In experimental atherosclerosis in guinea
pigs the activity of superoxide dismutase (SOD)
and catalase (CAT) was found to be reduced con-
siderably (Ziemlanski ef al., 1993),

The purpose of the present study was an assess-
ment of the growing intensity of peroxidation
processes during experimental hypercholestero-
laemia, and comparison of the antioxidant power
of beta-carotene with that of vitamin C and E
during experimental atherosclerosis,

Address for comrespondence: B, Panczenko-Kresowska, Dept. of Nutrition Physiology and Biochemistry, National Foord and Nutrition
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MATERIAL AND METHODS

The experiment was carried out on 50 guinea pigs
with initial body weight of 320 g The animals
were divided into two groups: one received diet
enriched with cholesterol (0.2 /100 g of Tood). In
this gronp three subgroups were isolated: in the
first subgroup the animals received the diet with
0.2% cholesterol, in the second this diet was given
with added bela-caroteng 50 mg/100 g of diet, in
the third vitamin C 500 mg/100 g, vitamin E 10
mg/100 g and beta-carolenc 50 mg/100 g were
added 10 the cholesterol-cnriched dict. The second
group served as control, and it was divided into
two subgroups: the first one received food with
added vitamins, the sccond onc was given the
LSK food.

Food and water were accessible ad fibitum 10 the
animals.

The experiment lasted 12 weeks. After that time
the animals were killed by decapitation. In the
plasma the amount was determined of substances
reacting with thicbarbituric acid (TBA-RS) as an
indication of the concentration of lipid peroxides
The Buege and Aust (1978) spectrophotometric
method was used and the value of TBA-RS was
cxpressed in nmol/ml.

In crythrocyle hacnolysates the activity of su-
perexide dismutase (SOD, EC. L 15.1.1) was de-
termined by the adrenochrome method of Misra
and Fridovich (1972) and expressed in aclivity
units Ufg Hb. The activity of catalase (CAT, E.C.
1.11.1.6) in the hacmolysates was measured by
Beers and Sizer method (1952) and expressed in
Bergmayer units UB/g Hb.

Reduced glutathione (GSH) was deterntined in
whole blood lacmolysates by Beuller of al
mecthod (Beutler. Duron & Mikus, 1963) and cal-
culated per mg of haemoglebin,

The obtained results were verified statistically
by the Student’s { test for paired variables.
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RESULTS

Table | presents the values of TBA-RS in plasma
and the activity of SOD, CAT and GSH in blood
haemolysates.

A significant increase was found of TBA-RS
level in the blood of the animals on cholesterol-
enriched diet. The addition of beta-carotenc to this
dict inhibited the risc of blood TBA-RS 10 the
sume degree as the addition of all three antioxida-
tive vitamins,

Addition of 0.2% of cholesterol fo the diet
caused a slatistically significant (by 28%) decrease
of SOD and CAT activity in the blood of the ex-
perimental animals. Beta-carotenc added to the
cholesterol-enriched dict restored SOD activity n
about 85%, and supplementation of the dict with
all three antioxidative vilamins increased by 96%
the SOD activity depressed by cholesterol. CAT
activity was restored to about 80% by bela-
carotene added (o the atherogenic dict

In the group of animals on the cholesterol-
enriched diet the value of GSH n blood was sig-
nificantly decreascd. The addition of beta-carotenc
or all three vitaming had no effect on GSH level in
the blood of the animals with hypercholestero-
lacmia.

DISCUSSION

It was shown iz vidro and in vive that as a resull of
atheromatous lesions developing in the organism
active forms of oxvgen appear (Gey, 1986). In
cells the antioxidative aclions arc carried oul
mainly by SOD. CAT and GSHPx cnzymes. An-
other group of compounds present in the cells as
well as in systemic fluids arc anfioxidative vita-
mins, mainly tocopherols, carotenes, and ascorbic
acid.

In the experiments on animals and studies of
humans carried out as yet long-term deficicncy of
antioxidative vitamins was found to lead to athe-

Table | TBA-KS level and the activity of antioxidative enzymes in the bload of gninea pigs fed atherogenic diet

supplemented witl beta-carotene and vitamins C and E

Cholesterol-rich diet groups Control groups

cholesterol fcarotene k| f-carolene  + | LSK lood f-carotene + vi-

0.2% cholesterol vitamin C + I + tamm C + E +

cholesterol LSK food

TBA-RS nmole/m! 6.9+ 0.6*% 58+ 0.3 5.9+ 05 58+ 0.6 5.9+ 0.3
SO U/g Hb ) 192 £ 230* 1408 + 180 1598 116 1657 + 248 1747 £ 296
CAT UB/g Hb 33.6+6.1*% 426+ 76 199+ 93 529+ 15.1 483+ 12.7
GSH pefme Hb 4.2+ .5* 4.5+ 0.2 4.5+ 0.4 52+ 07 51+ 0.6

* _ p<0.05 in relation 1o control group (only LSK food)
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rosclerotic-like lesions in arterial walls (Kok,
Bruijn & Vernecren, 1987, Riemcrson, Wood,
Macintyre, Elton & Oliwer., 1991). These changes
may be reversed by proper diet or vitamin sup-
plementation (Packer, 1991; Mickle, 1992; Ziem-
laniski, Wartanowicz, Potrzebnicka & Paczenko-
Kresowska, 1989).

Our earlicr works (Ziemlanski ef al., 1993) and
the present study have shown that beta-carotenc,
similarly as vitamins C and E, is a powerful anti-
oxidant during hypercholesterolaemia, as evi-
denced by significant prevention of accumulation
of lipid peroxides in the plasma in animals with
experimental atherosclerosis. In histological ex-
anunations Ziemlanski et o/ (1993) found that
beta-carotene  inlibited  the accumulation  of
atheromatous lesions in guinea pigs on choles-
terol-enriched diet.

In the present work we observed an interesting
“restoration” of SOD and CAT activity by beta-
carotenc and vitamins C and E in anmimals on
chelesterol-enriched diet. These results confirmed
carlicr observations in which it was demonstrated
that the activity of antioxidative cnzymes previ-
ously inhibited by cholesterol was rising with in-
creasing doses of supplemented bela-carotene
(Ziemlanski ef al., 1993).

The exhaustion of GSH, which is a cofactor of
glutathione peroxidase, weakens the barrier pro-
tecting the enzymes from the destructive effects of
oxygen in the cells (Gibson, Hawrylko & McCay,
1985). In the present study (he results suggested a
decrease of bleod GSH level in experimental hy-
percholesterotaemia. The addition to antioxidative
vitamins in this experimental model has not sup-
ported the mamtenance of an equilibrium between
the cofactor and the cnzymes.

In summary, it may be said that in the described
experimental model the efficiency of beta-carotene
as an antioxidant was equal to that of alpha-
tocopherol and ascorbic acid.
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The purpose of our work was to determine the efficacy of antioxidant infiuence of thiol compounds as well as of 3l suin
E and accetylsaticylic acid on eryilrocytes exposed to radical-generative Tactors, The Jevel of reduced ghutathione in
erythrocytes was considered the main determinant of the efficacy of the infracellular antivxidsnt mechanisms, The en-
fogenic thiol antioxidants prevented first of all the irrivocable clianges of hemoglobin (the Formation of Hcing bodies) in
erythrocytes cansed hy the prooxidation factor (“ageing in vitro™). In a lesser degree they affected the maintainance of
the glutathione level in the cell, except GSH + vitwmin E. The hest protective effect for hemoglobin (expressed in the de-
eveased level of methemoglobin and denaturated hemoglobin) in erythrocytes submitted 10 proosidation was achieved hy

administrating thivurea, an exogenle thiol antioxidant,

INTRODUCTION

Erythrocytes arc often affected by prooxidants eg,
drugs, and processes such as ageing. These cause
the liberation of free radicals, for the inactivating
of which the antioxidant protective systein of the
cells proves insufficient. It is a fact known from
literature that thiol compounds which are impor-
tant components of the cecll administered from
outside prove antioxidative (Krinsky, 1992; Mas-
cio et al., 1991). -

In the red blood cells (as well as in other cells)
there exists an antioxidative protective systein,
wluch prevents prooxidative processes To this
system belong thiol compounds such as glu-
tathionc and its precursor — cysteine, which take
part in the scavenging of free radicals by means of
enzymatic reactions (Mascio ef al., 1991). This
system protects hemoglobin from damage and
prevents oxidation of the unsaturated fatty acids in
the cell membrane as well as its disorganization.
The processes of ageing are one of the cases when
the cell loses its antioxidative protection. Accord-
ing to Harman, (he reason that ageing takes place
are the non-balanced radical-generating processes,
which may take place both in vive and in vitro
(Harman, 1992).

The purpose of our work avas to determine the
cfficacy of the antioxidative influence of thiol

compeunds as well as of vitamin E and acetylsali-
cylic acid on crythrocyles exposed to radical-
generalive factors in vitro (Gaczynska, Bartosz &
rosin, 1989).

Thiol compounds such as glutathione and its
precursor — N-acetyleysteine (NAC), and cxogenic
thiourca were used as antioxidams. By using glu-
tathione or N-acctylcysteine with vitamin E, a well
known and widely used stabilizer of cystoplasmic
membranes (Urano, [990) the possibility of sup-
plementing the erythrocyte antioxidative system
under the influence of the prooxidative factor has
been tested. The endogenous thiol compounds
have been used because, according to current lit-
cialure, the sulphhydryl groups belong to factors
indispensible for the maintainance of the function
and the inegrity of the cell structure, although the
mechanism of these dependencics is not yet fully
known (Reed, Pascoe & Craig, 1990; Yang,
1993). The influence of commonly used aspirin
(acctylsalicylic acid), which is thought to be thor-
oughly tested, is still a subject of analysis, among
others for its influence on erythrocytes (Watala &
Gwozdzinski, 1993).

The level of reduced GSH has been considered
the main determinant of the efficiency of the in-
tracellular antioxidative mechanisms, because it
plays a key part in the antioxidative system of the

¥ Address for correspondence: Division of Physiopathology, Institute of Haematology and Blood Fransfusion, 00-957 Warszawa,

Checimska 3, Poland.
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crythrocytes. This was confirmed by the results of
our previous tests (Woznmak & Grabarczyk, 1992).
The changes in erythrocyles caused by the prooxi-
dative factor were assescd by means of indicators,
which characterized the ¢ytoplasm (the G5SH level,
the mecthemoglobin level, denattred hemoglobin
level including Heinz bodies) and the erythrocyic
membrane  (osmolic resistnce, sensilivity o a
non-ionic detergent, Tween 20%, and acelylcho-
[incsicrase activity).

)
MATERIAL AND METHODS

Red blood cells were isolated from the whole
blood of donors collected into heparin. Erythro-
cyles were washed (o climinate the effect of scram
and lenkocytic enzymes and then suspended m
PBS to obfain the concentration of 5.0-10% cclls
per ml. The incubation of the erythrocyte suspen-
sion for 1.5 hours at the temperature of + 37°C in
5% CO2 was introduced as the prooxidative factor.
At the same time and under the same conditions,
the red cells suspensions were incubated together
with compounds, the antioxidative influence of
which has been tested, ic. with N-acctyleysteine
(Sigma) (0.1 mM), with N-acetvlcysicine 0.1 mM)
together with vitamin E (60 pgiml), with glu-
tathione (Sigma) (I mM), with gliathionc (1
mM) together with vitamin E (Polfa) (GO pg/hul),
with thiourea (0.001 mM) as well as with acctyl-
salicylic acid (0.01 mM). After the incubation of
ervihrocyles the following parameters werc de-
termined.

Memnbranc parameters: tests for the stability of
crythrocytc membrancs, i e. osmotic resistance ac-
cording to Scoman & Weinstein; sensitivity 10 7%
Tween 20 according (o Hamada & Matsumoto; the
acetylcholinesterase level in erythrocytes accord-
ing to Ellman as described in the previous work
(Worniak & Grabarczyk. 1992).

Cytoplasmic parameters: methemoglobin level
(wavelength of 630 nm) and denatured hemoglo-

Table 1. The protective effect of antioxidants on human crythrocytes during “ageing in vitro™.

GSH mM/A Methemoglobin  |Denatured  hemoglo-| Erythrocytes with
Paramelers of eryirocyles index bin mdex Heinz bodies (%)
x =81 x+ Sk x+ 8D x+ 8D
experimental groups
I Iprﬂoxid:lﬁﬂll 2024023 132+ 019 62+ 0.1 13.0+ 22
n 10 10 10 10
2 Jghuathione, GSH (TmM) 201 £0.24 126+ 013 063+ 01l 90+ 2.0*
i} 8 8 10 9
3 JGSH + vit. I (lmM 4 220+0.13% 139+ 011 068+ 011 10,0+ 4.0
60 pgfml)
n 2 10 ) 10 8
4 [ N-ncetyleysteme (0 Imhv) 2.13£0.25 122+ 0.15 0.604 008 RO+ 2.0%*
| _in 13 14 14 13
5 [NAC + Vit. E (0.1mM + 60 2.15+0.20 129+ (.08 .68+ 0.10 TO+ 3.0%**
pg/ml)
n 10 8 10 9
{6 |Thiourca (0.001mM) 1.88 £ (.33 .12+ 0.06* 051+ 0.04% 107+ 3.5
i 5 5 5 5
7 |Aspirin (0.01mM) 221£037% | 101 0.12% 049+ 0.11 20,0+ 13.0
n 4 4 4 4

Stalistical significance in relation to human erythrocytes "ageing in vitro” (prooxidation) without protection: * p <

0.05, ** p<0.01; *** p<0.001
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bin level (wavelength of 700 nm) by means of
routine spectrophotometric method (expressed as
relative values to oxyhemoglobin [wavelength of
542 nm] adjusted to valuc of 1.0), the number of
erythrocytcs with Heinz bodies expressed in % ac-
cording (o Manoji as well as GSH (reduced plu-
tathione) level determined according to Beutler, as
in the paper of Wo/niak and Grabarczyk (1992).
The tests were performed on ervthrocytes of the
peripheral blood of 20 donors. The statistical
conclusions were drawn on the basis of the t-
Student test. The results were given as x + SD.

RESULTS

Prooxidation

The iniroduction of the prooxidative factor
(incubation which imitated the process of ageing)
caused a significant 15% decrcase of the GSH
level (p < 0.05) This change was accompanied
by: a highly significant increase of the methemo-
globin level and the percent of erythrocytes with
Heinz bodics as compared o the control values
(Table I, Fig. 1). However, the indicators of the
stability of erythrocyte membranes did not change
significantly under the influence of the radical-
gencrating factor and therefore no further tests on
the effect of antioxidants on the crythrocyte mem-
branc were performed,

Prevention of the results of prooxidation

It has been determined that in the employed
prooxidation model, endogenous thiol antioxi-
dants have a protective effect on crythrocytes. This
was expressed i the increascd level of GSH in the
tested crythrocyies. However, only the combining
of GSH with vitamin E rcsulled in a significant
increase of plutathione content in the red blood
cells (p < 0.05). The use of endogenous thiol anti-
oxidants also played a significant role in the pre-
vention of the formation of Heinz bodies
(p<0.001). except GSH with vitamin E. Thiourea,
an exogenous thiol antioxidant, helped to reduce
significantly the level of soluble hemoglobin,
changed during the prooxidation process, unlike
the endegenous thiol compounds (GSH, NACQ),
which did not have a unequivocal protective effect
on this form of hemoglobin (Table |, Fig. 2).

The use of acetylsalicylic acid proved that this
compound can prevent both the reduction of the
GSH level as well as the increase of the methe-
moglobin level in the processes of prooxidation of
crythrocytes but it docs not protect them from the
formation of hemoglobin in denatured form or the
Heinz bodies (Table 1, Fig. 2).

Joanna Kopec-Szlezak ef ai.
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Fig. 2. Protective effects of some antioxidants on "ageing”
of human erythrocytes i viro measured by glutathione
level. methemoglobin index and percent of erylhrocytes
with Heine bodies,

These results are only preliminary and they need
to be confirmed in the course of further studics.

DISCUSSION

The prooxidative factor used by us caused signifi-
cant damagce, it was therefore possible to deter-
minc the efficacy of factors preventing the results
of prooxidation,

The protection against the damaging cffects of
frec radicals may take the form of prevention,
counteraction or repair (Sies, 1993). Therclore, in
order (o protect the erythrocyte from the cffects of
prooxidation and to strengthen the antioxidation
system, cndogenous and exogenous thiol com-
pounds were used in vifro,

The results obtained show a very sclective effect
of the antioxidants used in relation to the erythro-
cyte structures, damaged by the prooxidation
process in the specific experimental conditions,
although the major protective effect obtained is
consistent with the results presented in hiterature
(Chow, 1992; Krinsky, 1992; Selig ef al., 1993).
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The results of our experiments show that the
best effect of proicciing (he glutathione in an
erythrocyle is achieved after administrating GSH
together with vitamin E. The effective protection
of hemoglobin, on the other hand, could be
achieved by administrating thiourea, an exoge-
nous thiol antioxidant. An -cffective protection
against the formation of Heinz bodies (the irre-
versible changes in hemoglobin) was achieved by
administrating  glutathione as  well as N-
acetylcysteine (the precursor of glutathionc) to-
gether with Vitamin E,

The usc of aspirin (acetylsalicylic acid) pre-
vented the reduction of glutathione level and pro-
tected hemoglobin against the accumulation of
methemoglobin, which indicates that this sub-
stance has a very good protective effect in the first
stages of the denaturation of hemoglobin. An in-
terprefation of the obtained results would however
be premature. These results are preliminary and
require confirmation.

CONCLUSIONS

It was deterinined that, by choosing the “in vitro
ageing” as a model of prooxidation, the antioxi-
dant system of the erythrocyle could be strength-
ened by using endogenous and exogenous antioxi-
dants in vitro. .

The endogenous thiol antioxidants prevented.
first of all, the irreversible changes of hemoglobin
(the formation of Heinz bodies) in erythrocytes
caused by the prooxidation factor in vitro. To a
lesser degree they affected the maintainance of the
glutathione level in the cell, except GSH + vita-
mun E.

The best protective effect on  hemoglobin
(expressed in the decreased level of methemoglo-
bin and denatured hemoglobin) in erythrocytes
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submiited to prooxidation was achieved by admin-
istrating thiourea, an exogenous thiol antioxidant.
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By means of pulse radiolysls fechnique, reactions of oxygen radicals (O and O 5 ) with horseradlsh peroxidase (HIRF)

Aand actoperovidase (LPPO) have been stadied. The formation of compounds T, followed by their reduction to componnds
I, was abserved umler conditions where hydroxy] radicals were generated in excess. Reactions of superoxide anion with
preformed compound [ of peroxidases lead to the formation of the new enzyane derivative,

INTRODUCTION

One of the most consistent sources of oxygen radi-
cals in living organisms is the mitochondrial res-
piratory chain. There, a small proportion (1-5%)
of the oxygen consumption undergoes stepwise re-
duction according 1o the following mechanism:

0, __u_)O? e —H,0, —

S SR [ § B gy

The reactive oxygen imtermediates O3 . H.Oj,
OH', arc oflen called activated oxygen species
(AOS). Although various physiological functions
have been described for AOS in the cell (Barja,
1993). the great majonity of mvestigations con-
cerns AOS tloxicity. It is postulated that the deli-
cale balance between production and catabolism of
AOS (the balance between prooxidant factors and
antioxidants) is held If this balance is upset, ei-
ther by overproduction of AOS and/or due to re-
duced effectiveness of the defence mechanism, ex-
cess concentrations of AOS resull, leading to the
tissuc damage (reviewed rccently by Barja, 1993).
Supcroxide dismutase, catalase and plutathione
peroxidase (non-heme peroxidasce) are the main
antipxidant enzymes in cells Contrary to the su-
peroxide anion and hydrogen peroxide, there is no
specific defence mechanism  against  hydroxyl
radicals prodnced in the cells.

The role of heme peroxidases as defence en-
zymes is discussible. They catalyze the oxidation
of variety of substrates by peroxides resulling in
production of substrate free radicals:

Peroxidase + H.0» — Compound | (1)
Compound I + RH —» Compound 1l + B= (2)
Compound I + RH — Peroxidasce + R, )]

where RH is a substrate, and R is a substrate
radical.

The substrate radicals may dimerize, dispropor-
tionate or may be scavenged by molecular oxygen
yiclding peroxy radicals or saperoxide anion
(Metodiewa & Dunford. 1993). On the other hand,
peroxidases and their compounds [ are known 1o
scavenge superoxide anion.

It has been suggested that OH” radicals induce
oxidative cleavage of the porphyrin ring structure
of the hcime moicty in lactoperoxidase leading to
the liberation of the iron ions (Jenzer, Kohler &
Borger, 1987).

In this work, the reactions of heme peroxidases,
both plant (horseradish peroxidase-HRP) and
animal (lactoperoxidase-LPO) with hydroxyl radi-
cals becing in excess towards cnzymes have been
studied. The reactions of compound 1 of peroxi-
dases with superoxide anion have been also inves-
tigated. Oxygen radicals (OH and O3 ) have been
generated by means of pulse radiolysis.

EXPERIMENTAL

HRP (type VI) with RZ (Ays Az of 3.0 and
LPO with RZ (Aq2/Aze) of 0.84 were obtained
from Sigma. All experiments were carried oul at
ambicnt temperature and at pH 7.0 (I mM phos-
phate buffer). Pulse radiolysis experiments were
performed with the use of linear accelerator at the
Institute of Applied Radiation Chemistry, Techni-
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Fig. 1. Difference absorption spectra taken 10 ps (drcles),
2 ms (syuarcs) and 100 ms (triangles) afler 1 ps pulse
{150 Gy} to NaO-saturated 2.2 pM 1PO aqueous solu-

tacn,

cal University of Lods. The accelerator and the
detection system have been described clsewhere
(Karolczak, Hodyr, Luobis & Kros. 1986: Ka-
tolezak, Hodvr & Polowiniski. 1992) Reactions of
OH' radicals with peroxidases were studied in
N-O-saturated aqueous solutions of the cnzymes,
where all €7, were converted to OH™ - Reactions of
O3 radical ions with peroxidases were observed
in Ox-saturated agueous solutions of (he cnzymes,
in the presence of (.1 M sodium formate o scav-
enge OH radicals. In both cases H/O» was pro-
duced in the pulse with the yicld G(HO;) =
0.07 pM 1", Pulses of 5 ns or 1 ps delivering
doscs of 10 and 130 Gy (J kg ), respectively, were
apphed.

RESULTS AND DISCUSSION

The reactions of hvdroxyl radicals with peroxi-
dases

Profcin sites of known reactivity towards OH
are aromalic and heterocyclic peptide resi-
dues (addition) and ubiquitous CH groups
(H-atom abstraction). In our carlier study we
have found that under conditions, where an
excess of peroxidase was used, the oxidizing
radical OH" is involved. as a precursor, in
reduction of the heme iron. The process
takes part in hundreds of miliseconds afier
OH' generation (Gebicka & Gebicki, 1992).
The explanation for this unexpected heme
reduction observed alse for other hemopro-
fcins is, that the initial radical. formed on
the protcin molecule, reacts subsequently to
release an electron which then migrates Lo
the heme (Klapper & Faraggi, 1979). Our
spectral data (Gebicka & Gebicki, 1992)
indicate that roughly 15% of the hydroxyl

radicals are involved in the reduction of the in-
vestigated enzymes.

Absorption changes observed in N>O-saturated,
pulse irradiated enzyine solution, under condi-
tions, where hydroxyl radicals were gencrated in
preal excess over enzyme (dose 150 Gy, [OH =80
M) arc shown in Fig 1. Spectrum taken 10 ps
after the pulse rising towards UV is connccled
with primary products of OH™ attack on protein
molecule. We do not observe any bleaching of the
Soret band for both cnzymes, what means thal
OH’ radicals do not react directly with heme. Ab-
sorption spectra faken in milliseconds afler the
pulse are characteristic for HRP and LPO com-
pounds [ (data shown only for LPO). Under our
experitnental conditions 10.5 pM H-O, was pro-
duced in the pulse and somc amounts of HaO» was
formed  additionally from OH™ recombination
(keus + a1 = 5.510° M' s, Buxton, Greenstock.
Helman & Ross, 1988). It is known. that when
HA0 is 10 excess. compounds [ of HRP and LPO
convert to the respective compounds 1T, However.
the rate of the formation of compound 11 in our
pulsc-radiolysis experiments exceeded by ca onc
order of magmitude the rate of spontancous com-
pound lcompound 1l conversion observed by us at
comparable  enzyme/H:0,  concentration
stopped-Mow experiments (our unpublished  re-
sults). Similar observations has been done carlier
with HRP exposed 10 ¢ 5 /H-0; (Gebicka &
Gebicki, 1991). The formation of compound 11 m-
volves one-clectron reduction of the porphyrin -
cation radical (compound 1) leaving heme iron
with the ferryl structure. Electrons involved in the
process may very well be transferred fromn radicals
that are formed by the intcraction of OH™ with the
protcin moicty. As the formation of compound 1 is
relatively fast (k = 2:10° M"' s, Dunford &
Stillman, 1976). the reduction of ferric iron
through clectron transfer from protein radicals

a1 l =
g o I ___._/.f _ b~ ~u;
< 0.1 l . s
D2 1 —— gt —% — ) i
400 410 420 430 440
Wavelength f nm

Fig 2. Difference absorption spectrum taken 100 ms after 5 ns pulse
(i0 Gy) to Oy-saturated 36 ph HRT compound 1l agueous solu-

Lion.
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seems (e be negligible under conditions described
above.

The reactions of superoxide radicals

1t is known that hemoenzymes (catalase, peroxi-
dases) react with superoxide radicals to form
catalytically inactive compound 111 (Kono & Fri-
dovich, 1982, Metodiewa & Dunford, 1989). Su-
peroxide anion is also known to reduce compound
I to compound Il in catalase (Gebicka, Metodiewa
& Gebicki, 1989), HRP (Bielski, Comstock, Haber
& Phillip, 1974) and LPO (Ggbicka & Gebicki,
1993). There is a controversy about the possibility
of the rcaction of compound IT with O3 . Such re-

action was observed for mycloperoxidase (Keltle,
& Winterbourn, 1988), horseradish peroxidase
(Metodiewa & Dunford, 1992) and very recently
tor Aspergillus niger catalase (Lardinois & Roux-
het, 1994). In these cases the native enzyine was
suggested 10 be the product of this reaction. On
the other hand Bielski ef of. (1974) and Kobayashi
ef al. (Kobayashi, Hayashi & Swallow, 1990) did
nol see any reaclion.

We have studied reactions of preformed com-

pound I of HRP and LPO with O3 . Compound II

of HRP was produced by mixing Orsaturated en-
zyme solution with tenfold excess of H20, and
remained stable over ca 15 min. Compound II of
LPO was produced by mixing Os-saturated en-
zyme solution with 2.5-fold excess of H;O, and
remained stable over ca 10 min. Pulse-irradiation
was carried out under conditions, of compound 11
excess over O3 . Absorption spectrum taken 100
ms after the pulse-irradiation of Oxrsaturated so-
ution of HRP compound 11 is shown in Fig. 2. A
strong bleaching of Soret band indicates that the
interaction of O3 with the heme group leads fo

the formation of a new derivative, stable over our
longest observation time, i.e. up to 7 s. The nature
of it has not been established yet. Similar behay-
iour was observed for LPO compound I The dis-
crepancies, concerning the reaction of HRP com-
pound Il with O3, between different groups
(Bielski ef al., 1974; Kobayashi ef al., 1990: Me-
todiewa & Dunford, 1992 and this work) are not
clear at present. The stopped-flow experiments
with superoxide generated cither chemically or
enzymalically are planned to shed more light on
this problem,
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The respiratory burst of nesfrophilic granulocytes results in production of highly reactive species, among which the
HOCVCWY system is formed. This system may react with proteins and the modifications due fo chlorination clange (he
protein vulnerability (o enzymatic proteolysis. The aim of (his stady was to test if the nitric oxide Free radicad {NO™) or s
ferbvatives produced by activated phapocyles und showing cylofoxic properties, may act in o simikar way and modify
profeins which afierwards are more efficiently digested hy proteolytic enzymes. Boviise serum albmin (BSA) 2 oval
humin (OVA) were chlorinated with a concentration of (YO cansing the highest enhancement of profeohytic degradation

and/or exposed in aevobic conditions to STN-1 (3-morpholine-sydnonimine, a NO™ and 05 groups donos) in the Follow-

ing concentrations: 10, 00, and 1000 amolal of the protein solation. Profenlysis of modified proteins was traved as an
nerease of free aming gronps measured by the [NBS (2,4,6-trinitro-besrenesulfonte acid) method. Ttwsas found fhat Tree
radicals veleased from SIN-1 or their derivatives have only » dight effect on the rste of BSA digestion, both native snd
previously chlorinated. (Digestion of chievinated BSA was 1.7 times Faster than that of the nadive prolein). In contrast to
BSA, OVA treated with SIN- in concentration of 108 nmol/ml underwent degradation 1.7 times Faster than ils native
Torm. When the concentrdion of SEN-1 was 1000 nmoliml, the trypsinolysis was 3.2 fimes faster, while OVA modified
with 10 moolant SIN-1 was digested slower (0.7 (inies) after its modifieatlon than the native form. OVA exposed to SIN-1
afier pre(reatment with CHOY was » better substrate Tor trypsin than the native proteing the digestion was 4 — 5.9 fimes
Faster for all concentrations of SIN-1. (Digestion of chlorinated OVA was 3.6 times faster than that of the native profein).

INTRODUCTION

Free radicals arise during various biological proc-
csses including electron transport in mitochondria
and somc nctal-catalysed oxidations. Increased
formation of free radicals has been implicated in
many human discases (Anggard 1994; Ferrante,
Kowanko & Bates, 1992; Halliwell, Gutteridge,
Cross, 1992).

During inflanmimation, activation of phagocytes
results in production of primary and secondary
products which are toxic to ingested microorgan-
isms and extracellular targets but also harmful to
neighbouring tissues. Due to NADPH oxidase ac-
tion the superoxide anion radical O3 is formed.

Dismutation of O3 results i the formation of

HyO,, which can react with a peroxidase and
chloride 1o form hypochloride ions CIO™. Hypo-
chlorides are oxidizing as well as chlorinating
species. Tissuc injury resulting from an acute in-

flaimatory responsc is linked to the presence of
proteolytic enzymes and loxic oxygen products
released {rom activated neutrophils, monocytes
and macrophages (Drozdz & WNaskalski, 1988;
Ferranic ef al., 1992; Klcbanofl, 1993; Zgliczyii-
ski & Stelmaszynska, 1988).

Most proteins are susceptible to oxidative modi-
fications and the modified proteins are rapidly and
selectively degraded by proteolytic enzymes due to
the alterations in their primary, secondary, and
lertiary structure (Davies 1987; Davies & Delsig-
nore, 1987, Davies, Delsignore & Lin, [1987a;
Davies, Lin & Pacifici, 1987b).

Generation of nitric oxide (NO') by arginine-
dependent pathways may injure tissue due (o the
toxic effects of NO" or its derivatives such as the
formation of HO™ as a result of NO" and O3 in-

teraction (Beckman, Beckman, Chen, Marshall &
Freeman, 1990; Blough & Zafiriou, 1985; Kolb &
Kolb-Bachofen, 1992; Mulligan, Hevel, Marlctta
& Ward, 1991). It is therefore possible that the
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SiN-1

SIN-1A

l

d Yewn CHy GN +NO'
\N_/
({_-\FN" CH—CN +H®

SIN-1C

Fig. | NO and O3 formation during SIN-1 decomposi-

tion (Bohn & Schoenafinger, 1989; Jessup et ol 1962
Woack & Feelisch, 198%).

synthesis of NO™ alone or NO™ plus O3 by phago-
cytes could lead to the formation of oxidizing
species that contnbule to the modifications of
proleins ;

The objective of the present stady was 1o inves-
tigatc the alterations in proteolytic susceptibility of
proteins exposed to hypochloride and/or reactive
nitrogen intermediates formed during the decom-
position of SIN-1

MATERIALS AND METHODS

Bovine scrum albuinin, egg white albumin, and
phenylmethane-sulfony]  fluoride (PMSF) were
oblained from Sigma Chemical Co. (USA). Tryp-
sin 1:250 was from Difco Laboratories (USA).
Sodium hypochlorite solution was purchased from
BDH (UK). TNBS was obtained from Eastman
Kodak Co. (USA). SIN-I was a generous gift from
GEA, Denmark. The other reagenis were of ana-
Iytical grade from P.O.Ch. (Poland).
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Table 1. The rate of trypsinelysis of notive and modi-
fied proteins.

Modilving agent Rae of trypsinolysis
CHY SIN-1 B38A OVA
[0 pmol/ml] | jomolind] Yo Yo
. - 104) 110
= 10 10 0
100 111G 170
= 1000 110 320
+ — 170 RICY
+ 0 170 590
+ 100 160 450
+ 1000 110 4110

Spectrophotometric measurements were carred
out with a UV-VIS spectrophotometer Gilford-
Response 11

NaOCl stock solution was standardized io-
dometrically as described by Stelmaszyiiska and
Zpliczyiski (1978)

Prior 1o exposure to the modifying agents, BSA
and OVA were dialysed overnight against 0.05M
phosphate buffer, pH 7.6 to get rid of  the sulfatc
remainder,

Protein ehlorinafion

Protein chlorination was performed according to
Olscowska ef al. (Olszowska, Olszowski, Zlic-
syfiski & Stelmaszyngka, 1989). Briefly, BSA and
OVA at a concentration of 2 mg per ml of 0.05 M
phosphate buffer, pH 7.6, were dialysed against
outer 0.05 M buffer containing NaOCl at a con-
centration of 10 pmol per ml of the protein solu-
tion. Dialysis lasted for 72 hr at 4°C. In order o
reduce the excess of CIO™ and N-chlororesidues,
afier chlorination the samples were treated with
thiosulfate at the thiosulfate-chlorinating agent
molar ratio 111 and subscquently dialysed against
phosphate buffer overnight,

Fxposure of proteins to SIN-1

The protcins were incubated overnight at 20°C
in aerobic 0.05 M phosphate buffer. pH 7.6, con-
taining SIN-1 at the concentrations of 10, 100,
and 1000 nmol per ml of the protein solution.

SIN-1C (Nanorpholinoiminoacetonitrile) solution

1000 nmol/mi SIN-1C solution was prepared by
dissolving the equimolar amount of SIN-1 in 0.05
M phosphate buffer, pH 7.6, and incubating it in
20°C overnight.

Quantitation of proteolysis
Trypsinolysis of unmodified and modified pro-
{eins was traced as an increase of free amino
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AnmokNH,fmi

*Bsa

¥ BSA NO 10
BSA NO 100
 Bsa NO 1000
<= BSACI

~ BSA CI NO 10
“~ BSA €I NO 100
% BSA © HO 1000

0§ M0 ! %
Ty

Fig. 2. Effect of albumin chlosination and‘or cxposition to $1M-1 on the susceptibility of this protcin 1o ypsinolysis.
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Fig. 4. Effect of SIN-1C on the rate of albumn hydrolysis by trypsin,
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groups measured by the TNBS mcthod (Spadaro,
Camargo & Greene, 1979) with modification of
Olszowska ef al. (1989). '

RESULTS

The extent of chlorination is crucial for the pro-
tein predisposition to proteolysis. With the con-
centration of 10 pmol NaOCI per ml of the protein
solution the effect obtained is maximal
(Olszowska ef al., 1989), so this concentration
was applied in our investigation.

Trypsinolysis of chlorinated BSA was 1.7 times
faster than the digestion of the native form; OVA
showed 3.6 times acceleration in the proteolytic
degradation (Fig. 1, 2).

The ring-opening reaction of SIN-1 to SIN-1A
(N-morpholino-N-nitrosoamino-acctonitrile)  is
pH-dependent. During the acrobic decomposition
of SIN-1A, frec radicals (NO" and O3 ) and SIN-

1C are formed (Fig. 1).

BSA and OVA incubated with SIN-1 under
acrobic conditions show alterations in their sus-
ceptibility to trypsinolysis (Fig. 2, 3, Tab. I).

To eliminate the possible influence of SIN-IC
on ihe action of trypsin. the native BSA was incu-
bated with SIN-1C and trypsin. The rate of diges-
tion reached 0.8 of that when incubated without
SIN-1C (Fig. 4).

DISCUSSION

Proteins exposcd to oxygen free radicals undergo
alterations (o primary, secondary, and tertiary
structure. Although the mechanism by which pro-
teolytic enzymes recognize oxidatively modified
proteins are not well understood, the declining
proteolytic susceptibility may be explained by the
increase in protein cross-linking, whereas en-
hanced proteolytic degradation may be a result of
denaturation or fragmentation (Davies 1987,
Davies & Delsignore, 1987; Davies ¢f al., 1987a,
b; Grant, Jessup & Dean, 1992, 1993).

NO' is 2 weak reducing agent. It was reported
by Jessup ef al. (1992), that only NO’ togcther
with 0. but not NO alone, even under aerobic

conditions, can cfficiently oxidize LDL antioxi-
dants and lipids. As phagocytes can produce both
03 and NO', we tested the effect of SIN-1 on
BSA and OVA. SIN-1 decomposes 1o SIN-1C
with concominant production of NO' and O3
(Fig. 1). NO' rapidly reacts with O3 lo form per-
oxynitrite anion (ONOQ) in high yield. Once
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profonated, it decays rapidly (Beckman ef al.,
1990):

03+ NO' -> ONOO™ + H' 3 ONOOH -» HO'
+NO; —» NOj +H'

The products formed are potent oxidants that
mediate oxidation of both nonprotein and protein
sulfhydryls (Radi. Beckman, Bush & Freedman,
1991), hydroxylation and polymerization of phe-
nolic rings (Grant ¢f al., 1992), oxidation of lipids
and LDL antioxidants (Jessup & Dean, 1993; Jes-
sup, Molr. Gieseg. Dean & Stocker, 1992), in-
hibition of various emzymes with iron — sulfur
centres (Davies ef al., 1987b; Lancaster & Hibbs,
1990), hem enzymes (Davies ef al., 1987b), DNA
damage (Davies et al., 1987b), and form stable
chelates with intracellular stores of iron and other
transition metals (Jessup & Dean, 1993).

SulMydryl oxidation is a key mechanism of free
radical — mediated cytoloxicity at the molecular
level (Radi ef al., 1991). The radical — damaged
protcin is more rapidly endocytosed (Davies &
Delsignore, 1987) and degraded (Davies & Del-
signore, 1987, Olszowska ef al., 1989).

SIN-1 produces equimolar amount of NO'; the
concentration of 100 nmol/nl is achieved in cul-
tures of IFN-y activated macrophages (measurced
as NO3 concentration), (Stuehr & Nathan. 1989).
The in vive local NO™ concentration is difficult 10
cstimate. so in our experiments we used a 10-
times higher concentration of SIN-1 as well.

Our results show that the vulnerability of the
native BSA remiains almost completely unchanged
after exposurc to all applied concentrations of
SIN-1. Although chlorination cnhances the pro-
teolytic degradation of BSA, subsequent incuba-
tion with SIN-1 did not cause much alterations.
Davies (1987) presented a possible explanation off
such a phenomenon. Globin is a denaturated pro-
tein, and casein has little, il any, secondary or ter-
tiary structure. Since untreated globin and casein
were both excellent proicolytic substrates, they
may have reached their maximal ratc of degrada-
tion before the exposure to HO".

It is highly possiblc that in our experiments
trypsin attained the maximal activity with BSA
chlorinated under conditions described above and
that subsequent wmodifications by highly active
species could only drop down the efficiency of
proteolysis.

OVA, in comparison to BSA, showed twice
higher vulnerability to digestion when exposed 1o
the same concentration of chlorinating agent,
moreover, incubation with SIN-1 of both, native
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and chlornated. forms resulted in significant ac-
celeration of proteolytic degradation,

An explanation of these dilTerences needs fur-
ther investigation,
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Glutathione snd cystcine oxidation to disullidic forms inder the influcnee of ovygen free radicals, generated by ulfra
sound was ohserved, MetTTh catalysed dimerization of G5 (hiy] vadicals (o disulfides and was veduced to the ferroe fosrm,
1 is awsumicd, that GS (hiyl radicals react with glolathione G5 {a form intermediate jon-radical species of GSSG gla-
tathione, which rednces metilb o the ferro form. Thiy] radicals do net exidize oxyHb or carboxy [T (o metdlh, Metllb

ineresses the resistance of ghitathione to ultvasound.

INTRODUCTION

It is well known that ghiathione and other thiols
provide protective function by decreasing oxyge-
nons and organic free radical damage in biological
systems  (Willson, 1985; Keniya. Lukash &
Guskon, 1993). Free radicals arc gencrated during
xenobiotic metabolisim by several enzymes (Shater,
1972), in the course of hvdroperoxide transforma-
tions initiated by transition metal ions, in biologi-
cal objects exposed to ionizing radiation (Mason.
1982). during oxyhemoglobin oxidation (Wallace,
Maxwell & Canghcy, 1974), under the ultrasound
action in water solutions (Makino, Massoba & Ri-
csz, 1983).

Glutathione is one of the-most important in-
tracelnllar thiols; its concentrations rcaches up to
2-10 * M in erythrocytes and 10°° M in other cells
(Pennel, 1964).

The protective effect of glutathione is due to its
reactions with oxygen and organic free radicals
via hydrogen atom abstraction from thiol molecule
(Schoncich, BRonifacic & Asmus, 1989a). Thiyl
radicals being formed have less detrimental eflect
comparing with radicals, with unpaired electron
localized at the carbon atom. Morcover, Lhiyl radi-
cals are climinated from reaction mediom very
eflcetively because of plutathione disulfide forma-
tion (Ross. Norbeck & Moldeus, 1985).

Howecver. thiyl radicals can cause membrane
damage due to interaction with unsaturated fatty
acids resiues of membrane phospholipids such as
arachidonic, linolenic, and linoleic  residues
(Aqino, Dunster & Wilson. 1989). Perhaps, inter-
action of thiyl radicals with vitamin A or ascorbic

acid with high rate constant is the mechanisin de-
creasing RS-radical antioxidant and antiradical
aclivitics (Keniya ef af . 1993: Agino of al.. 1989)

It is shown in a number of reports, that methe-
moglobin has antioxidant function and oxidizcs
many organic [ree radicals, for example. of ali-
phatic aloohols or NAD (Stepuro, Tgnatenko &
Oparin, 1991: Stepuro, Oparin & Kusncisova.
1992; Stepuro & Konovalova, 1992).

It is shown in this work that mcthcmoglobin
causce thiyl racicals dimerization in to disulfides,
being itself reduced to the ferro form. Oxyhemo-
globin or carboxyhemoglobin do not interact with
thiyl radicals.

MATERIALS AND METHODS

The GSH concentration was determined spectro-
photometrically  using  5,5-dithiobis-(2-nitro-
benzoic acid) by measuring absorption at 412 nm
(Torchynsky, 1972). OxyHb was obtained by the
technique  described  previously  (Benesch.
Benesch. Renthol & Macda, 1972). CarboxyHb
was obtained by passing of carbonic oxide formed
by reaction of sulphuric acid with formic acid
through oxyHb solution. Concentrations of the
ferro and ferri forms of hemoglobin were deter-
mined spectrophotometrically using molar extine-
tion coefficieni of s = 14370 M'em? for
oxyHb. 5y, = 3700 M "cm™' for metHb and sy =
14360 M 'cm’ for carboxyHb (Kampen &
Zijlstra, 1983). Hb ferryl form was registered by
sulfhemoglobin formation after incubation with
Na-S (Kampen & Zijlstra, 1983). Oxygen {rec
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Fig. 1. Oxidation kinelics of aguecus
and aqueons-alcoholic solutions of
glutathione and cysteine under the
influence of free radicals. Agieons
glutathione solution under nitrogen
almosphere (1), Aqueous-aleoholic
solution of glutathione: (2), agueous
ghutathione  solution: (3), aqueons-
alceholic solution of cysteine: (4),
aquosous cysteine selation in air at-
mosphere: (5). The concentration of
glutathione, cysteine and ethanol in
the solutions were 5 1077 M, i0™ M

%SH

and 1 M, respectively. The solution
pli was always 6.8,

Fig. 2. Omadation Kinetics of ghutathione
(1) and its mixture with metHb (2);
metHb reduction Kinelics in the pres-
ence of glulathione (3). The concen-
trations of glutathione and metkHb
were 107 M and 3 107 M, respec-
tively. pH of aqueous solutions was
6.8,

radicals generation was performed by ultrasonic
irradiation of aqueous solutions of glutathione and
hemoglobin. The absorption specira in the UV
and visible range were recorded in a "Specord M-
40" spectropotometer (Germany).

RESULTS

Glutathione was oxidized almost completely lo the
disulfide form on exposure to hydroxyl radicals,
superexide anions as well as HO., H-0; and ni-
trogen oxides gencrated by ultrasound in water
solutions and in air (Fig. 1). Sulfhydryl groups
formation was obscrved after glutathione oxida-
tion products had been treated by NaBH, S-
nitrosoglutathione formation was insignificant for
glhutathionc concentrations 11077 — 5-107* M, and
futher deep oxidation products, for example
GSOsH, were produced only after ultrasound ex-
posure of the disulfide form.

Glutathione oxidation rate was decreased in an-
aerobic atmosphere (after blowing of Nz or CO) in

consequence of lowering of O3 . HO, and H:O:

20
t.min

gencration, If metHb is added to glutathione solu-
tion, glutathione oxidation rate increases and a
small fraction of metHb is reduced to deoxyHb
which is oxygenated in air atmosphere (Fig. 2,
curve 2).

In solution exposed to ultrasound the proportion
of hemoglobin ferro and ferri forms reaches a sta-
tionary value and the rate of glutathione oxidation
to the disulfide form increases. As shown in Fig.
2, the initial mcthcmoglobin concentration was
107" M and the ghutathione concentration was 10~
M. This low metHb concentration as compared
with GSH catalyzed glutathione oxidation. GSH
oxidation rate was decreased in the presence of
oxyHb and the rise of glutathione oxidation rate
was observed only afier the transformation of a
considerable fraction of oxyhemoglobin to mettb
(Fig. 3). Actually, when the concentration of
oxyHb was higher than that of glatathione, oxyHb
was oxidized to metHb, On the contrary hemo-
globin oxidation was insignificant in the presence
of a high molar excess of GSH in solution and in
the absence of oxygen (CO or N; atmosphere)
(Fig. 4). Probably, these data suggest the partici-
pation of active oxygen forms in ferro hemoglobin
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% SH

%metHb

Frg. 3. Oxidation kmetics of glutathione,
glutathione in the presence of oxyHb
and oxyHb in the presence of ghu-
tathione in ulirasonic field The de-
crease of sulfhydryl groops of glu-
tathione non-mixed (1) and mixed (2)
with oxyHb and oxyHb oxidation fo
metlb in the presence of plutathione
{3) The concentrations of glutathione
and oxyHh were 107 M and 3 1t
M, respectively. pH of aqueons solu-
lions was 6.8.
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Fig. 4. Oxidation kinelics of oxyHb to
metllb in ultrasonic ficld in air at-
mosphere (1), i carhonic oxide at-
mosphere (2), and that of oxyHb in
carbomie oxide almosphers in the
presence of glutathione (3. 4) at the
concentrations of 107 and 5 167 M,
respectively.  OxyHb  concentration
was 3° 107 M; the solution pH was
7.

 —

e
0

10 20 30 40 50

oxidation (both HbO; and HbCO) (Fig. 4., curve 1
and curve 2). )

Thiyl radicals generated by ultrasonic (reatment
of watcr-alcohol solutions containing thicl com-
pounds did not oxidize oxyHb. MetHb degradation
rale decreased rapidly in the presence of the glu-
tathionc (Fig.5).

DISCUSSION

The inleraction of "OH, HO;, O3 oxygen free

radicals, and of hydrogen peroxide penerated in
wlirasonic ficld with thiol compounds leads to the
formation of thivl radicals:

GSH+ HO -GS +H,0
GSH+0; —“ -GS +H,0,

then, thiyl radicals dimerize to disulfides:

GS +GS —*5 GSSG

60 70
t min

where k¥ = 3.5-10° Mls? (Hoffman & Hayan,
1972).

The rate constant for thiyl radicals interaction
with OH is by several orders of magnitude higher
than those for their interaction with O> and HO .

This is the reason of relatively small dependence
of oxidation rate of GSH or cysleine on the pres-
ence of oxygen atmosphere i ultrasonic field
(Fig. 1) In a first approximation we can consider
that hydroxyl radicals make the main contribution
in GSH oxidation,

MetHb catalyzes thiyl radicals dimerization into
disulfide forms with reduction to deoxyHb, which
in the presence of gas ligands is convert into ap-
propriate ligandic ferro form such as oxyHb or
carboxyHb (Fig. 3). Thiyl radicals interact with
GS and glutathione ion-raclical is formed.

GS +GS —»GSSG

with &= 6.6-10 * M 1-s ' (Ross et al..1985).
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Fig. 5. Degradation kinetics of methTh
and metHb in the presence of glu-
tathione, Hemine content decrease in
agueous solution of metl b in the ab-
settiee (1) and i the presence (4) of
ghitathione and in agueous-aleoholic
solution in the presence of glu-
lathione (5). Fluorescence intensity
decrease of metllh iryptophane in
sreons solulions m the abscnce (2)
and in the presence (3) of ghdathione.
Glutathione  and  metlb  concentra-
tions were 107 M oand 2 10°° M, re-
spechively, The solution pll was 7.0,
Absorption at 406 nm (at the Sorel
hand) and tryplophane [Tuorescence

L mntensity at 350 nm with excitation at

L2

-

Probably that intermediate product is an elfec-
tive donor of clectrons. Therelore, inferacting, with
mnctHb it reduces the latter to the ferro form:

Hb(I) + G SSG - Hb(Il) + GSSG .

In thie absence of glutathione, metHb rapidly de-
grades in the nlirasonic ficld with the formation of
the ferryl form, oxidation of cysteine and aromatic
amino acid residues. oxidation of porphyrine IX
ring and Fe (ITh) release (Fig. 5)

The existence of the ferryl form is proved by
sullhemoglobin formation afler Na:S had becn
added in sonicated metHb solutions

MetHb molccule contains many imidazole, thy-
rosine and cvsicine residucs which are  effective
traps ol hydroxyl radicals and of other active oxy-

gen forms. Amino acid side residues cation-
radicals formed are  probably inactivated by
GSSG -

Hb' (1) + GSGS —» Hb(ILD) + GSSG .

This Icads to metHb protection against further
damages associated with irreversible deaaturation
of the protan globule. Therclore. GSSG partici-
pation in the reaction of metHb or its free radical
forms increascs disulfide formation of  GSSG.
canscs metHb reduction (o deoxy form. and pro-
tects the protein globule from damage Due to the
high reaction rate constants of oxygen [ree radi-
cals for deoxyHb oxygenation competitive reac-
tions will proceed with accunulation of some
quantity of oxyHb (Fig 3). As a result, stationary
concentrations will establish where metHb and

296 nm wore measured, Initial opl-
cal density of metHb and the inifial
tryptophan fluorescence  intensity
were considered s 100%,

10 i
t, min

oxyHb levels are at equilibrivm,
and GSH oxidation rate to GSSG is higher than
when metHb is absent (Fig. 3).

Under the influence of oxygen free radicals gen-
crated by ultrasound on HbOs or HbCO, their
rapid oxidation in metHb withowt protcin globule
damage was observed (Stepuro ef af., 1992).

HbO, + HO — Hb(Ill) + HO + 0,
HbO, + HO, - Hb(ll)+ 0, + H,0,

Hydrogen peroxide interacts with metHb and
ferryl form is formed:

Hb(IIN) + H,0, — Hb(IV)— OH + HO™ .

Ferryl form interacts with HbO; and metHb is
formed:

Hb(1V) -OH +HbO, — ZmetHb+ HO + O, .

Consequently, metHb can be considered as the
main product of Hb oxidation. Practically full
protection ol ghitathione or cysicine from oxida-
tion to disulfides by oxygen free radicals was ob-
served i cases when the excess of HbO» was sul-
ficicntly high. Thiol oxidation oceurred only after
increase of Hb(111) content (Fig.2).

The oxyHb oxidation in oxygen atmosphere in
the prescnce of GSH is probably accompanied by
formation ol O- radicals in the disulfide anion-
radical conversions process:

GS$SG+0, —» 0, +GSSG.
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Supecroxide anion dismutates to O and hydro-
gen peroxide: the latter is known o oxidize oayHb
to mciHb, Besides, hydrogen peroxide forms in
cavitation bubblcs, diffuses in solution and inler-
acts with Hb.

In the prescace of ahphatic aleohols, which are
effective traps of "OH and H™ radicals. the trans-
formation of ‘OH and H' in lo organic [ree radi-
cals occurs!

CH,CH,OH —“— CH, CH OH + H,
CH.CH,OH ———CH, CHOH +H,0.

Alcohols have high vapour pressure, and in
cavitation bubblcs a decrease of free radical reac-
tions with oxvgen and of the reactions of [free
radical reccombination is observed:

H +0, -2 HO,; K +H
H + HO' - H,0]
HO + HO — H,0,:HO, +HO, - 1,0, +0,

—H,;:

Hydrogen peroxide in ultrsonic ficld did not
form when cthanol concentrations were higher
than 10" M. This proves the almost completc in-
tcreeplion of “'H and "OH radicals by ethanol va-
pour in cavitation bubbles.

Atcohol fice radicals oxidize thiols and thiyl
radicals arc [ormed:

CH,CHOH + GSH 2GS+ CH,CH,OH -

10 M'st, ko = 120" M5

“¥

where ky =
(Schoneich ef af., 1989h).

As the rate constant valucs k, and k> show, in
watcr-alcoliol solution containing thiols almost
complete transformation of alcohols radicals m to
thiy! radicals can be obtained. Since transforna-
tions of oxyHb. HbCO to metHb were not observed
in the prescnce of alcohols and thiols, then thiyl
radicals most probably do not oxidize ligandic
ferro forms of Hb.

Summarizing the results. we can conclude that
metHb catalyses thiyl radicals dimerization. We

assume that interaction of GSSG  anion-radical
with metHb occurs. We suppose that the same ac-
celeration mechanism of the thiyl radicals can op-
erafe in living cells. As it is known GSH level can
achieve 107 M in liver cell. and in erythrocytes il
is 2-10 * M. Glutathione is onc of the most power-
ful low molccular antioxidant (Keniya ef al,
1993 Ross ef al.. 1985) and it interacts with free
radicals with formation of thiyl radicals. The thiyl
radicals arc removed by formation of GSSG and

GSSG  GSSG formation is very probable, smee
in the ccll the concentration of G5 is very high as
compared with GS'. Under the physiological
conditions within ervtlrocyle melHb percentage is
0.3% — 1% it corresponds (o the coucentratton of
210 7 = 310" M. As it 15 shown in Fig. 5. those
concentrations can lead (o glutathione oxidation.
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MODIFICATION OF RAT LIVER MEMBRANES BY ALDEHYDIC
END-PRODUCTS OF LIPID PEROXIDATION
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The aldehyde end-products of lipid peroxidation, malondialdehyde (MDA) snd Shydroxynonens {(IINE) modified rat
liver membranes in 2 different manner. The preincnbation of liver plasii membranes with MDA resulted In o signifi-
cant decrease of the PGE; binding, whereas the membrane modification by IINE increased the amount of hound PGE;.
The rigidity of (he infernal region of membranes was enhaced nnder the intlnence of both MDA and HNE. Both MDA
and HNE decreased the cytochrome P-450 content in rat liver microsomal membranes,

INTRODUCTION

Aldehydces derived endogenously during lipid per-
oxidation are an important damaging factor in
oxidative stress. These aldebydic end-produclts
penerated as a result of the peroxidative break-
down of polvunsaturated fatly acids are very reac-
tive compounds They can damage cell structures
localized distantly from the site of their origin.
Among these aldchydes, malondialdehyde (MDA)
and 4-hydroxyalkenals, cspecially d4-hydroxyno-
ncnal (HNE). arc by far relevant products.

“The cytotoxic cffect of these aldehydes is mainly
connected with the medification of different cell
structures by their reaction with cither SH-groups
of low-molccular-weight compounds or proteins
(Esterbauer, Schaur & Zoflner, 1991 Dianzini.
1993) or by the infcractions with £-amino groups
of proteins to form Schills bascs The toxic action
of MDA and HNE can be related to supression of
DNA and protemn synthesis, inhibition of the mi-
tochondrial respiratory chain. inactivation of sev-
cral cozymes, cic,

Biomembranes structure  conditions  all - bio-
chemical events (translocation of molecules and
jons. transmembranc signal transduction, mem-
branc-bound enzyme activities) occurring at this
level. Madification of membranes by various li-
gands induces different changes in membrane
structure and functions. e.g. receptor redistribu-
tion and conformational changes, alicrations
enzyme activities, changes in membrane physical
parameters (Tuidity, lipid structural order, hydro-

phobicity) and phospholipid turnover. Receptors
of liver plasma membranes occupied by aufonomic
transmitters, prostaglandins (PG) or calechola-
mincs, are responsible for transmembrane signal-
ling. regulation of second messenger levels and
metabolic changes in the hepatocyle resuliing
from activation of protein kinases. Cytochrome P-
450 localized in microsomal membrancs is re-
sponsible for detoxication of xenobiotics and me-
abolism  of different  cndogenous  substrates
(cicosanoids, steroids. etc.). Alfcrations of func-
tions of these proteins playing an important
physiological role in living cells due to modifica-
tion of membranc structures by aldehydic cnd-
products of lipid peroxidation can Izad, in turn, (o
significant metabolic disorders.

MATERIALS AND METHODS

Unlabeled PGE- were obtained from "Kemasol".
(Tallinn. Estonia). H-PGE> (140 Ci/mmol) was
purchased from  the Radiochemical  Center
(Amecrsham. England) and was chromatographed
upon arrival against authenthic PG standard. All
the spin probes were obtained from "Sigma"
(USA). MDA was prepared from 1.1.3 3-letrame-
thoxypropane (" Aldrich", USA) by acid hydroly-
sis. HNE was a gencrous gift of Prof. H, Ester-
baver (University of Graz, Austria).

Male rats weighing approximately 250 g were
uscd for liver plasma and microsomal membranc
preparation. The animals were decapitated after

* Address for correspondence: Dr. Vyncheslav Buko, 50 I enin Komsemol Blvd , Institute of Biochenistry, Belarusian Academy of Sci-

ences, 230009 Grodno, Belarus
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Fig. L. Time cowrse of binding of "H-
PGE; 1o the lver plasma membranes
and the dissociation of the ligand by
an exvess of wnlabelled PUGE and ef-
fect of the premeubation with MDA
(2} and JNE (3). Membranes un-
treated by aldehydes were used as
control (1), The 1000-fold excess of
vnlabelled PGE was added For the
"H-PGE, dissociation.

Fig. 2. Effeet of excess of unlabelled
PGE; (1:1 to 1000:1) on the hinding
of the *I1-PGE; by native (1) and
modified by MDA (2) or HNE (3)
liver plasma membranes,

o 1 #0 00

3H-PGE 2:PGE2

the liver perfusion in sito with | mM sodium bi-
carbonate. Plasma membranes and microsomes
were isolated from whole liver homogenates as de-
scribed elsewhere (Buko & Sushko, 1988; Buko &
Zavodnik, 1990). Protcin concentration  was
measurcd in membrancs by the method of Lowiy
ef al. (Lowry. Roscbrongh. Farr & Randall, 1951).
Cytochrome P-450 content was determined from
the carbon monooxide difference specirum upon
dithionite reduction according to Omura and Sato
(1v64). e

The PGE binding studies were carnied out using
a systcm comaining 50 mM Tris-HCI buffer, pH
7.5. 1 mM MgSO; and 124 aM of *H-PGE.. The
total volume of the incubation medium was
350 pl. The binding was imitiated by the addition
of 50 pl of the plasma membrane suspension
containing 165 pg of protein. The samples were
incubated at 30°C in a shaking water-bath for 30
min. The binding was ferminated by placing the
tubes info in ice bath.

Membrane-bound "H-PGE» was precipitated by
centrifugation in a microfuge for 15 min at 2200 x
g at 5°C. Each estimation was an average of three
experiments. The pellet was washed once with L0

£i00D

ml of 50 mM Tris-HC1 bufter, pH 7.5, containing
I mM MgSO,. resuspended in | ml of this buffer
and transferred to a scintillation vial. The samplcs
were counted in a Mark 11 liquid scintillation
coniter {Nuclear Chicago, USA), using an univer-
sal cocklail. Radioactivity of free 3!-'I-PGEQ wias
counted in a snpernatant in a similar manner.

The binding data were transformed and plotted
according fo Scatchard (1949). The competition
for *H-PGE, binding sites was performed under
ihc samc conditions with unlabelled PGE- added
in an I- to 1000-fold excess. The time course and
reversibility of the *H-PGE- binding were studied
using membranes incubation during 60 min. To
some reactions tubes 1000-fold excess of unla-
belled PGE; was added after 30 min. of incuba-
tion.

Liver plasma membranes were modificd by
MDA and HNE in 50mM Tris-HCI buffer, pH 8.0
al 22°C for 4 h. Preincubation of liver microsomal
membranes with MDA or HNE as well as with
aliphatic  aldehydes or p-chloromercuribenzoate
(PCMB) was performed in the above buller at
22°C during 5 min. Cylochrome P-450 conlent
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Frg 3 Scatchard analysis of HPGES binding to native
(13 and MDA (2) or TINE (33 modified liver plasma
membranes.

was measured afier preincubation of microsomes
with MDA or HNE during 5 min.

All the ESR spectra were iaken af room tem-
perature  (22°C) on  ERS-220  spectroincter
{Germany). The usual instrumental paramefers
were: microwave power 5 mW; conter of the field
3300 G. scan range 100 G. Quartz (ubes of 1 mm
internal diameter were used. 5-. 12 and 16-doxyl
derivatives of stearic acd were used for a trans-
versal scanning of liver plasina membrancs. Spin
label modifying SH-groups of membrane protein,
[-0xy1-2,2,6,6 -tctm-methylpiperidyl-PCMB
(OTMP-PC MB) was also nsed in the experiment.
The rotational correlation lime and the lipid bi-
layer structural order were calculated using a rou-
tine method (Griffith & Jost, 1979).

RESULTS AND DISCUSSION

Effect of MDA and HNE on prestoglandin 12
(PG} receptors of liver plasma mewhranes

We studicd (the effect of MDA and HNE on the
binding of PGE: to liver plasma membrancs. The
specific binding of PGE; 1o membrancs increased
in a time-dependent manner (Fig. 1), The prein-
cubationt of liver plasina membranes mth MDA
resulied in a significant decrcase of the *H-PGE:
binding. whereas the membranc modification by
HNE increased the amount of bound tritiated
PGE:> The fotal binding of *H-PGE; to liver
plasima membranes was significantly less pro-
nounced in MDA-modified membranes than in
native oncs. whereas the nonspecific binding was
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approximaiely the same in both the modified and
native membranes (Fig. 2). The alkylation of liver
plasma membranes by HNE slightly enhanced the
total binding of of *H-PGE; but dramatically in-
creascd the nonspecific binding to membrancs.

Recenily we have shown that rat liver plasma
membrancs confained a single class of receplors
for PGE, (Buko, 1991). The modification of
menbranes by MDA led to a decrease of the K.
for *H-PGE; and slightly reduced the PGE; recep-
tor density, whercas the preincubation with HNE
enhanced the receptor density but did not cssen-
tially change the K, (Fig. 3).

The effect of MDA and HNE on the structural
profile of liver plasma membranes was investi-
gated by ESR spectroscopy using doxyl derivatives
of stearic acid (DSA) as spin probes. MDA in-
creased the rotational corrclation time of S-DSA
whase nitroxyl midical was located in the surlace
sone of membranc. whereas the alkylation of
membrancs with HNE decrcased this paramcict
(Fig. ). Both MDA and HNE increased the rota-
tional corrclation fime of 12-DSA with the doxyl
group immersed in deeper arcas of the lipid bi-
layer (Fig. 5).

The spm label behavior indicated that the
modification of liver plasma membrancs by the
aldehydes changed the membranc microviscosity.
The rigidity of the internal zone of membranc
leaflets as asscsed by the 12-DSA behavior was
enhanced under (he influence of both MDA and
HNE. However. the microviscosily of the surface
zone was increased following MDA modilication
and was dimmished after the HNE alkylation.

The observed changes in the functional parame-
ters of the *H-PGE: binding by liver plasma men-
branes following the modification by MDA or
HNE werc related to structural alierations in the
membrance characterized by changes in the profile
of its rigidity. This. in furn. depends on the alde-
hyde propertics, particularly on their hydropho-
bicity, and is poverned by the aldchyde localiza-
tion in the membranc,

SR stucdy on MDA and NI interactions wiilt
fiver nncrosonial mewnbrane

The changes in the liver microsomal membrane
structurc are closely related to the alierations of
cviochrome P-450 functions. The decreasc of the
cytochrome P-450 content is usually associated
with its (ransformation to the inactive form, cyto-
chrome P-420 (Schenkman, Remmer & Es-
tabrook, 1967).

The modification of rat liver microsomal membranes
led to a decrease of the eytochrome P-450 content. Tig-
tre 6 shows # dependence of the eytechrome P-450 con-
fent on the concentration of MDA and p-chlore-
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Fig. 4. The cfect of MDA (1} and HNE
{2) on the rotafional correlation lime
(1) of a lipid spin probe, 5-DSA,
bound to liver plasma membranes
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Fig.7. Effect of 1INE (F) and MDA (2)
on 1he rofafional corretation twoe (1)
of the spin label OFMP-PCMB
bound 10 SH-growp of hver micro-
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mercuribenzoate (PCMB). & specibic  reagent
modifying SH-groups. MDA did not alfect the
cytochrome P-450 content i rat liver microsomes
at concentrations lower than 10 pM whereas an
increase in the MDA concentration from 10 ph to
20 M dramatically decreased the oviochrome P-
450 contenl down to a platcau at the MDA con-
centration higher than 20 pM. The curve of mi-
crosome titration with PCMB is practically sinular
{o the graph oblamed by titration with MDA

PCME inactivate cytochrome P-450 duc to 115
comersion to cytochrome P-426, modifying SH-
groups of the hemoprotein (Lyakhovich & Tsyr-
lov, 1978) The similatity of the disposition of the
both curves obtained with MDA and PUMB (ira-
tion can mdicate a common mechanism ol Cyto-
chrome P-1430 iactivation for the both reagenis 1
is possible that modification of cytoclrome P-450
SH-groups by MDA led to a decicased cytochrome
P-450 content via s conversion (o eyiochrome P-
120, smilar to PCMB miedifiation.

This assumption 18 confirmed by a decrease of
the rotational correfation time (1) of the spiu label
OTMP-PCMB bound to SH group of the micro-
somil membrane at the same concentrations of
MDA (10-20 pM). Figure 7 shows that these con-
cenfrations of MDA dramatically lowcred micro-
viscosity of the hipid surrounding of thus label.

The spin label. OTMP-PCMB specifically binds
to SH-groups and MDA al the sbove concenira-
tons (10-20 pM)y very intensively competes with
the spin label for SH-groups of nmcrosomal pro-
icins mcreasing the conceniration of free spin la-
bel (Fig. ¥).

MDA shghtlyv decreased the order of membrine
lipid bilsyer in the presence of spm probes, 5-
doxylstearic acid (DSA). with the nitroxyl radical
being localized in the surface zone of membrane
and 16-DSA with the nitroxyl radical situated in
thie deeper zone of the lipid bilaver (Fig. 9).

HNE dramatically decreased the cytochrome P-
450 content of raf liver microsomes @t concenlr-
tions lower than 10 pM whercas this hemoprotein
was not detected at HNE concentrations of 10 pM
and higher (Fig. 10). Aliphatic aldehydes. valeric
and caprilic, decreased the cylochrome P-450
content in a similar manner.

The microviscocily of the lipid enviroment of
the spin label OTMP-PCMB. bound 1o SH-groups
of membrane protein is decreased under the influ-
ence of HNE (Fig. 7). At the same (ime we did not
obscrve a releasc of the firee label from the binding
sifes duc 10 competition with HNE as scen for
MDA (Fig. ).

The order of membranc lipid bilayer was sig-
nificantly increased by HNE in the picsence of 5-
DSA (Fig. 9), which indicates relaxation of pro-
teti-lipid interactions in the area corresponding to
the location of the 5-DSA nitroxyl radical Simul-
tancously HNE did not practically change the be-
havior of 12-DSA and 16-DSA whose doxyl group
are localed in decper sones of microsomal men-
brangs,

The heme of eyviochrome P-450) is imnnersed into
microsomal membranc of a depth of 410"
{Kulikov. Chercpanova, Likhicnshicin, Uvarov &
Archakov, 1989) at which the doxyl group of 5-
DSA in located. Therefore. we can assmne (hat the
mactivation ol eytochrome P-450 by HNE is re-
lated 1o disturbances of hydrophobic protein-lipid
interactions in this arca of the microsomal mem-
branc. Somec authors believe that relaxation of
profein-lipid interactions is the main mechanism
ol cytochrome P-450 conversion to cytochrome P-
420 (Lyakbovich, Tsyrlov. 1978),

The above data indicate different mechanisms of
the MDA and HNE intcractions with microsomal
membrancs and dilfercnt effects of these aldely-
des on the cylochrome P-450 content. The cffect
of MDA on the latter parameter is related to
modification of protein microsomal SH-groups,
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whereas the cffect of HNE is mediated by distur-
bances of the hydrophobic intcractions between
the eytochrome P-450 and the phospholipid sur-
rounding of this hemoprotein in the surface ame
of the microsomal membrane where the heme of
this hemoprotein is located.
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Tissues of living organisms, lyophilized and adequately prepared, in air condilions reveal a stvong signal of clectron par-
amagnetic resonance. In viire It originates from ascorby) free radieal, wherens Its precursor in vive Is only L-ascorbic
acid. This served 1o develop a new free-radical method for determining vitanin C and, Indlreetly, free radical oxldative
processes contents In anhmal fissues. Under strictly defined circumstances the ESR slgnals are veproducibie, and this

method is sensitive and valuable.

INTRODUCTION

L-ascorbic acid (vitamin C) is an important sub-
stance in the biochemistry of living organisms. It
acts cither as reductant or cofacior in certain en-
symatic reactions and is a component of gencral
antioxidant buffer system. For a long time it has
been known fo play an apparent role in scurvy (
Hodges. 1976}, in collagen synthesis (Udenfriend,
1966). peroxidations of lipids (Haase & Dunkeley.
1969). conirol of mitolic activity (Edgar, 1970).
antimutagenic activity (Norkus & Kuenzig, 1985).
biologic transport (Lohmann, 1984), as well as in
neoplasms  (Lohmann, Schreiber.  Strobell &
Muller-Eckhardi, 1979). The level of L-ascorbic
acid in solutions or body fuids is defined most
frequently by making use of its reducing proper-
tics. with various oxidizing factors being imple-
mented (Verma, 1982; Jarzembinski & Lugowska.
1989: Bacayk & Swidziiska, 1970). The determi-
nation of its content in fissues encounters a lot of
obstacles due 10 the presence of subslances, whose
redox potentials are similar to the potential of the
system: ascorbic acid/dehydroascorbic acid. This
study furnishes a proposal for the introduction of a
now method of estimating (he L-ascorbic acid
content in tissues of laboratory animals, which 1s
called a "frec radical method”.

MATERIAL AND METHOD

The tissues (ca 200 mg) are taken from the ani-
mals studied under ether narcosis. They are sub-
jected to lyophilization (lyophilizator LGA 05) or
dried in vacuum (Unitra rotary pump) at a tem-

perature not higher than 310 K. Then the tissues
are ground in small porcelain evaporators, and,
after a lapse of 1 hour, placed in 20 mg portions,
in quartz tubes 5 mm in diamcter. The wbe with
the studied fissue is put into the resonance cham-
ber of ESR spectrometer, and its microwave spec-
trun is recorded, ESR spetromeler, type SE/X
2544 (Radiopan) wilh resonance chamber RCX
GO0 was used in the studies. Measuring conditions
were: frequency 9,45 GHz power 3 mW, modula-
tion L0 kHz0.2 mT, time constant Is, scan ralc
50 mT/ min. DPPH was cmployed as a standard
to determinge the g cocfficient and the concentri-
tion of unpaired spins. ESR specira werc meas-
ured in various tissucs (blood, kidneys, lhmngs,
spleen. liver) of mice, guinca-pigs and rals, as
well as in adrenals of rats. The animals stemmed
from own breeding stock and in the course of the
studies they were middle-aged. of different weight
and of both sexes. Care must be taken lo securc
sirict reproducibility of conditions al samples
preparations (oxvgen lension. humidity, tempera-
turc) and ESR spectra measurements, ESR signal
maximum occurs after the lapse of 1 h upon ter-
mination of lyophilization process (when the
measuremenis were madey, after 24 hours the
amplitude of the signal decreascs by about 30 %.

RESULTS

As an example (Fig. 1) ESR signals obtained from
mouse tissues are given. All the signals display
the same shape and location (AB,, = 0.8 mT, g =
2.005), and they differ only with respect to ampli-
tude, which denotes different concentration of un-
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Table 1. Concentration of unpaired spins (units: * 10'%/grem) in dried tissues of mice, guinea-

pig. and rats (x £ 81}

Tissues Mice Guinea-pig Rats

Blood 1.22 £0.25 0,70 £ 0.24 1.46 +0.35
Kidneys 2304057 1.94 +0.46 323+0.90
Lamg 4.62 £0.62 3.79+£055 475 11,59
Spleen 528 4 (.82 384 =098 6.74 £ 1.57
Liver 418 £0.75 1 %0 +£0.36 4.46+ 0.64
Adrenils 2WWI+69

o\
= j\

coupled spins in the samples studicd. That finding
refers also 1o the tissues of puinea-pigs and rats.
The number of unpaired spins in fissues of all (he
studied animals calculated n unts = ]{}"')‘,me
(dry tissue) is given in Tab.l (x + & - mean
standard deviation for 10 animals).

Particularly strong  signals were  shown by
adrenals of the rats. Tenfold deerminations of
ESR signals from the liver of one ral permitied
estimation of the crror of the method. equal (o + 4
Y.

DISCUSSION

As shown by previous studies (Dodd & Swartz,
1980: Lohmann & Neubacher. 1984) the type of
free rdical detected by ESR technique depends on
the way the samples have been prepared. Lyophi-
lization or drying of tissues in vacuum at the ten-
perature not higher than 310 K, followed by expo-
surc of samples fo the air. and the recording of
ESR spectra at room femperature disclose a strong
signal with parameters: A, = 0.8 mT, g = 0.005;
the source of the signal is the ascorbyl free radical
(Mueller & Tannert, 1986; Natkims & Cerni-
auskiene, 1974, Under in vive conditions il corre-
sponds to the conceniration (level) of L-ascorbic
acid in the tissues (Cimbolairtylc et al. 1982).

~\ -

A

Fig. 1. The ESR specira of mouse
tissues: blood (A), heart (B).
kidneys (C) liver (1), lung (E).
splecn (F).

ESR signals seen in the presented experiments
originated from that radical Hence, the level of L-
ascorbic acid in the tissucs is proportional 1o the
amount of free radicals (uncompensated spins)
determined by this method Only the signal from
the blood was somewhat wider (A3, = 1 mT), be-
cause its source aparl from ascorbic acid. may be
vitamin P (Cimbolailyte ¢f al., 1982). The study
on the dependence of the amount of unpaired
spins X as a function of ascorbate added to the
blood reveals a lincar dependence up to ascorbate
concentration of 100 mM, The presented method
of detcrunning L-ascorbic acid content in fissucs
of laboratory animals may most adequatcly be
emploved for its relative deternunation: X should
be considered as arbitrary nnit. An attempt can
also be made to deline the absolute concentiation
of ascorbate. Basing on the assumphon that 1 mol
of czch substance contains 6-10”" molecules. while
onc molecule of ascorbic acid may potentially pos-
scss | unpaired spin. up to 10" of spins stem from
3107 mg of vitamin C (MW ~ 176). In recalcu-
lation for 100 g of dry tissue it corresponds to a
concentration of 0.3 mg/I00g. The vitamin C con-
centration calculated from Tab. | in absolute units
is smaller as comparcd with (he results oblained
by other methods, Horning (1975).

However. it should be found out whether there is
100 per cent "yield", it means, if each vitamin C
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molecule in the tissue wonld render, in conse-
quence of sample preparation procedure, Hs own
contribution to ESR signal. For this purposc, a
known vitamin € amount should be added to the
blood. measwrements and calenlations should be
performed according fo the wentioned method,
which will facilitaie the caleulation ol normalized
cocthicient of the vield (from 1 1o 0) and corree-
tion (mmltiply by reciprocal of the cocfficient) of
vilamin C conceniration in absolute units. The
cstablishing of the coefficient as well as other as-
pects of such determination will be the subject of a
separate paper. On many occasions it would be
sulficient to define the relative valnes of vitamin C
level in the tisseees. This method was referred (o in
a number of own papers (Gonet, 1989; Wojcicki,
el al 1989, 1994).

It is known (Buetiner. 1993), that the ESR
micthod may be implemented in direct detection of
ascorbyl frec radical in vivo, which arises from L-
ascorbic acid nnder the influence of free radical
oxidative processes (R*+ AH — A + RH). As free
radical processes increase in a system, the steady-
state A° concentration rises too. The ESR intensity
ol this radical A™ signal can serve as an indicator
of the degree of fice radical processes. In my m-
vestigations the process is studicd by measuring
substrale AH (rel. anit), but not the product A
The drop of EPR signal w1 vitro samples denoles
the diminntion of substrale content in vive, which
may resuli from the intensity of free radical reac-
tions or other mechamsing, causing substrate de-
pletion.

CONCLUSION

A new. Iree radical, method of determining L-
ascorbic acid content in tissues of laboratory ani-
mals has been presented The accuracy of the
method for relative delernnimations is £ 4 %. The
method is surtable 1o be used in different labora-
tory stuches c.g. pharmacological, ecological and
dietary, and in studics on the inflnence of ionizing
radiation on living organisins (vitamin C being a
scavenger of free radicals). The widespread use of
ESR spectroscopy makes the proposed method ac-
cessible (o a considerable extent.
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Relation between activity of antioxidant enzymes superoxide dismut

(SOD)eataiase, ghitathione peravidase (GS1-Px)

and sensitivity of human cells displaying different intracellular levei of these eneymies, to the dimaging eflect of ionizing
radiation wnd corminomycin has been investigated, Six different ceif lines of normal and trisomic-21 fibroblasts were
nsed, All trisomic fibrobast eell fines dispiay the 50% incresse of SO activity and 30% of GSH-PY activity. 1 his heen
siown that effect of carminomycin on trisomic-21 filrobinsts iy weaker compared to that on normal fibrobiasts. Al the
sime fime trisomic 21 Glrobiasts are more sepsitive o gamma radiation despite of higher intraceliunkar sctivity of SOD
antd GST-Px. These results indicate that different mecianisms are responsibie for sensitivity of normad and drisomic-21

cells to ionizing radiation and carminomyvin.

INTRODUCTION

Anthracycline antibiotics belong to the group of
drugs known lo be effective in a wide varicty of
human malignancies. Although precise mecha-
nism of cylocidal action of these drugs is still 1=
known. three possible mechiamsms are considercd
al preseat: binding to DNA and inhibition of bio-
chemical processes repulated by DNA, interaction
with cell membranes leading to disturbance in
transport through the membrane as well as pro-
duction of the supcroxide radical anion and other
reactive oxygen species (Powis, 1989; Peskin,
Koen, Zbarsky & Konstantinov, 1977).
Scmiquinone forms of anthracyclines are acti-
valed by microsomal, nuclear: cnvelope and
plasma membrane electron transport chains in
cells, where they react with a molccnlar oxygen
vielding superoxide radical anions O3 (Peskin &

Bartosz, 1987: Bachur, Gee & Fricdman, 1988:
Land., Mukherjec, Swallow & Bruce, 1983). Por-
oxide adducts of carbon-centcred DNA radicals
which decomposition may Iead to the single and
double strand breaks of DNA have also been ob-
served (Krugh, 1994). As a result of all these
processes reduction of viability occurs, which in
tarn may result in cell death.

Enzymatic systems involving superoxide dismu-
tase (SOD), catalasc, glutathione peroxidase
(GSH-Px) and low-molccular weight antioxidants
are currcntly considered to be the main protective
mechanism against damaging effects of active

oxygen species generated in cells. Assuming that
cytotoxicity of anthracychine antibiobics is medi-
ated by reactive oxygen species, similarly to ioniz-
ing radiation, it can be expected that cells having,
naturally clevated levels of some awlioxidands
shouild respond in a different way to these antibiot-
ics compared 1o normal cells. Human cells with
trisoiny-2 1. which display a 50% higher activity of
Cn.Zu-superoxide dismutase by gene dosage cffect
in this chromosome, scem to be a pood model for
studies on the mechanism of anthracycline anti-
biotics action as well as the role of antioxidant ¢n-
zymes in this process (Rozga. Peskin & Bartosz,
1990).

The aim of this work was to investigate relation
between aclivity of enzymes involved in the decay
of water radiolysis products and sensitivity of hu-
man cells, displaying different levels of antioxi-
dant cazymes, (o the damaging clfect of ionizing
radiation and carminomycin. Damage 1o the cells
was estimated on the basis of their viability meas-
ured by MTT test and cell survival tested by the
colony formng ability.

Normal donor skin fibroblasts and trisomic-21
donor foetal lissue fibroblasts were used in this
study. Cells were obtaincd from The Center of
Child Health, Warsaw, Poland (normal: S-126,
trisomic; T-74, T-107, T-155, T-158) and from
Institute of Medical Genetics of the Academy of
Medical Sciences, Moscow, Russia (normal: B-2,
{risomic: B-2). All cell lines were routinely main-
tained as a monolayer culture in Eagle MEM me-

Address for correspondence: Blazej Rozga, Katedra Termobiologii, Uniwersytet Lodeki v, Banacha 12/16, 90-237 Ladz, Poland.
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Fig 1. Viabiiity of human fibro-
blasts {reated with carmine-
mycin. Ceil lmes: diamonds —
S5-126; squares — T-i55; tri-
angles - T-i 58,

%osuryival

fog feamanomycan
imM]

Fig 2 Survival of gamma-
irradiated  fibroblasts.  Ceil
fimes: circies — B-2; diamonds
— B-1; empty triangies — T-
T4, crosses — T-i07.

dium supplemented with a 0% heal-inactivated
newborn calf serum and 15% lactalbumin hydro-
lysate in humidified 5% CO; at 37°C. Gentamycin
was added at a concentration of 5 pg/em’® medium.
Cells between 5 th and 15 th passage were used in
all experiments.

Activity of SOD was estimated in cell ho-
mogenates by inlibition of NBT reduction in a
xanthine-xanthine oxidase system (Beauchamp &
Fridovich, 1971) after removing cell membranes
by centrifugation of homogenates a1 110 000=g,
Activities of catalase and GSH-Px were estimated
according to the method of Aebi (1974) and Hop-

kins and Tudhope (1973). respectively. Cell vi-
ability was estimated by MTT test (Mosmann,
1983), cell survival by colony forming ability as-
say (Paterson, Anderson, Smith & Smith, 1979).

All trisomic-21 fibroblast cell lines display the
50 % increase of SOD activity and about 30% of
GSH-Px activiy.

On the basis of cell viability test and cell sur-
vival curves it has been shown that effect of car-
minomycin on frisomic-21 fibroblasts is weaker
compared fo that on normal fibroblasts. On the
other hand trisomic-21 fibroblasis are more sensi-
tive to gamma-radiation which indicates the
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Fig 3.Survival of human fibro-
biasts treated with carmino-
mivein. Cell lines: circles - B-
2; dinmonds - B-i; emply tri-
angles — T-74; crosses - T-
i07.

greater number of unrepaired DNA double-strand
breaks leading to the reproductive death of cells. If
seems that higher level of antioxidant enzymes in
trisomic-21 cells may contribute in significant de-
gree to cell resistance to the action of carmino-
mycin.

On the contrary, these enzymes, mainly SOD,
do not reveal any protective effect on trisomic-21
cells subjected to gamma-irradiation.
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Five rofe of some animad prodeins in the induction of atheroselerosis is knowen from many years, hot the mechanism of
atheropgenesis theough dietary profeins is ool understood, It has been known from many vears that dietary proteins in-
Muence the cirwicsterol metabolism, it five metaboiic hasis for the elfects of dictary profeins on civwlesteroleniia is con-
teon ersiab. Casedn is the best known atierogenic proteae s rich in methionioe, which is metabolised to homocysteine.
Homoeysteine and its derivitives have atherogenic effect. Earlior we iave found that methionine Ia rabbit dicl changes
lipid peroailation and antioxidant activity, so il was interesting Lo test the elfects of casein-enriched dicet on free radicals/
fipid peroxidative and antioxidant processes, s well as on lipid metabolisne. Prostheragenic profil of secunt lpids, in-
creased level of lipids in the sortas and deereased activities of all researched enzymes involved injipid metaboiisi [total
postheparin piasma lipolytic aclivity, hepatic trigliceride lipase, lipoprotein lipase, acyiransferase jecithing cholesteroi].
were Observed in the animals on tie easein enriched dict in comprarison with the animais fed the soy hean protein diet. -
creased adlivities of sntioxidant enzymes in aortas jeatalase, superoxide dismutase, ghuathione perovidase], decreased
serwm antioxidant activity aad concentration of cerviopiasmin in tive rabbits on the casein enricied dict are peinting fo

the pariicipation of free radical! stioxidant processes in the induction of atherosclerosis in this model.

INTRODUCTION

The role of animal profeins in induction of athero-
sclerosis 1s known from the beginning of XX-th
century, but the mechanism of atheropencsis
throngh dictlary proteins is nol fully understood. It
has been known from many vears thal dictary
proteins influcnce cholestero! metabolism, bul the
metabolic basis for the eflecis of dictary proleins
on cholesterolemia is controversial (Kopicczna-
Grzechieniak,  Piskorska, bEowinska-Ogonowska,
1992). The wmost often studied dictary proteins
were casein and soybean protein (Sugano & Koba,
1993; Noguchi, Takita, Suauki. Nakamura & In-
nami. 1992). Casein 1s a proicin rich in me-
thionine. The metaboliles of this amuno acid, as
homocysicine and is derivatives. have athcro-
genic cffects (Olszewski & MeCully. 1993 Wil-
cken & Dudman, 1992), Earlicr we have found
that methionine in rabbil dici changes lipid per-
oxidation and  antioxidant  activity  (Toborek,
[989). so it was intercsting to test the cffects of
cascin enriched diet on free radicals/lipid peroxi-
dative and antioxidant processes as well as on
lipid metabolisin.

*

i€, Poland.

MATERIALS AND METHODS

Twenly male, New Zealand rabbits (3 months old)
were divided into 2 gronps: cascin group, which
dict was enriched with cascin (Murowana Goslina,
Poland) and control group, which dict was cn-
nched with the same amount of soybean protein
prepared by the extraction of soybean (Rolimpex,
Kochanowice, not far from Lublimiec, Poland).
The animals were fed the experimental diets for 7
months. The protcin preparations, which were
used to this experiment, were not free from fat.
The mecasured amount of total hipids was 2% 1
the casein preparation used and 4.5% in the soy-
bean protein preparation. To eliminate the influ-
ence of these lipids on the measnred parametcrs
soybean o1l in the amount of 1.8 % was added 1nfo
the diet of casein group and butter in the amount
of 0.8 % was added into the fodder of soybean
profein (control) group. The proportion of stan-
dard fodder for the rabbits (Fodder Manufactures,
Motycz, Poland) and the preparation of proteins
(casein or soybean) was 3:2.

After 7 months of feeding cxperimental diets
lipid peroxidation was estimated as TBARS

Address for correspondence: Department of Biochemistry and Chemistry, Sifesian Medical Acadeny, 40-752 Katowice, Medykow
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Table 1 Changes of body mass, of lipids metabolism parameters in serwn and aorta homogenates,

and some activilies of lipid metabolism enzymes (postheparin plasma lipolytic achivity -

PHLA,

hepatic trighyeeride lipase — HL, lipoprotemn hipase — LPL. aeyliransterase teeithin: cholesterol
LOCAT) in serum rabbits of fed ciscin-enriched diet for 7 months.

Groups
Measured parameter Casein group Soy profein group
Body mass (kg j 3254020 330+ 023

Tolal cholesterol (mmol/1)

176+ 041% 044 +0.13

Free cholesterol (nmnol/7)

.56+ 0 26F* (.18 + (.03

Cholesterol esters (mmaol/!)

12040 |5*% 0.264:4 10

Cholesteral 1.DL (el fT)

140 23 (022 4002

Cholesterol THDL (mumcl /) 063019 (.20 = (.01
| Phospholipids (mmolA} 2654041 1884 0.14
Triglveerides (mmel/] 050 £007 04241014
PHLA { pmol/hinl) 35 15 0 06%* 553246497
L {pmol Mfml) 10 04 & 1 .59%% 17.25 £ 2.61

1L.PL { imol/f/ml )

25 11 &+ 5063% IRO6+ 455

LCAT { pimol /)

2000 & 13 5(*% 51.20 4 13.10

Cholesterol in aorla (umolmig ol proteur )

1.43 3 0.27 L.50 +0.31

[niglvoendes m aorla (umol/ing of protem)

35,17 4+ 4.29% 2703+ 3.89

Fable 2. Changes of aorta thioharbituric seid resctive substances concentrations
(TDARS) and antioxidant enzymes sctivities in sorla: catalase (Cat), superoxide
dismutase (SO, glutathione peroxidase (GPY), antioxidant activity of serum
(AOA) and serum ceruloplasmin concentration m the rabbits fed casein-enriched

dict Tor 7 menths.

CGroups
Mezsured parsmeter Casent group Soy profein group
Cal (K&secle of protein) TO0 & 14,07 120471
SO (Ulme of prolem) 63,8k 7 5%¥ 35.7+4.6
GPx (Ufg of protein) 2040 ] 3% 247306
TEARS [ umol MDA/ of serum) 29405 2.3+04
ADA (%) 21.6 & 4.3%* 207434

165 4 + 45.2*

321.0 % R3.0

Ceruloplasmin (mg/l of serum

(thiobarbituric acid reactive substances) according
to Michara. Uchiyama and Fukuzawa (1980). Su-
peroxide dismutasc activity (SOD) was detcrmined
according to Misra and Fridovich (1972) and
catalase (CAT) according o Acbi (1983). Glu-
tathione peroxidase (GPx) aclivity was measured
by (he method of Lawrence and Burk (1976), sc-
um  antioxidant activity (AOA) according to
Stocks. Guiteridge, Sharp & Dormandy, 1974)
and scrum ceruloplasmin concentration by the
method of Richterich (1971). Profcin was mecas-
ured by the modification of the Lowry method,
Hartree (1972).

One unit of AOA is defined as a percentage of
the inhibition of spontancous auloxidation of rat
brain homogenate. A unit of SOD is the quantity
of the enzyme, which is required to produce 50%
inhibition of the rate of conversion of cpincphrine
to adrenochrome. One unit of catalase is defined

as the rafe constant (k) of a first order reaction
catalyzed by the enzyme. One unit of GPx is the
amount of punol oxidized NADPH/min.

Serum total cholesterol and cholesterol in the
fractions of lipoproleins were estimated  with
Merck test kits, free cholesterol with a bioMer-
icaux kit, triglycerides and phospholipids were
defermined  enzymatically  with  test  Kits
(Bochringer — Maunheim). Lipids in the aorta
wall were cstimated according to the following
procedure: 20% homogenates were  centrifuged
(2000g, 10 min). The pellets were extracted with
the mixture of methanol-chloroform (1:2 viv). The
superatanis were cvaporated and the dry residues
were dissolved in ethanol. The concentrations of
cholesterol and triglycerides in the extracts were
estimated as in the serum.

Total postheparin plasma lipolytic activity
(PHLA) was measured by the method of Kancka ef
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al_ (Kancki. Nakanchi & Tanaka. 1987), released
fatty acids were estimated according to Duncombe
(1964). hepatic triglyceride lipase (HL) was meas-
ured by the mecthod of Nozaki ef al. (Nozaki,
Kubo, Matsuzawa & Taruis, 1984). The activity of
the lipoprotein lipase (LPL) was the residue be-
tween folal lipolytic activity and hepatic lipase.

Acyltransferase  lecithin:  cholesterol — activity
{(LCAT) was measurcd with LCAT-test Praha
{Institute  Tor  Rescarch, Production  and

Application of Radioisotopes),

The data were analysed using the nonparametric
Mann-Whitney U test. The values represent the
means + SEM ol 10 animals (* and ** mean that
the values between control and casein groups are
significantly different: ** p<(,01; * p<0,05).

RESULTS

The mcan body weights of the rabbits i CAS
group were not statistically changed in compan-
son lo thosc of the control group (Table 1). The
levels of serum total, free and esierified choles-
terol, LDL and HDL cholesterol and phospholip-
ids concentrations in CAS group increased mark-
edly. Triglyceride level in serum did not change
clearly in CAS group in comparison with control
(soy protcin) group. The activities of all studicd
enzymes connected with lipids metabolism were
decreased.

AOA and ceruloplasmin concentration in serun
of the animals on casein diel was decreascd (Table
2). The activities of SOD, CAT and GPx in aorta
homogenates were increased in cascin  group.
whereas increased TBARS concentration was not
statistically signilicant,

CONCLUSIONS
Cascin in the diet is an atherogenic proten o the
rabbiis: proatherogenic scrum lipid profile. lipid
changes m the aortas and decreased activitics of
enzymes connected with lipoprotein metabolism
were observed in the animals on the cascin en-
riched diet.

In the model of atherosclerosis indnced with ca-
sein eriched dict, free radicals processes, at least
in part, may be resposible for atherogenic effects:

a) decrcased antioxidant activity of serum and
ceruloplastin concentration in serum as well as

b) ncreased activities of main antioxidant en-
zymes in aorta homogenates of these animals in
comparison with the rabbits on soy proicin group.

The increase of lipid peroxidation in serum of
the rabbits on cascin rich dict was not siatistically
significant.

Ewa Kopieczna-Grzebieniak ef al,
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The elect of free radicnis and active forms of oxygen is comnected with the pathogenesis of some diseases, Qzone is one
of the forms of oxygen. When it is inhalated, it is toxic to the lung tissue. The mecizmism of ozone acling on i organism,
when it is administrated into the Biood vesseis or into the body cavities, is not knowi, in spite of using ozone in the treat-
ment of sume disenves. The therapeutic effeet of ozone i controversial, Oyone js a strong oxidant, 50 it's inferesting to
kmow if it §s ahic to influence on oxidation of lipeproleins. Lipoproteins mudificated in so a way have gol some
proatherogenic propertics. The aim of this publication is 1o take advantage of NMR speciroscopie technique in the re-
search of ozone Influence on plasma lipoproteins from rabbits with atherosclerosis, "II-NMR  resonance spectra of
piasma and plsma lipoproteins from the rabbils with athcrescierosis induced with choiesterol-rich diet, as well as from
oroneted rabbits with aiherosclerosis were obtained. Atheroscierosts was induced in 20 New Zealind maje rabbits aged
whont 6 months fed with diet enriched with choiestersi in the amoimt of 0.5%. After 3 month feeding with this diet 10
raibbits were treated with medicai ozone in the smount of 0.285 mlkg body weight, #s 3 mixture 0,/0, wilh ozone con-
centration of 54 pgfom’. Ozone was introduced into marginal vein of ear 2 times aweek through 5 weeks, "I NMR spec-
tva were ablained wsing Varian VXR300 spectrometer. In rabbit scrum some paramcters of Ti pid metaboiism
(coneentrations of piasmia jipids and fatty acids desatnration) were aiso meansured. Lipoproleins were obtained with the
precipitation method, The decrease of resonance sigmals inlensity from metiniene profons of lipoprofeins of orented
animais with atherosclerosis was observed in compatrizon with the gronp without ezone [reatment. On tire hasks of anaiy-
sis NNIR speetrs, as well us on the hasis of absence statisticaiky significant changes in lipids concentration and the degree
of desatuaration of Gty acids ictween two groups of aninals we suppose that the cause of decreased imtensity of methyi-

ene signals is probahiy the shortening of carhon chains of fatty aciis in lipoproteins,

INTRODUCTION

The harmful eficcts of ozone inhalations on the
living organisms arc well known (Bancrje &
Mudd. 1992; Kennedy. Halch, Slade & Mason,
1992: Mayer 1992) while the theoretical aspeets of
ozonc nse in the therapy arc poorly wnderstood
(Laszczyca,  Kawka-Serwecinska Dolerych,
Falkus. Witas. Migula & Madej. 1993). The
mechanisms of the action of medical ozone, which
is introdnced into the arleries, veins or into the
body cavitics, is nol known, in spite of using
ozone in the treatment of some discases. Medical
ozone is a mixtnre of ozonc and oxygen. The fol-
lowers of using medical ozone in the therapy use
ozonc in the injections, as a medicine in the
treatment of many diseases, among others in the
paticnts with lower extremities atherosclerosis
(Sroczyiski, Antoszewski, Rudzki. Matyszczyk.
Krupa, Zbrofska & Skowron, 1992). The impor-

tant effect of medical ozone is the improvement
of scrum lipid paramcters in the patienis with
atherosclerosis (Sroczyiiski, Antoszewski, Rudzki,
Matyszczyk & Kuzniewicz, 1990).The therapeatic
clfect of osone is controversial. because this
method of treatment has also its opponents, who
are afraid of side-cffects, cven distant, of the
treatment. These side-effects of ozone therapy are
conneeted with its propertics. Ozonge is one of the
forms of oxygen. Ozone is decomposcd into mo-
lecular and atomic oxygen (Antoszewski, Lepi-
eszko, Madej & Daniluk, 1993), The cffect of frec
radicals and active forms of oxygen is connected
with the pathogenesis of atherosclerosis and other
discases (Esterbaucr. Wag & Pull, 1993). Ozone
is a strong oxidani, so it is interesting to know if it
is able to influcnce the oxidation of lipoproteins.
Oxidized lipoproleins have some proatherogenic
properties (La Ville. Sola, Balanya, Tumer &
Masana. 1994). Some of these proatherogemc
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g | (a) Integraton of methylene protons of 'H MME spectrs of plasma 1 DL Faction from rabbits with atheroselerosis induced
with chelesterol ennctied dict (b} Imegration of methylene proton 'H NMR spectra Trom misture of plasma TEDL, and VDL
Trom rebbits with atberoseierasss mduced with cholesterol enriched dict, (¢} Inegration of methylene proton 'il NMR specira
of plasma Hi2L fraction of ipoproteins of the rabbits with siherosclerosis induced with cholesterol enriched dict. () integra-
tion of methylene proton 'H NMR specirn of mixture of plasma non [DL lipoproteins (VLDL and LINL) from rabbits with

atherosclerosis induced wilh cholesterol enriched dict

properties are: the stimulation of secrction of
chemotactic proteins, cytokines and growth fac-
tors, the contraction of blood vesscls, cyloioxic
cffects and so on The aim of this paper is to take
advantage of NMR  spectroscopic technigue (o
study the ozone inflluence on plasma lipoprofcins
from rabbiis with athcrosclerosis

METHODS

"H-NMR spectra of plasma from the rabbits with
atherosclerosis induced with cholesterol-rich diet,
as well as from oronized rabbits with athcroscie-

rosis were obtained. Atherosclerosis was induced
in 20 New Zecaland. male rabbits aged about 6
months whose dict was enriched with cholesterol
in the amount of 0.5%. 10 rabbils afier 3 months
on this diet were treated with medical ozonc,
which was ntroduced i the  amount  of
0.285ml/kg body weight, at the concentration of
54 pglom™ as a mixture 0,/0; into marginal vein
of the ear, 2 times a week through 5 weeks. Ozone
was produced in Biozon Hot apparatus (Vertriebs
GmbH). 'H NMR spectra were obtained using a
Varian VXR-300 spectrometer operating at 300
MHz, with 10% D-O, as a signal lock at the tem-
perature of 25°C, diamcter of pistel 5 mm. Each
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Fig 2. (a) ilistograms of’ ' NMR spectra of plasma lipoproteins lrom rabbils with atherosclerpsis induced w 1l cholesterol rich
diet. (h). Histograms of "H NMR spectra of plasma lipoprofems from ozonised rabbits with atheroselerosis induced with cho-

jesterol- rich diet,

spectrum corresponds to 32 free induction decays
(FIDs). The large HO signal was suppressed by
duble resonance method at the HzO fesonance fre-
quency using the decoupler coils,

In rabbit serum some parameters of lipid me-
tabolism, which were essential for discussion were

also measured. Total scruin cholesterol and cho-
testerol in the fractions of lipoproleins were esti-
mated with Merck test kits, triglycerides were de-
termined enzymatically with test kit by Boe-
hringer-Mannheim.  Total lipids concentration
were estimated with a POCh kit. Lipids unsatura-
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Tabh.1. The mfluence of czone on hipid parameters and lipid unsaturation in plasma

of rabhits with atherosclerosis.

Parameter measured Atherogenic group Atherogenic  group
with czone
Total cholestercl (immel/1) 953+539 857 + 5.67
p=0.05
LDL cholesterol (mmol/1) 478 £ 1.18 528+ 1.62
p=>0.05
HDL cholesterol (mmol /1) 0.74+0.16 0.68+0.11
p>0.05
Trighycerides (g/1) L1+051 0.98 + 0.57
p=>0.05
Total lipids (g/h) 11.45+3.82 986+ 3.36
p>0.05
Unsaturation of plasma lipids | 5.86 + 1.72 4.25+ 1.66
{2 iodine 1} p>0.05
Unsaturation of plasma lipids | 51.18 + 15.00 43+ 16.79
{giodine /1002 of lipids) p>0.05
tion was measured through the titration with io- CONCLUSIONS

dine, using the method of Bauer (1957). The data
were analysed using t-Student test.

RESULTS

NMR spectroscopy results are presented in Figs |
and 2, while the concentrations of the measured
lipid parameters are shown in Table 1.

DISCUSSION

The decrease of resonance signal intensity of
methylene protons of lipoproteins of ozonized
animals with atherosclerosis was observed in
comparison with the group without ozone treat-
ment. The reason for this effect may be:

(1) decreased amount of lipoproteins,

(2) increased unsaturation of fatty acids,

(3) the shortening of fatty acids carbon chains.

On the basis of analysis of NMR spectra, as well
as on the basis of the absence of statistically sig-
nificant changes of lipid concentration and the
degree of desaturation of fatty acids between two
groups of animals we suppose that the cause of
decreased intensity of methylene signals is proba-
bly the shortening of carbon chains of fatty acids
in lipoprotcins.

Orone decreases the intensity of methylene signals
in "H NMR spectrum of rabbit lipoproteins with
atherosclerosis.

A probable reason of decreasing intensifity of
methylene signals in spectrum 'H NMR induced
with ozone is the modification of hydrocarbon
chains of fatty acids, as a result of their shorten-
ing.

Ozone does not change, in a statistically signifi-
cant manner, the measured lipid parameters in
rabbits with atherosclerosis.

REFERENCES

Antoszewski 7., Lepieszko W., Madej P. & Daniluk M.
(1993). Biofizyka i biochemia ozonw. [ Ogolnopolski
Kongres Polskiego Towarzystwa Ozonoterapii, Kea-
towice, Materialy kongresowe, 9-12.

Banerjee 8. & Mudd B. (1992). Reaction of ozone with
glycophorin in solution and in lipid vesicles. Archiv.
Biochem. Biophys., 295, 84-89,

Baner K. (1957). Analiza zwigzkiw orgamicznych.
PWT, Warszawa,

Esterbauer H., Wag G. & Puht H. (1993). Lipid peroxi-
dation and its role in atherosclerosis. Brit. Med.
Bull., 49, 566-576.

Kemnedy C., Hatch G., Slade R. & Mason R. (1992).
Aplication of the EPR spin-trapping technique to the
detection of radicals produced in vive during inhala-
tion exposwre of rats to ozone. Toxicol. Appl. Phar-
macol., 114, 4146,



Ozonc-induced changes in 'H NMR spectrum of lipoproteins

La Ville A., Sola R, Balanya 1., Tormer P, & Masana
L. (1994). fn vitro oxadised HDL is recognised by the
scavenger receplor of mucrophages: implications for
its protective role m vivo. Atherosclerosis, 108, 179~
189,

Laszeryea P, Kawka-Serwecinska E., Dolerych B,
Falkus B., Witas L, Migula P. & Madej P. (1993).
Aktywnosé wskagnikowych enzyméw mitochondrial-
nyeh w watrobie, sercn 1 mbzgowin SAZUOW trak-
towanych mieszankg tlenowo-ozonowa, | Ogolnopol-
ski Kongres Polskivge Towarzystwa Ozonoterapii,
Katawice, Materialy kongresowe, 61-66.

Mayer D. & Branscheid D. (1992). Exposure of humin
lung fibroblasts to ozone: cell mortality and hyaluro-

215

nan metabolism. L Toxicol. Ewnviron. Health, 35,
235-2406,

Sroczynskr J. Antoszewski 7., Rudzki H., Matyszczyk
B. & Kufniewicz R. (1990). Niektore parametry go-
spodarki lipidowej po dotgtniczyeh wstizyknigeiach
ozonu 1 chorveh nu ehorobe niedokrwienng koiczyn
dolnych oraz cukrzyeg. Pol. Tvg. Lek , 45, 953-955.

Sroczynski J. Antoszewski 7., Rudzki T, Matyszezyk
B., Krupa G., Zbrotska H. & Skowron 1 (1992)
Ocena kliniczna skutecznodel  leczenia  minidiyey
zarostowe] konczyn dolnych doteticzym wstizyki-
waniem ozom. Pol. Tyg. Lek., 47, 964-906.



Current Fopies i Hiophyses, vol, TR2), 216-219

THE EFFECTS OF VITAMINS A, C, E ON THE BALANCE OF
XANTHINE OXIDASE (XOD), CATALASE (CT) AND SUPEROX-
IDE DISMUTASE (SOD) IN NEUTROPHILS (PMN) OF PATIENTS
WITH CHRONIC OBSTRUCTIVE PULMONARY DISEASE
(COPD)

ANNA MARCINKOWSKA', ANNA MALARSKA', E. PASSOWICZ-MUSZYNSKA?,
R, JANKOWSKA?, TERESA BANAS!

' Department of Fiochemstry, Wroclaw University of Medicine, Chatubinskiego 10, 60-368 Wroclaw, Poland,
“repariment of Intemnal Medicme and Allerpology, Wroclaw University of Medicine, Traugiaa 57/59, Wroclaw, Poland

(Accepted 28 December 1994)

A 33-133% Increase of CT activity in nentrophils from patients wlth COPD compared with ihosé from healthly hunsms
was found. The activity of CT deereased after a sIx week NAC therapy. Then in vitra (in fissue culture) investigation of
NACS S0-80% decrease of CL activity in presence of hydrakasine and an Increase of this activity by ea 30% in presence
of vitamin A. Vitamins C and B esused slight increase of the activity CT in some tissue cultures, The presence of vita-
mins A and C in tissoe cullures protecied the earyme activity of CT against inflaence of NAC, SOD actlvity remaind un-
chamged In presence of varied concentrations of vitamins A, O, E. However remarkable fall of SOD (by T0%) was found
in NAC presence, The activity of XOD (lested in presence of extochrome C) increased by 100%%, 300% and S00% when
NAC, hydratasine or both respectively, were present. XOID sctivity is not effected by vilamins A nad €,

INTRODUCTION

Free radicals are continuously preduced in all
acrobic tissues. Neutrophils, monocytes. nacro-
phages, eosinophils and endothelial cclls, all gen-
erate oxyradicals. It is now gencrally assumed that
oxyradicals play an important role in wflanuna-
tion-induced tissuc injury (Cross, Halliwell, Bor-
ish. Pryor, Ames, Sanl, McCord & Harman,
1987). The superoxide radical and hydrogen per-
oxide formed during the respiratory burst of
phagocytic cells increasee cyvlokines, chemotaxis
and platclet activation which is esscutial to sus-
tained tissue injury in chronic inflammatory
conditions. Balance disorders of oxidants/fanti-
oxidants resulting in formation of oxygen - de-
rived free radicals (RO) are found 1n many dis-
cases — bronchopulmonary dysplasia, Parkinson’s
diseasc, postischemic reperfusion injury, rheuma-
toid arthritis and other awteimmmine  discases
(Kehrer, 1993 Bulkley, 1993) Also a big signifi-
cance is pscribed to RO in pathogenesis of chronic
obstructive pulmonary discase (COPD). COPD
encloses two pathological entities. chrome bron-
chitis and emphysemy, oflen occurring, sunultane-
ously. Epidemiologic investigations show that the

occurrence of this pathology is ten times more of-
ten in cigarette smokers (Ludwig & Hoidal, 1982;
MecCusker & Hoidal, 1988). This is related o 24
times greater munber and activity of inflammatory
cclls in the respiratory tract. The cigarctic smoke
provides free oxygen redicals and activates the
lung macrophages, which produce more cndoge-
neons radicals stimulating the lung tissue destruc-
tion. Penipheral blood granulocyles in patients
with the mentioied bronchial pathology appear to
have mcreased active oxygen melabolile fevels.
The purpose of this work is the investigation of
influence of vitamines A, C, E nad NAC (N-
acelyl-cysteinc) on the activity of xanthine oxidase
(XOD), catalase (CT) and supcroxide dismutasc
(50D) enzyme system in neutrophils (PMN) of
patients with COPD. N-acetyl-cysteine is a drug to
which a relevant role in COPD treatment is as-
sigued. 1t is supposed to inhibit the inflammatory
reactions through its influence on phagocytic and
bacterial function of lung macrophages m case ol
destructive effect of cigarctie smoke. It stabilises
the oxidative-antioxidative and prolcase sysiems
in lung tissue and protects the bronchial cpithe-
lium against damaging, factors and free radicals.
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Table 1. Effects of treatment of NAC on C1 activity.

The cells were lysed by three freeze ~ thaw
cycles.
CT activity was measured in the super-

matants by (he method Beoers and  Sizer
(1952) with the wodification of Freedman
el al. (Frecdman, Anderson & Epstein,

1985). The ratc of change per minule in ab-

sorbance al 240 nm was recorded. CT ac-

tivity was calculated using the molar ex-
tinction cocfficient of 43.6 M' cm® for
H-0.. The phosphate buffer, pH 7. was

used.

SOD activity was measured in super-

natants,  Segura-Aguilar  (1993).  The

amount of H-0-> formed by superoxide dis-

mutase was Tollowed by recording the fluo-

rescence of 6.6°-diOH-(1,1’-bipheryl)-3.3"-

| diacetic acid which is a product of the reac-

tion catalyzed by horscradish peroxidase.

The Nuorescence were measured n a fluo-

rescence spectrophotometer {Perkin Elmer

MPF-3L) using an excitation wavelength of

318 mm and an cmission wavelength of 405

LI N

Yalienl's Smoker-s helore after treal-

no. nonsmoker-ns | reatment ment U/10°

U0 cells cells
1A ns 4.4 ~ |

2 A ns 4.1 -

A ns 41 —

I B s 5.9 0 |

2B ns 6.0 35

iB 5 6.9 78

4B 15 4.8 35

5B ns 4.1 -

0B s 4.2 35

7B ns 42 28

8B ns 5.5 2.8

9B ns 5.5 2.0

10 13 ns 35 5.5

11 B sins 6.9 1.8

128 5 9.6 6.9

136 ns 4.8 2.8

14 B 5 4.1 2.8

15 B 5 %3 5.5

i6 B 5 6.9 5.5

XOD activity was assayed spectropho-

A — healthy nonsmokers
B — patients with COPL

MATERIAL AND METHODS

Neutrophilic leucocytes were isolated by the
Boyuni methed, (Boyum, [968), from peripheral
blood of COPD patiems (36 persons) and 8
healthy people (inen and women, 40-734 years
old).

Tissuc culture of neutrophils (2-10°) per ml were
carried out for 24 hours, at a temperature of 25°C.

tometrically by a modification of the
method of Salin and McCord (1974). As-
says were routinely performed at 25°C in 20
mM sodium carbonate buffer, pH 10, con-
taining .1 mM EDTA. Cytochrome c re-
duction was monitored at 418 nm during trans-
formation of xanthine to unc acid by xanthine
oxidase.

RESULTS AND CONCLUSION

CT activity increased from 33% to 133% in neu-
trophils from patients with COPD compared 1o
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Table 2. Chamges of CT activity in lissue culture of PMN (2 x 10° cellshnl) of healthy people (A) and

of patients with COPD (B).

A B
Culture Added drugs UG cells | % activity | UN0% cells | % activity
1 —_ 4.1 100 .3 100
2 vit, A 4.6 112 10.8 130
3 vil. C 43 105 28 107
4 vit £ 4.4 106 83 1007
5 vil. A, vil E 43 105 8.8 107
i vit, T, vit, C 4.2 102 8.8 107
7 vit. 2, wil. A 4.3 105 8.3 100
8 NAC (1.3 (3] 1.7 20
9 hvdralasine 1.1 27 4.5 52
10 NAC, hydralasine (.0 0 0.0 1]
11 vil. &, hyvdralasine (.0 (} 08 10
12 vil. A, NAC 3.4 83 10.1 1322
i3 vit. 15, NAC il 75 0.3 76
14 vit. C, NAC 34 82 (.0 80
15 vil. E, vit. C, NAC 472 102 8.8 107

Concentrations of drug added to tissue culturcovit. A= 50 Ul vit. C— 0.2 mM; vit. E- 0.3 Uhni;

NAC- 12 mM hydralasine — 0.6 m

Table 3. Changes o SOI activity in tissue culture of PMN (2 x 107 cells/ml) of healthy people (A)

and of patients with COPD (B).

A 13
Culiure Added drugs U0 cells | % activity UN0° cells | % activity
10 10?
1 - 9.7 100 9.5 100
2 vit. C* 115 118 10.4 109
3 vit. C 10.5 108 10.5 110
4 vif, C** 10.1 104 10.8 113
5 vit. C, NAC i9 40 4.9 49
6 vit. C, NAC, vit A iy 40 4.7 49
7 vil. A 9.7 100 10.1 106
8 NaC 33 34 4.7 49
9 vit. E, NAC 9.7 oo 9.5 100

Concentrations of drug added to tissue culturesvit, A= 50 Tk vit, C- 0.2 mM, vit. C* — (.02 mM;

vit. C*F — 2 mM; vil. E=0.3 Ulnl; NAC- 12 M

lealthy donors (control group) i vive. ln this
saine time we observed a considerably greater CT
activity of smoking paticnts. After treatment with
NAC, CT activity was decreased (Tab. 1).

When CT activily was examined in vifro in tis-
sue culturc. there was an 80% inhibition or a
complete loss of activity in the presence of NAC.
50%—-80% inactivation of CT was observed after
incubation with hydralasine and no activity with
both NAC and hydralasine. Addition of vitamin A
augmented the CT activity up to 30%, but addi-
tion of vitamins C and E only by 7%. Addition of

vitamins A, C and E in the presence of NAC pro-
tected CT activity (Tab. 2).

Measyrement of XOD activity in the presence of
cytochrome ¢ a sensitive agent for reducing effect
of RO, showed great susceptibility of this enzyme
to the influence of additives. When PMN were
treated with WAC XOD activity increased by about
100%. after incubation with hydralasine by about
300% and under the influence of both compounds
by about 500%. Vitamin A did not change XOD
activity (Fig. 1).
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We have found that the SOD activity was sinu-

lar in nentrophils of paticnts with COPD and of

the control group. Vitamins Cand A did not cffect
the SOD activity. although NAC inhibited this ac-
tivity by 70%. NAC in combination with vitamin
E did not change SOD activity (Tab. 3).

These observations indicaic that antioxidants.
NAC, vilamins A, C and E and hydralasine (RO
stimulating factor) used m the experinenls modi-
ficate cnzymatic achvity.

In earlicr investigations we have lound that
NAC has a significant positive role i the treat-
ment of COPD. NAC improved respirometric val-
wes and also decreased chemiluminescence of
PMMN (Jankowska, Passowicz-Muszynska,
Megdrala, Baunas & Marcinkowska, 1993) Our
studics indicate that CT aclivity increased in
smokers  with  COPD,  Other  investigations
(McCusker & Heidal, 1990) have demesirated a
similar dependence in alveolar macrophages from
cigarctte smokers and smoke-exposcd hamsters.

Abbrevations used in this paper:
CT -catalase, EC. L1116
SOD - superoxide dismuiase, E.C. 11511
XOD - xanthine oxidase, E.C. 1.1.3.22
COPD - chironic obstructive pulinonary disease

PMN — polymorphonuclear levkocytes
(neutrophils)
RO - oxygen-derived frec radicals

NAC - N-acelyl-cysleine
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PEROXIDATION OF PROTEINS BY FREE RADICALS AND ITS
CONSEQUENCES TO LIVING ORGANISMS
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Peroxides helomg (o main modificalion products of proteins snd amino aclds by reactive oxveen specics. In the absence of
other reactanis, peroxides are relatively stable, decaylng in the (ime seale of days 2t voom temperature. Ferrous jons
ands complexes decompose peroxides yielding earbon-centered radicals delectable by splo trapping.

INTRODUCTION

Free radicals are inevitable by-products of biologi-
cal redox reactions. They are potentially damag-
ing and therc arc many pathologics in which they
may be important (Halliwell, Guticridpe & Cross.
1992). From he biological point of view. there is
general agreement that the most significant mo-
lecnlar changes induced by free radicals involve
oxidation (Sics, 1991). The Reactive Oxygen
Species (ROS) involved in many of these proc-
csses have been identified. The principal biologi-
cal acceptor of free electrons is Os, which is first
converled to superoxide free radical (03 ). Other
oxidants are the alkoxyl (RO) and peroxyl
(ROO) free radicals. hydrogen peroxide. high
valence forms of transition metals (Bielski, 1990),
anglet oxygen 'O.. nitne oxide, semiquinone
radicals, and peroxynitrite (Sies, 1993), together
with the most reactive of the ROS, the hydroxyl
(HO") radical. Reactions of the ROS with bio-
molecules gencrally lead to impairment or loss of
biological function.

While (he most thoroughly investigated biolog-
cal interactions of ROS are with lipids. in thas re-
port we arc concerned with the oxidation of pro-
teins. It is well known that the structure and func-
tions of proteins exposed to free radicals are al-
tered. Depending on the free radical involved, the
nature of the prolein and conditions of the mler-
action, protein inolccules can undergo scission
and cross-linking, destruction of amine acids, in-
crease in susceptibility to proteolysis and heat de-
naturation, and loss of biological function (Wolff
& Dean, 1986; Vince & Dean, 1987; Oliver,

1987; Pryor, Dolley & Church, 1984; Richards,
Jessup & Dean, 1988, Dean, Nick & Schucbli,
1989 Stadtman, 1993).

Therc is evidence that such processes can ocour
i vive, because damage typical of oxidation was
found in proteins from cells and tissues exposed (o
ROS. Thus, characteristic alterations were found
m  proleins  from erythrocytes  (Schuurhuis,
Hommes, Bos, Molchar & Kouings, 1984, Solar,
Dulitzky & Shaklar, 1990}, chloroplasts (Kyle,
Ohad & Arntzen, 1984), mitochondria (Dean &
Pollak, 1983), neutrophils (Ashral. Rokuta, John-
ston & Thomas, 1990), plasma (Wayner, Burion,
Ingold, Barclay & Locke. 1987), eye lens proteins
(Guptasarma & Balasubramanian, 1992), rat brain
(Mickel, Oliver & Starke-Reed, 1990), monkey
lung fuid (Lenz, Maier & Krombach, 1990), in
atherogenic low density lipoprotein (Esterbaucr,
Gebicki, Pull & Jurgens, 1992) and in immuno-
globin in diabetes and in rheumatic conditions
(Jones & Lunec, 1987). However, the biological
significance of such observations is difficult to as-
sess. On the one hand, any chemical alterations to
cell components may affect their normal func-
tions. On the other hand, Halliwell {1988) has
supgested that abundant proteins. such as albu-
mins, may be important biological antioxidants
counteracting the effects of ROS. According to
this theory, the proteins protect more vital cell
components by intercepting the ROS, with the
damaged protein molecules quickly replaced.

Our recent studies suggest that some of the
products of protein modification by ROS arc
chemically active (Gebicki & Gebicki, 1993). One
such derivative is the hydroperoxide group at-

* Address: Dr 1. M. Gebicki, School of Biclogical Sciences, Macquarie University, Sydney, NSW 2109, Australia; Tel. 61 2 850

8147, Fax. 61 2 850 8245
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tached o the oxidized proicin, which can inaci-
vate biological antioxidants such as ascorbate or
glutathione (Simpson, Narita, Gicseg, Gebicki,
Gebicki & Dean. 1992). We now cextend these
studics by describing the gencration of frec radi-
cals [rom the decomposition of prolcin peroxide
groups and comment on the potential physiologi-
cal significance of such processes in vivo

MATERIALS AND METHODS

All solutions were made up in water purified by
reverse osmmosis, followed by passage through a 3
stage Millipore filler system with a final 0.2 pm
membrane. Amino acids. protcins and the spin la-
bels were obtained from Sigma (St Louis, MO)
and all the other analylical grade rcagents from
Merck or from Ajax Chemicals (both in Sydney.
NSW). Irradiations were performed in the Uni-
versity's “'Co source at dose rates between 41 and
63 Gy/min. Peroxides were measured by the io-
dometric method (Gebicki & Gebicki. 1993). The
ESR spectra were recorded on a Varian B4 in-
strumicnl,

RESULTS

An important factor in the polential physiological
activity of amino acids and prolein peroxides is
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Fig. 1. Spomtancous decay of profewn and amino acid per-
oxides. BSA (5 mg/ml) or vahne (20 mM) m 20 mb
phosphate buffer pll 74 were irradialed wath y rays 1o
doses of 1890 and 1000 Gy, respectively. Afler tieat-
meot with 325 umits of catalase/ml. concentration of
peroxides was assayed periodically. BSA kept a1 20°C,
o, valine @ 20°C, L BSA a 0°C, 4,

60- . it e =

20

H20 Fe Felcitrate Felbicarb.Fe/phosph.

elEDTA

EBSA ®Lysozyme E3Valine
Fig. 2. The effa of chelated and unchelated Fe™ on the rate of decomposition of protein and smino acid peroxides. Valine (20
mM). BSA and lysozyme (10 mgiml) in 20 mM phosphate buffer pH 7.4 wete wradiated with doses of 1000 Gy under an oxy-
pen amosphere. Afler treatment with catalase, free or chelated Fe** were added to final iron concentration of 300 pM. The
concentrations of the chelates were 600 pM for EDTA and bicarbonate and 6 mM for citrale. The solutions were incubated

for 30 min at 37" and then thew peroxide confent was measured.
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D

Fig. 3. ESR spectra of oxidized proline. Proline (20 mg/mi) in 0.2 M phosphate buffer pH 7.4 was imadiated at 52 Gy/min and
treated with catalase before the addition of Fe™ EDTA in presence of DMPO 1o final concentrations of 40 pM and 150 mM
respectively. The spectra were recorded immediately. A — unirradiated proline; B — proline irradiated with 1040 Gy of y rays;
C - proline irradiated with 6240 Gy; D — proline iradiated to 6240 Gy and then reduced with NaBHa.

A

D

Fig. 4. ESR spectra of irradiated BSA. BSA (20 mg/ml) was irmdiated and then treated as the proline samples in Fig. 3. A — unir-
radiated BSA in presence of Fe* EDTA and DMPO; B - BSA irradiated with 6240 Gy of y rays treated with DMPO in ab-
sence of Fe; C - BSA treated as in B but with Fe*” EDTA present; D - sample C afler reduction with NaBH,.

the stability of the hydreperoxide group. The re-
sults shown m Fig, 1 compare the spontaneous de-
cay rates of BSA (bovine serum albumin) and
valine peroxides. The peroxides were generated by
irradiation of agqueous solutions containing 5
mg/ml of BSA or 20 mM valine, buffered with 20

mM phosphate, pH 7.4. The total y-ray encrgy
doses were 1890 Gy for the protein and 1000 Gy
for the amino acid. The peroxide concentrations
were measured by the tri-iodide assay on solutions
kept for the indicated times. The graphs demon-
strate that, although there was a time-dependent
loss of the peroxide groups from both oxidized
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molecules. their persistence under the conditions
emploved was quite pronounced. Profein perox-
ides decayed [aster than amino acid peroxides. but
even the former had a hall-hife of about 36 hrs al
0°C. Another featurc of this unassisted decay of
BSA peroxides was the stability ol some of the
peroxide groups: even after 8 days. about 30% of
the onginal perosides were still present on the
proteim: While the peroxide decay 1s speeded up nl
clevated temperatures, we found that even al 907
took about 2 hrs fo decomnpose most of the pl.m\»
ide groups on oxidized BSA  Amino acud perox-
ides were even loss extensively decomposcd under
such harsh conditions

The long hifetime of protein peroxides suggesied
that they could be a source of free radicals and
other reactive oxygen speaes when exposed 10
agents able 1o assist their decomposition. Fig 2
summariscs the measurements of the fraction of
amino acid and protein peroxides remaing afier
exposute o free or chelated iron for 30 min at
37° In all cascs the mitinl peroxide concentra-
lions were comparable, at near 200 pM. We paid
carcful atiention to prevention of the oxidation of
the Feo' before contact with the peroxides. The
iron solutions were made up from ferrous amnio-
nium sulphate w water acidified to below pH 2
with sulphunc acid These solutions were klEll‘Jh:
for several days, Solutions ol chelated Fe'! were
prepared by mining the required amounts of the
solutions of the metal and chelate shortly belore
usc.

There were considerable differences in the abil-
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ity of different rcagents to accclerate peroxide de-
composition, with no parlicular cbvious pattern.
The least reactive with all peroxides was the
EDTA chelatc. In the 30 min exposurc. BSA per-
oxides were completely decomposed only by the
citrate complex, while Ihl., valine peroxides were
elfectively removed by Fe'' and by all complexcs
tested. except the EDTA. None of the conditions
employed led to 1he loss of more than 25% of the
lysosyme peroxides present ongimally It secms
likely that these results reflect the operabion of
severil factors which play a 1)'1rt in (he catalysss of
peroside decomposition by F¢' Tllcse are hikely
to include the stability of the F¢™ in solution m a
redox-active form and the accessibibity of (he per-
oxide group to the catalyst. In the casc of the pro-
tems. (therc may also be some site-specilic binding
of the Fe*' or its complexes winch could affect the
peroxide decomposition. Owcrill however, it 18
clear that exposure to Fe™' led in all cascs o ac-
celerated peroxide decomposition

The potenual physiological sigmficance of the
spomizncous or metal-assisted decomposition 15
hkely to depend primarily on the natwre and
amounts of the products of this process. Some of
thesc were siudicd by treatment of perovidized
amuno acids and proteins with the slowly-reacting,
Fe-EDTA complex in the presence of nitroxide
spin traps. followed by the recording of any resul-
tanl ESR spectra. The results shown in Figs 3-5
demonstrate that 1 ihe presence of the spin trap
DMPO  (5.5-dimethyl-1-pyrrofine N-oxide) we
conld detect the Tormation of free radicals. The

Fig 5. Comparison of ESR signals gcmmwj from cumene hydroperoside (top spectrum) or from lysine oxidized by y ircadiation.
Both compounads were treated with Fe'* EDTA in presence of DMPO.
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spectra were recorded at room temperature afier
rapid mixing of solutions containing the radical-
generating amino acid or prolein peroxides to-
gether with DMPO, ard the solution containing
frec or chelated Fe'', The strongest signals were
rcoorded with amino acids peroxidized by wrradia-
tion and treated with Fe-EDTA in presence of
DMPO. A representative example is shown in Fig.
3. Unoxidized proline treated with Fe-EDTA in
presence of the spin trap gave no ESR signal. In-
creasing doscs of radiation produced increasingly
prominent signals. When the proline peroxide
solutions were heated for 3 hr at 90°, most of the
signal disappearcd. Both the peroxidized BSA and
Iysozyme gave risc to similar signals after treat-
menl with Fe-EDTA, but their intensity was much
lower than for the amino acids known to be sus-
ceptible to peroxidation. For BSA, a small signal
was recorded with the native protein in presence
of DMPO and Fe-EDTA (Fig. 4). This was
probably due to the metal-chelating propertics of
this protein. When the BSA was oxidized by 2 hr
exposure o y-radiation, no ESR signal was ob-
served with DMPO unless Fe*" was added. Further
cvidence that the spectra were only produced by
decomposition of existing peroxide groups and the
trapping of the free radicals generated by DMPO
was obtained by reduction of the BSA peroxides
with sodium borohydride (Fig. 4). Only a small
signal was produced in presence of DMPO and
Fe-EDTA, We tested a range of amino acids lor
their abilily to give rise to free radicals afler irra-
diation. Pro, Iys. val, leu and ile gave strong si;q!-
nals on decomposition of their peroxides by Fe™'
in presence of DMPO. Much weaker signals were
recorded with glu and gln. No signals were ob-
served with oxidized cys, ser, gly, tyr, thr, arg,
asp. asn, met, his, phe or ala. The main compo-
nenls of these and all other spectra consisted of
two overlapping triplets of cqual intensitics, with
splitting constants measured as about o"=16 G
and a’ = 24 G. Closely similar ESR specira were
recorded by spin trapping of radicals produced
during iron-induced decoinposition of cumenc hy-
droperoxide (Fig 5) and all the other amino acid
or protcin peroxides (here shown for lysine perox-
ide). These obscrvations are consistent with thc
formation of free radicals by the metal-assisted
decomposition of the amino acid and prolcin per-
oxides. with final trapping of carbon-cenired radi-
cals by the DMPO.

DISCUSSION

Discussion of the potential significance of protein
oxidaton to living organisms in current litcraturc

Silva Gebicki et al.

has mainly concentrated on two aspects of this
process: the major one, suggesting that the prod-
ucts of the oxidation can accumulate and impair
the normal Tunctions of cells (Stadiman, 1990),
and a less extensive speculation on the role pro-
teins may play in protecting cells from damage by
ROS (Halliwell, 1988). The possibility that pro-
teins may themselves be a source of free radicals
has only arisen after the discovery of the genera-
tion of potentially reactive oxidizing and reducing
groups on the molecules affected by ROS
(Simpson et al., 1992; Gebicki & Gebicki, 1993).

In this study, we have confirmed recent obser-
vation of formation of free radicals from proteins
carrying the peroxide groups made by M. I
Davies (privatc comnmmication). In his work,
most of the radicals were identificd by careful
analysis of the ESR spectra obtained by the cap-
turc of reactive species with several spin trapping
agents. They included alkoxyl, superoxide, carbon
dioxyl, and somc wnidemtificd free  radicals,
mainly carbon-centred. The radicals were derived
from protein and amino acid peroxides exposed to
chelated iron. Our results also show that the pre-
requisile for the gencration of these radicals is the
presence of peroxide groups on the prolein or
amino acid. We have previously shown that both
BSA and lysozyme arc susceplible to peroxidation
by exposure to [ree radicals in presence of oxygen,
whilc of the 20 common amino acids only 6 form
peroxides in comparable yields (Gebicki & Ge-
bicki, 1993). The ESR results obtained in this
study are in satislying agreement with the carlier
work. The same amino acids which form perox-
ides gave risc to free radicals on their decomposi-
tion, and therc was a correspondence between the
somewhat lower peroxide and free radical yields
in the case of glulamic acid.

At this point, we have no indication whether the
processes of protein peroxidation and peroxide de-
composition occur i vive. As in the case of most
studics of the biology of [ree radicals. existing
technology only allows the conclusions that ROS
form in living organisims and that their formation
lcads Lo physiological consequences (Halliwell &
Gutteridge. 1989). Reactions whicl may involve
such reaclive species inn vivo arc generally not ca-
pable of direct study. so that mechanistic interpre-
tations must be denived from essentially test-tube
studics of rcactions under biologically plausible
conditions. One of the major difficultics in ac-
counting for the many well-documented biological
cffects of ROS is the very limited radivs of effec-
tiveness imposed by the short lifetime of the most
physiologically important radicals (Sies, 1993). Of
these, only the NO survives long enough to trav-
erse a blood vessel (Beckman, Chen. Ishiropoulos,
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Zu, Conger & Halsey, 1993), while the HO,
which is generally believed to be the main radical
agent of biological change, reacts virtually at its
sitc of formation. Thus, if no carricrs of the
chemical energy of the free radicals existed. the
nature of the biological damage induced by most
radicals wonld be determined by the point at
which they are produced. There arc many indica-
tions that this is not likely.

Our studies suggest thal proteins can trap part of
the energy of the ROS in the form of peroxide
groups (Simpson ef al., 1992). The probability of
the interaction of ree radicals released in a living
organism with proteins is higher than for any
other molecule, on a mass basis, The protein per-
oxides produced in some of these reactions have a
very long lifetime compared to the radicals cans-
ing their formation, al least in vitro (Fig. 1). The
processes cansing the slow spontancous decay of
the peroxide groups are unknown, but are likely to
involve reactions with components typically pres-
cnt in proteins. These may be other amino acids or
specics present as impurities or cofaclors We
know that the rcaction between protem peroaide
groups and Iransition metals is fast, and it is diffi-
cult to ensure complete abence of metals from
molccules such as BSA. The much slower decay of
valine peroxide (Fig 1) supports this suggestion,
The likely lifetinics of protein peroxides i viveo
are unknown. So lar here is only one preliminary
observation of their accelerated removal by rat
liver extracts (Dean, Gebicki, Gieseg, Grant &
Simpson, 1992). Diffusion of peroxidized proteins
to distant sites appears therefore feasible. This
wonld allow them, on the one hand, 1o lower the
antioxidant potential of (issucs by removing inlia-
cellular (glutathione) or extracellular (ascorbaic)
antioxidants, and, on the other hand, lo imtiale
further chemistry though the production of new
radical species. We are carrently engaged is stud-
ics of the changes which these radicals may be ca-
pable of inducing in other biomolecules.
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Erythrocyle suspensions in isotonic saline (2% hensatoerif) were irradiated from « o source under air and under an-
oxie conditions (hat is under the stmosphere of N:O or argon. Erythrocyte damage was estimaied on (he: basis of an
smalysis of dose-response curves carried ot tor the the hemoiysis of ervthrocyles as well as for chianges in the slipe and
size of cells (prehemolytic changes). Erythrocyte vadiosensithvity defined on the basis of Dy dose for hemolysis Is 2.1
{imes higher ouder aie than ander argos, and 1.7 times higher under alr than under N;O. However, radiosensitivity de-
termined on (he basls of preliemolytic cianges is 4.3 tinwes higher under air than under annerobic eonditions. The results
obtained sre disensed from the point of view of contribution of water radicals to the radiation damage o buman éryth-
yocytes and indicate (hat molecnlar oxygen enhances the destruction of evyihrocytes initiated by hydroxy vadicals.

INTRODUCTION

The action of ionizing radiation on living systems
is via ionizing and excitation of atoms and male-
cules within important cellular components. Ra-
diation produces ionizations and excitations at
random. so that in a complex system such as liv-
ing maticr. most abundant molecules are those
most likcly to become ionized. Beause mammalian
cells arc approximately 70% water. most of the
energy will be taken up by water molcenles.
Highly reactive spccics are formed by water ra-
diolysis (€7, "OH, H. H:04). They arc able o re-
act with important cellular molccules and cause
radiobiological damage. This process is known as
indircet action. In contrast. the dircct action of
radiation involves simple interaction between the
ionizing radiation and target molccules. However,
il is probable that most radiobiological damage is
a consequence of indirect action (Coggle. 1983:
Kicler, 1990; Lea, 1946; Michacls & Hunt, 1978).

The aim of the prescnt paper was o study the
effect of primary water radicals and oxygen on the
damage of erythrocytes leading to their hemolysis,
In order to study these cffects the radiolysis of
eryihrocytes was carricd oul under air, nitrous
oxide and argon.

MATERIALS AND METHODS
Materials

Human erythrocytes were obtained from the
blood of healthy donors anticoagulated with ACD

(trisodinm citratc and ghicosc).

Ervtlirocyles were scparated from blood plasma
and lcucocytes by centrifugation at 4°C at 2000 g
for 10 min. They were futher washed three times
with isotonic saline, resnspended in saline to ob-
tain a hematocrit of 2% and irradiated.

Irradiation conditions

Erythrocvic suspensions (2% hematocrit) were
irradiated from a “’Co~y~mdialion source, al room
temperature,  The  dose-rate  estimated  with a
modificd Fricke dosimeter was 4kGy . The sus-
pensions were irradiated under air and under an-
oxic conditions that is under the atmosphere of
N.O or argon. During irradiation the erythrocyte
suspensions were stirred with a magnetic bar.

Flow eytomelry

0.5 ml samples of density of about 107 cells/ml
were analysed using an ARGUS flow cytometer
(Scatron). The results were analysed by an IBM
computer with the basic company program of the
ARGUS cytometer.
The measurcments included:

low angle light scattering (LS-1);

light scattering at an angle of 90° (LS-2).

The percentage of altered cells was read [rom
histograms and also the profiles of histograms
were analysed (Steen, 1983).

Determination of hemolysis

The percentage of hemolysis was determined by
the measurement of hemoglobin released from cell
relative to the total cellular hemoglobin content.
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Hemoglobin was estimated on the basis of absor-
bance at 630 nm afier oxidation of iron with
KsFe(CN)gl.

RESULTS

Radiation-induced hemolysis of erythrocyles

The final radiation damage cffect of erythrocyles
is hemolysis. This appears (o be a classical exam-
ple of “interphase death” which is rather uncom-
mon in actively proliferating cells. Figures | and 2
show the dose-response curves for the hemolysis
of human erythrocytes irradiated under various
conditions. The shape of the curves is similar (o
that found for radiation-induced loss of reproduc-
live capacity in mammalian cells. They have a
“shoulder” at low doses and became exponential
only at higher doses. The shoulders of the curves
arc described by the dose D, — the “quasi thresh-
old” dose. This is an indication of the ability to

accumulate substantial damage before lysis and to
release of hemoglobin. This is often referred (o as
a sublethal damage. At the doscs greater than Dy,
the log of non-hemolysed erythrocytes decreases
linearly, indicative of psendo-first-order Kinetics.
The slope of this region is defined as the rate
constant of hemolysis (k) which is commonly in-
dicated by the dose termed Dg” (Do = k).

Tab. 1 summarizes the parameters of the dose-
response curves for hemolysis of human erythro-
cytes irradiated under the various conditions cmi-
ployed. In all cases there are obvious differences
in the dose Dy, Do and Dy The lowest dosc value
D, was found for preparations irradiated under
air. However under anoxic conditions the dose Dy
increased 3 fold in the case of N2O and 3.6 fold m
the case of argon. The high values of 1y doses
were accompanied by the low values of Dy doses
(high k valuc). So hemolysis takes place most
rapidly in suspensions of crythrocyles irradiated
under argon k = 2.5 kGy'. This process takes
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Table 1. Paramelers of dose-response curves for
hemolysis of erythrocytes wradiated under diflerent
conditions.
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Table 2. Paramelers of dosc-response curves for
size of erythrocytes irradiated under different
conditions.

Irradiation 1) Da Dz Trradiation | D, Dy Dsy;
conditions | [kGy] | [KGy] | [kGy] conditions | [kGy] ||kGy |[kGy]
Aar 2.0 1.7 37 Air 08 0.23 1.03
N0 6.1 0.8 6.9 N-O 3.4 0.9 4.5
Argon 7.3 0.4 7.7 Argon 3.4 0.9 4.5
Control 0.9 kGy 1‘.2 I:cBy
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Fig. 3. Flow cytometric analysis of the control erythrocytes and samples iradiated under air with the following doses (0.9 kGy,

1.2 kGy.

place two times more slowly under N2O (& = 1.25
kGy ). However when erythrocytes are irradiated
under air the hemolysis is the slowest (kK = 0.56
kGy ). The obtained results indicate the high co-
operativity of the hemolysis of erythrocytes irra-
diated under anoxic conditions.

The coefficient of the oxygen effect which is
called “oxygen enhancement ratio” (OER) calcu-
lated on the basis valuc of Dy

D45 in the presence argon

(OER = D37 in the presence O,

)

is equal to 2.1, This indicates that erythrocytes ir-
radidted in the presence of oxygen arc damaged
more heavily than under anoxic conditions.

Radiation-induced size changes af ervilvocyies
Light scattering by human erythrocyles irradi-
ated under air, N2O and argon with the dose lower
than D, (non-hemolysing doses during irradia-
tion) was measured by flow cytometry. Red cell
features that contribute to light scatiering are the
cell size, shape and structure of the cell mem-
brane. The analysis of the histograms indicated a
decrease in cell sizes and a transition 0 a more

spherical shape, Typical histograms obtained on
the basis of light collecled in the forward direction
for control cells (unchgnged) and cells irradiated
under air are presented in Fig. 3. The peak corre-
sponding to the cells whose shapes and sizes were
mnchanged became smaller with increasing doses.
Simultancously there was on increasc of peak
containing cells with changed sizes. If the fraction
of the unchanged cclls was ploticd versus dose in
a half logarithmic scale, typical “survival curves”
werc obtained with a “shoulder” and an exponen-
tial part (Fig. 4).

The parameters characterizing these curves arc
given in Tab. 2. The threshold dose 125 and dosc
Dy had the lowest values for erythrocytes irradi-
ated under air, Under thesc conditions size
changes of erythrocyles appear after a dosc of (.8
kGy. Increase in the fraction of changed cells took
place at a constant raic of 4.3 kGy™ (D = 0.23
kGy) and at the dose of 2 kGy this fraction was
about 100%. it should be pointed out that 2 kGy is
the dose D), after which hemolysis begins. In the
case of irradiation of erythrocytes under NoO and
argon no differences were observed in the course
of the dosc-response curves. The [, dose deter-
mined for erythrocytes rrradiated under anaerobic
conditions was 4.25 times higher than D, deter-
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mined for erythrocytes irradiated under air. How-
cver, the rate constant for the disapperance of un-
changed cells was equal (o 1.1 kGy ' (Do = 0.9
kGy). This means that changes in the size of cells
take place 4 times more slowly under anoxic
conditions than in the presence of oxygen. The
OFR calculated on the basis of dosc Dy indicales
an about 4 fold higher scnsitivity of erythrocytes
io changes in size and shape during irradiation in
the presence of oxygen, in comparison with an-
acrobic conditions. :

It is notcworthy that the above changes in the
sizes of crythrocytes take place in the range of
doses corresponding to the length of the shoulder
of dose-response curves for hemolysis. So they can
be described as sublethal prehemolytic damage 10
erylthrocyles.

DISCUSSION

The current study was concerned with the kinetics
of hemolysis of erythrocytes as well as the kinetics
of prehemolytic changes which were initiated
mainly by water radicals. During the irradiation of
erythrocytes under argon the principal water radi-
cal species initiating erythrocyte damage arc: hy-
droxyl radicals "OH (G = 2.7), hydrated clec-
trons €, (Geg = 2.6) and hydrogen atoms H
(Gu= 0.6) (Buxton, Greenstock, Helman & Ross,
1988). When the radiolysis of erythrocyles lakes
place under N2O the ¢, are scavenged and con-
verted into "OH radicals. Under these conditions
the radiation-chemical yield of "“OH is aboul 5.3.
In view of the low radiation-chemical yield of H
(Gy = 0.6), "OH radicals seem (o play a dominant
role in the damaging of erythrocytes.

On (he basis of marked paramelers we can con-
clude that the radiosensitivity of erythrocytes in an

atmosphere of N,O is close to that of argon. The
parameiers describing the hemolytic curves differ
very little (Fig. 2, Tab. 1). Prehemolytic changes
in the shape and size of erythrocytes show identi-
cal curves. Considering the radiation-chemical
yield of water radicals generaied in the presence of
N0 and argon one can say that €7y, contribule a
great deal to erythrocyte membrane damage. Since
¢, are characterized by a low reactivity with lip-
ids (Wollf, Gamer & Dean, 1986) we can suggest
that they mainly attack profeins (€7, react with
Prcleins with rate constants of ~ 10'® dm*mol s~
).

On the other hand the presence of the redncing
products of radiolysis of water (€, ., H) and oxi-
dizing (OH) in more or less equal proportion
during irradiation under argon can lead to proc-
esses of molecules reconstruction (R + €,
R).

However the results obtained do not indicate
that this was the dominant process. Under an oxic
(air) atmosphere €75, and H react with oxygen (are
scavenged by oxygen: €7, + 0, » 072 H+ 02—
HO,', Go; =3.3). In such a system due 1o the low

03 reactivity, damage will be initiated principally
through "OH radicals (CGoy = 2.7). The studics on
the influence of "OH scavengers on the level of
erythrocyte damage (Bartosz & Leyko, 1981
Miller & Raleigh, 1983) are proof of the dominat-
ing role of "OH radicals in radiation damage to
crytrocyte.

In spite of the two fold lower radiation yield of
‘OH radicals under air in comparison to N;O the
radiosensitivity of erythrocytes under air deter-
mined on the basis of hemolysis

Dy under N::_O
47 under air
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is about 1.7 fold greater that under NO. Radio-
sensitivity of erythrocytes estimated on the basis of
prehiemolytic changes indicates that the shape and
size of cells is a more sensitive parameler (han
hemolysis. And so radiosensitivity of crythrocytes
cstimated on the basis of this parameter is about 4
times greater under oxic than anacrobic condi-
tions.

The results indicate that "OH radicals are far
lcss toxic in the absence of oxygen in other words
molccnlar oxygen enhances the destruction of
erythrocytes initiated by hydroxyl radicals.
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Products of S-conjugation and of oxidation of glutathione (glutathione S-conjugates and glutathione disulfide, respec-
tively) ave sctively exported from cells by protein(s) called ghitathione S-conjugate pump. The identity and mechanism of

actlon of the pump still rentain eluslve.

The tripeptide glutathione (y-glutamyl-cysicinyl-
glycine; GSH) performs three main functions in
the cell: reduction of peroxides (catalysed by glu-
tathione peroxidase and lipid hydroperoxide glu-
tathione peroxidase), inactivation of reactive clec-
trophiles of endo- and exogenous origin (catalysed
by glutathione S-transferases), and maintenance of
a proper oxidation stale of protein -SH groups
(Deneke & Fanburg, 1989 Gilliland, 1993,
Mcister, 1981: 1988; Sies, 1989; Sunde, Dyer,
Moran, Evenson & Sugimoto, 1993). Reduction ol
peroxides and protein disulfide groups generates
glutathione disulfide (GSSG) while reactions of
glutathionc S-transferases yield glutathione 8-
conjugates. Cells have the ability of active export
of GSSG and glutathione S-conjugates; in the casc
of glimtathione comjugates the extrusion of glu-
Latlvone conjugates out of the cytoplasm is often
referred (o as detoxication phase 1T (Ishikawa,
1992).

First observations of GSSG transporl across the
crythrocylc membrane came from the laboratory
of Beutler. They showed that oxidation of GSH in
human erythrocytles (by H20,. methyl phenylazo-
formate or other oxidants) induces GSSG export
from the cells (Srivastava & Beutler, 196%a,b).
GSSG is transported even if its concentration out-
side the cells is higher than inside. GSSG trans-
port is inhibiled by F; its rate is strongly tempera-
ture-dependent and decreases when cellular ATP
concentration is lowercd. The transport is unidi-
rectional; extracellular GSSG does nol enter
erythrocytes. On the basis of these observations,
active export of GSSG from erythrocytes has been
postulated (Beutler, 1983). GSSG export has also
been demonstrated in lens (Srivastava & Beutler.
1968) and liver (Sies & de Graf, 1985).

More exacl information on the GSSG transport
across the erythrocyte membrane could be derived
from studies of membrane vesicles. GSSG is ac-
cumnulated in inside-out membrane vesicles pro-
vided Mg®* and ATP are present in the medium.
Kinetic analysis of the concentration dependence
of GSSG trapsport into inside-oul vesicles of hu-
man (Akerboom, Bartosz & Sics, 1992; Bartosz,
Sies & Akerboom, 1993; Kondo, Dale & Beutler,
1980, 1981) and rat (Heijn. Oude Elfernik & Jan-
sen, 1992) erythrocyies points to the existence of
two componenis of the ATP-dependent GSSG
transport of different K, and V,, values (Fig. 1).
The simplest hypothesis (o account for these
findings imphes the existence in the erythrocyte
membrane of two various GSSG-transporting
proteins (Table 1) of different properties, includ-
ing sensitivity to -SH reagents (the low-affinity
transporter being morce sensitive). Both transport
componenis arc inhibited by fluoride and va-
nadate.

The data presented do not allow to determine
whether the apparently active GSSG transport is a
"primary" active {ransport or a "secondary active
transport” i.e. a passive transport carried oul at the
expense of an clectrochemical gradient of Na' or
some other cation, or of membrane poiential.

If the GSSG transport is a primary active trans-
port, an existence of a GSSG-stimulated ATPase
activity can be expected in the plasma membrane.
Such an activity has been reported for hepaiocyte
(Nicotera, Baldi, Svensson, Larsson, Bellomo &
Orrenius, 1985a; Nicotera, Moore, Bellomo, Mi-
rabelli & Orrenius, 1985b) and crythrocyle
(Kondo, Kawakami, Taniguchi & Beutler, 1987)
plasma mebranes. The demonstration and meas-
urement of this activity is nol easy since GSSG,

* Author’s address: Crzegorz Bariosz, Department of Molecular Biophysics, University of Ladz, Banacha 12116, 90-237 Ladz, Poland,

Fax (42) 35 44 73.



Membrane transport of glutathione conjugates

. 1/V {mg protein | | h)/nmaol

70t

80

]

40

30

20 F

10+

) 0o 200 a0 40 500
GSSG] 1/mM

120 1A (mg protein {1 hjinmol

a 50 100 150 200
1/1DNP-SG] 1/m

Fig. 1. Lineweaver-Burk plots of the uptake of GSSC and
DNP-8G by inside-out vesicles of human erythrocyle
membranes. Besults of a typical experiment.

while stimulating the specific GSSG-ATPasc ac-
tivity, inhibits other membrane ATPasc activitics
(Kondo ef al., 1987).

Kondo et al. (1987), using affinity chromalog-
raphy on S-hexylglutathione-Sepharose column,
isolated from human erythrocyte membrancs (wo
proteins of GSSG-ATPasc activities of different
K,, values for GSSG and various sensitivities o
SH reagents (Table 2), representing apparently the
two active GSSG transporters (Kondo ef af., 1987;
Kondo, Miyamoto, Gasa, Taniguchi & Kawakami,
1989). The high-affinity GSSG-ATPase has an
apparent molecular weight of 150 000 and is
composed of two subunits (82 000 and 62 000).
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This protein was reconstituled in liposomes and
shown to transport one GSSG molecule per no
more than one molecule of ATP hydrolysed. A
similar, if not identical protein was isolated from
human liver (Kondo, Miyamoto, Gasa, Taniguchi
& Kawakami, 1989).

Export  of  24-dinitrophenyl-S-ghitathione
(DNP-SG). the product of conjugation of glu-
tathione with I-chloro-2 4-dinitrobenzene  has
been observed in several cell types including
erythrocytes (Awasthi, Misra, Rassin & Srivas-
{ava, 1983; Board, 1981; Eckert & Eyer, 1986;
LaBelle, Singh, Srivastava & Awasthi, 1986a),
lepatocytes (Akerboom, Narayanaswami, Kunst &
sies, 1991: Kobayashi, Sogame, Hara & Hayashi,
1990; Kunst, Sies & Akerboom, 1983), cardio-
myocyles (Ishikawa, 1989; Ishikawa, Kobayashi,
Sogame & Hayashi, 1989), K562 crythroid cells
(Kondo, Yoshida, Urata, Goto, Gasa & Taniguchi,
1993), neutrophiles (Scott, Matin & Hamilton,
1990) and human colon adenocarcinoma Caco-2
cells, although in the latter case (in contrast to
erythrocytes) the transport was sensitive to dissi-
pation of membranc potential (Oude Elferink,
Bakker & Jansen, 1993) (Table 2).

In erythrocytes the export rate of DNP-SG is
strongly affected by temperature and is diminished
upon metabolic depletion (Awasthi ef al., 1983;
Awasthi, Singh, Wronski, Srivastava & LaBelle,
1989). Accunmulation of DNP-SG in inside-oul
vesicles of human erythrocyte membranes requires
ATP and Mg™" The transport is inhibited by va-
nadate and fluoride but not by ouabain (inhibilor
of (Na'K*~ATPase) or EGTA (inhibitor of Ca™'-
ATPase). These results suggest that the DNP-SG
transport in erythrocytes, like that of GSSG. is a
pritnary active transport (LaBelle ef al., 1986a).
Two kinetic componenis of DNP-SG  transport
across the erythrocyle membranc have been re-
vealed (Akerboom ef al, 1992: Barlosz et al,
1993: Ecker & Eyer, 1986) (Fig. 1. Table 3). The
high-K,,, (low-affinity) component is more sensi-
tive to thiol reagents (N-cthylomaleimide, Ellman

Table 1. Characteristics of two components of GSSG transport across the erythrocyte membrane.

Parameter High-aflinity component Low-allinity component Source
Kn(GSSG) 100 M 7.3 mM Kondo ef al., 1981
26 pM* 4 mM* Heijn ef al., 1992
23 pM SmM Akerboom ef af., 1992
Vo 20 nmolf{ml vesicles = h) 210 muol/fml vesicles » i) |Kondo ef al., 1981
6 nmol {mg protein * h)* 22 nmelf{mg protein = hy*  |Hegn et af., 1992
& nnol{mg protein = h) 66 nmolimg prolein x by [Akerboom ef al., 1992
Ku ATP) .63 mM ’ 1.25 mM Kendo et al., 1981
0.125 mM* 20 phi* Heijn ef al., 1992
0.13 mM Akerboomn ef al., 1992
pH opimum <0.5 72 Kondo et al., 1981

Human or *rat erythrocytes,
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Fig 2. Postulated relationship between the aclive transport-
ers of GSSG and DINP-SG m the erythrocyte membrane,

rcagent) than that that of low K, (high affinity)
for DNP-8SG (Akerboom ef af., 1992).

Awasthi ef ol reported isolation from human
erylhrocyle membrancs (Sharma. Gupla, Singh,
Medh, Ahmad. LaBelle & Awasthi, 1990). liver
(Awasthi, Singhal, Gupta, Ahmad, Zimniak, Ra-
dominska. Lester & Sharma, 1991) and muscles
(Saxena, Singhal, Awasthi, Singh, LaBelle,
Zimniak & Awasthi, 1992) a protein of molecular
weight of 38 000 of a DNP-SG-stimulated ATPase
activity. Recently a profcin of similar funclional
propertics but of melecular weight of about 90 000
was isolated from rat liver and shown o Lransporl
actively DNP-SG  upon  reconstitution  into
liposomes (Pikula. Hayden, Awasthi, Awasthi &
Zimniak. 1Y94a, by. Kondo ef al. (1993) reported
isolation of DNP-SG-ATPase of (subunit?) mo-
lecular werght of 28 000 from homan erythrocyte
membranes  Apparently. the question of identity
of the transporter of DNP-8G conjugales is still
open.

Active transport of GSSG and glutathione S-
comjugates has been demonstrated in plant (barley
mesophyll) cells. However, as opposed t¢ animal
cells, in the plants the transport is not outside the
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cell but into the vacuoles (Martinoia, Grill, Tom-
masini, Kreuz & Amrhein, 1993, Tommasini,
Martinoia, Grill, Dietz & Amrheim, 1993).

Apart from the identification, isolation and mo-
lecular characterization of the transporter(s) for
GSSG  and  glutathione  S-comjugates, scveral
questions concerning the transport of these com-
pounds should be answered, among them the
questions of:

(i) The relation between the transporier(s) of
GSSG and of glutathione S-conjugates, Trans-
port characteristics of GSSG and glutathione S-
conjugates arc similar. Activation energy for
transport is 50-60 kJ/mol in both cases (Bartosz ef
al.. 1993; Eckert & Eyer, 1986). One could expect
that GSSG inhibits competitively the transport of
glutathione S-conjugates and vice versa. Dala
concerning the erythrocyle membrane are contro-
versial. Kondo, Mura and Taniguchi (1982) found
compelitive inhibition of low-affinity GSSG
transport by DNP-SG and no effect of this com-
pound on the high-affinity GSSG transporl. La-
Belle, Singh, Srivastava & Awasthi (1986b) did
not observe any inhibition of (low affinity) DNP-
SG elMux by GSSG. We (Akerboom of al., 1992)
and others (Heijn ef o/.. 1992) found a competitive
inhibition of high-affinity DNP-SG transport by
GSSG and vice versa, and no interaction between
the low-aflinity transport od GS8G and DNP-DG
One can therefore postulate the presence in the
erythroeyic membrane of one high-affinity active
transporter of GSSG and DNP-SG, and of two
separate low-aflinity transporters for GSSG and
DNP-SG (Fig. 2).

(ii) The question of tissue specificity of the
transporters. Differences in the values of kinetic
parameters of the transport in various lissucs
(Table 2) may indicate a lack of identify of the
transporters in these tissues. Even more convine-
ing might be the lack of impairment of GSSG and

Table 2. Characteristics of GSSG- or DNP-SG-stimulated A TPases from human erythrocyte membranes.

Parameter High-aflimty Low-alTiity DNP-SG- AlPase Source
GSSG-ATlase GSSG-ATPase
K (GSSG) 150 uM 2.0 mM no activity Kondo et al., 1987
K (DNP-8G) ? ? 49 nM Sharma ef al., 1990
110 uM Awasthi e e, 1991
K (ATF) 80 uM 140 pvt Kondo et al , 1987
p-Chloromercunbenzoate, 100 ph
% activity 113 | 66 | | Kondo et al., 1987
n-Ethylmalcimide, 1 mbd,
Yo aclivity | 97 | 57 | | Kondo et al., 1987
lodacetamide, | mM,
% activity 88 | 60 | | Kondo et al., 1987
Apparent molecular weight
§2 000 62 000 Kondo ef af., 1989
| ' 38 000 Sharma ef af., 1990
28 (00 Kondo et al., 1993
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Table 3. Characteristics of the twe components of DNP-SG transport across (he erythrocyle membrane.

Parameter i ligh-aflinity compenent Low-aflinity component Source
K (DINP-8G) (129 mM Labelle et al., 1986
0,94 mM Kondo ef al., 1982
2.7 pM 0.90 mM Bartosz et al , 1993
1.4 p 0.70 mM Lckert & Eyer, 1986
Km(ATP) 1.0 mM LaBelle et af., 1986
0.76 mM Kondo ef al ., 1982
32 pM 83 phd Akerboom et ad., 1992
Vin 13 mmoliimg protem=h) | LaBelle ef al., 1980
183 nmoli(nl vesicles#h) | Kondo eral., 1982
6.7 nmol (mg protem=h) 94 nmoli(mg protein>h) Bartosz et al., 1993
54 nimolAml cells=h) 270 umoliml cellsxh) Tekert & Fyer, 1986
pH optimwn 7.0 8.0 Batosz ef af., 1993
N-Ethyhnalemide, 1 mM, % activity
95 | 25 | Akerboom et el 1992

DNP-SG export in erylhrocytes of patienls with
the Dubin-Johnson syndrome and of TR rats
(Board, Nishida, Gatinaitan. Che & Arias. 1992).
The Dubin-Johnson syndrome in hnmans and the
TR mutation in rats are characterized by defective
transport of DNP-SG and GSSG in the canalicular
regions of the hepatocyte plasma  membrancs
(Kitamura, Jansen, Hardenbrook, Kamimoto,
Gatmaitan & Arias, 1990: Nishida, Hardenbrook.
Gatmaitan & Arias.  1992). However. ofher
authors reported a fwo-fold deerease in the maxi-
mal velocity of GSSG transport in erythrocytes of
TR rats (Hetjn ef af.. 1992)

(iii} The relationship between  the  high-
affinity and low-affinity transport systems in
crvihrocytes. The high-affinity and (he low-
allinity transpor systems for GSS5G (Kondo et af..
19&(y, 1981) and, apparently, for glutathione S-
conjugates, correspond lo different proteins. While
the high-allinaty systems can deal effectively with
the low concenirations of GSSG and glutathionc
S-conjugates, respectively. which can be formed in
cells. the fnction of the low-allinity systems is
less clear. Porhaps they constilule an emergency
system operaling under conditions of severe oxi-
dative or chemical siress,

(iv) Specificity of the transport systemq(s) for
glutathione S-comjugates. Aparl from conjugates
of hydrophobic arganic molecules, also  glu-
fathione/cisplatin complex is transporied by the
gintathione S-conjugaie pump. this transport is
inhibited by DNP-SG (Ishikawa & Ali-Osman,
1993).

The transport of DNP-8G in erythrocyles is in-
hibited competitively not only-by other glutathione
S-conjugales bul also by structurally not related
hydrophobic anions like organic sulphates. glucu-
ronides and bilirubin ditaurate, the low-affinity
transport sysiem being inhibited by a broader class
of compounds (Bartosz ef al., 1993). The DNP-SG
ATPase is also stimulated by bilirubin ditaurate,

estradiol glucuronides and bile acid sulphates and
glucuronides (Singhal, Sharma, Gupta, Ahmad.
Zimniak, Radominka. Lester & Awasthi, 1991:
Zinmiak & Awasthi. 1993). On the other hand,
canalicular vesicles of hepatocyles actively trans-
port glucuronides and this transport is inhibited by
DNP-SG (Kobayashi, Komatsu, Nishi, Hara &
Hayashi, 1991). Perhaps the transport system for
glutathione S-conjugates (the “glutathione S~
conjugate eaport pump") (Ishikawa, 1992) is a
"hydrophebic anion export pump" of low specific-
ity? The specificity of this system may cven be not
confiped {o anions since a recent report claims
that in the erythrocyte (lacking the nmltidrog
transporier) this system can also transport such
substrates of the mulidrug transporter as doxoru-
bicin, dannomycin and vinblastine, and that 1so-
lated DNP-SG-ATPasc is stimulated also by
doxorubicin (Awasthi, Singhal, Gupla. Ahmad,
Zinniak, Radominska, Lester & Shrama, 1994).

(v) The wmcehanism of action of the
"slutathione S-conjugate export pump™. It is
not clear how such a low specificily transport sys-
tem can recognize and recruit ifs substrates: in
this respect it might be similar to the multidrug
transporter but the precise mechanism of action is
yet only a matter of speculation in both cases.

(vi) Physiologic role of the "glutathione 5-
conjugate export pump”.

Apart from the obvious role in detoxication, the
pump may also function in the physiologic export
af metabolites. One such conjugaie is leukotriene
C.. formed a result of glulathionc conjugation
with lcukotrienc A catalysed by microsomal leu-
kotrienc Cysynthetase. Leukotriene Cj is a precur-
sor of leukotricnes D and E formed by the action
of 1-glutamyltransferase and dipeplidase. respec-
tively, in the extracellular space. Export of leuko-
trienc C4 by the "gintathione S-conjugate export
pump" is thercfore an important factor in the
mechanism of action of cysteine levkotricnes.
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Other compounds suspected to be transported by
this system include some hepoxilins and prosta-
glandins (Ishikawa, 1992).

Apparcutly, the role of the transport system
called tentatively the "glutathione S-conjugate ex-
port pump" is broader and more important, even
in the absence of exogenous challenge, than
thought originally.
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4-Hydroxynonenal (TINE) and other hydroxyalkenals are widely considered as cytoloxic and genoloxic derivatives of
polyunsaturated fatty acids produced by free radical reactions. Bul this class of lipld peroxidation products s several
other remarkable biviogical properties, e.g. they belong to a gronp of lipid medlators of inflanumatlon. I was shown that
IINE scts as a chemoattractant fowards ral neurophils amd as a chemokinetic agent towards lman nentrophils, both in
vitro. Using in vivo model — the Sephadex model of acute traumatic inflanniatlon — it was proven that INE is chemo-
tactic also in vivo. HNE is produced by nentrophils themseives during piagocythosis and its concentration in fhe inflam-
matory site correlates with the intenslty of tie inflammatory response in terms of ingress rate of nentrophils and inten-
slty of the oxygen burst. Linner and coworkers produced specific antibodies wiich recognize protein adiucts of IINE. By
means of these antibodies they were albe to localize IINE sdducts in lnmsan nentrophils by elekiron microscopy. We sug-
gest that FINE is part of an auiocatalytic cycle whereby neutrophils wiich immiigrate info an inflammatory produce IINE
which stimuiates the ingress of new nentrophils. A possible molecular basis for the chemotactic activity of HNE whill be

discnssed,

Dedicated to Professor Hermann Esterbatier on
the occassion of his 60th birthday.

SCOPE

It is the aim of this contribution to present ex-
perimental evidence from our laboratories and
others which support the idea of an autocatalylic
cycle operating in acute inflammation. which in-
volves reactive oxygen species (ROS), lipid-
derived reactive aldehydes and neutrophilic poly-
morphonuclear granulocytes. This cycle results in
an augmentation of the inflammatory process.

HNE AS SECOND MESSENGER OF ROS
ACTIVITY

Neutrophils exhibit a so called oxidative burst, ie.
they produce superoxide when stimulated by a va-
riety of soluble and particulate stimuli, including
phorbol myristate acetate (PMA) and heat-killed
opsonized bacteria like Staphylococcus aureus.
Superoxide anion and other ROS generated by ac-
tivated neutrophils can react with a number of tis-
sue targets. including polyunsaturated faity acids

* 1o whoin correspandence should be addressed

(PUFAs) of ncighboring cell membranes. It has
been established by Shohet ef a/. (Shohet, Pill &
Bahner, 1974) and Stossel ef al. (Stossel, Mason,
& Smith, 1974), that lipid peroxidation does occur
in neutrophils. Lipid peroxidation - resulling
from free radical chain reactions initiated by ROS-
altack — produces initially peroxidized frec fatty
acids and phospholipids which subscquently break
down into short chain cleavage products such as
alkenals and hydroxyalkenals. One such product
is 4-hydroxynonenal (HNE) which is derived from
omega-6-polyunsaturated faity acids, such as lino-
leic, linolenic and arachidonic acid, It shows sev-
eral remarkable biological propertics (for reviews
see Zollner, Schaur & Esterbaver, 1991; Schaur,
Zollner & Esterbaucr,1991). We have shown re-
cently that HNE is produced in the micromolar
range from liposomes by a pathway which de-
pends on myeloperoxidase isolated from neutro-
phils (Stelmaszynska, Kukovetz, Egger & Schaur,
1992).

The data reported here arc primarily related to
the role of HNE and other hydroxyalkenals as
chemoattractants for neutrophils (An carlier re-
view by Curzio appeared in 1988).
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{cireles) and nonanal (irangles) on the oriented migra-
tion of ral neutrophils (from Rosse ef of, 1991). The
neutrophils, placed in ihe upper compartment of a per-
spex modified Boyden chamber, were incubated for 75
min af 37°C. The results are expressed in um. A repre-
sentative experiment performed in quadruplicate is
shown. Values significantly different from control val-
wes ¥ o 0.000,

IN VITRO STUDIES

Occrence of HNE in newtrophils and formation
during phagocylosis

When rat ncutrophils were isolated from an in-
flammatory focus and stimulated with Zymosan,
they were able to produce HNE in vitro depending
on the time of isolation (Fig. 1). The highest pro-
duction of HNE (0.17 pM) by phagocyting necu-
trophils was observed at the shortest inflammation
time studied (3 hrs).

In order to localize HNE bound 1o protein
within human neutrophils Linner er al. (Linner,
Buescher, Siemsen. Dratz, Quinn & Jesaitis,
1992) performed immunocytochemical studies by
electron microscopy. They produced specific anti-
bodics. that recognize HNE adducts of bovine se-
rum albumin (BSA). but not npative underivatized
BSA. In resting cells the anti-HNE antibodies
were localized to the membrane and cytoplasm
with preponderance in the surface and organelle
membranes, During active phagocylosis of ap-
sonized S awrews, neulrophils demonstrale a
translocation of the membrane components of the
supcroxide generating system 1o the membrane of
the phagosome. Clearly visible were grains denot-
ing the presence of HNE adducts juxtaposed to the
bacierial cell surface.

Chemaotoxis in vitro
HNE and other hydroxyalkenals have been
shown (o stimulate oriented migration of neutro-
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Fig 3. Chemokinetic activity of TINE (lilled circles). 2-
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nen was assayed by Boyden chambers, The adenx in-
dicate the sigmbicance with respeut te the controf (filled

002 %p 005,
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phils of rats (Curzio. Esterbaucr & Di Mauro,
1986b; Rossi, Curzio, D1 Mauro, Fidale, Garra-
mone, Esterbauer. Torrielli & Dianzam, 1991).
HNE in concentrations between 0.1 and 10 mi-
cromolar induced a significant stinulation of ccll
oricnted migration while the saturated aldehvde
nonanal was inelfective. Maximal stimulation by
HNE (about 40 % above control values) was ob-
tained by I micromolar HNE (Fig. 2). Concentra-
tions above 0.1 millimolar had an mhibitory cllect
and | millimolar HNE compleiely inhibited cell
molilily.

The effect was only observed in the presence of
BSA. Since the aldchydes easily react with the
thiol group of BSA, the chemotactic agent could
cither be the free aldehyde or the BSA-HNE ad-
duct.

Chemokinesis in vitro

In contrast to rat neuirophils HNE in micromo-
lar concentration stimulates random migration of
human neutrophils (Fig. 3) (Curzio, Esterbauer,
Di Mauro & Dianzani. 1990: Curzio. Ferrelii,

On the role of hydroxyalkenals in inflammation
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Il 4 Satwration curve ol {lII)-I[I‘-\‘ai: binding 10 honan
neutrophils (from Curzio er al. 1994) (Upper): Neutro-
phils (0.6 x 10%) were preinenbated with 1 6 mM N-ethyl-
maleinde at 4 C for 15 min, washed twice and incubated
al 47C for 30 min with increasing concentrations of ¢*11)-
TIRME i the presence (squares) or absence (circles) off 3.2
i unlahelled HNE. Speafic binding (triangles) was
determined by the difference between the two curves,
(Lower) Seatchard plot of (M-TINE specific binding,
Bhown is a representative expenment performed in dupli-
cate,

Stephens, Esterbaver & Dianzani, 1994). Investi-
gations of this chemokinetic mechanism indicale
that {'H)-HNE binding to neutrophils resulis both
in non-specific bonds to the thiol groups of neu-
trophils and in binding 1o a saturable, reversible
and specific unsaturated-aldehyde-site (Curzio ef
al. 1994). Scalchard analysis revealed that there
is a single binding site with an apparent affinity
constant of 319 oM and a density of 1.57 pmoles
per million cells (Fig. 4).

The relative potencies of HNE, 2-nonenal, and
nonanal as chemokinetic agents were compared
with their relative abilitics to compete with (31-[)—
HNE for specific binding. The order of potencies
in compeling for (*H)-HNE binding parallels their
order of potency as chemekinetic agents: 2-
nonenal > HNE >> nonanal. Thercfore the hy-
droxy-group does nol seem to be decisive for ac-
tivity. The kind of inicraction between ymsaturaied
aldehydes and specific binding sites is as yet un-
known.
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IN VO STUDIES

Cecuprerice In Vivo

HNE was [first detected in pleural exudates of
rats (Curzio, Poli. Esterbauer, Biasi, Di Mauro &
Dianzani. 1986a) indicating its accurrence during
mflammation in vive. Subsequently the question
was stndied, whether HNE is formed during the

ingress of neutrophils in the Sephadex model of
mfllammation (Schaur et al., 1994).

The polydextrane Sephadex G-200.  which
causes an acute aseplic traumatic inflamnution,
was injected subcutancously mio rats. The im-
plants were excised 6 — 36 hours later, and the
neutrophils separaled from the exudate by cen-
Irifugation. Aller extraction with dichloromethane
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mialic achivily was determined ;owitre on plasma
membranes isolated from ral netrophils Incubations
were for 2 min at 37°C. The resulis are the means +
5.1 ofthree diflerent cxperiments performed m dupli-
cate and are expressed as pmoles Pal-P; hydrolyzed per
min snd mg protein In comparizon with the hasal ac-
tivity: ¥*p 0015 * p 005,

HNE was identified in the exudaic by non-
derivative reversed phase HPLC in combination
with on-line uv-spectroscopy. s concentration
was found to be sulliciently high to show a chemo-
tactic cfleel i vitro The concentration of HNE in
the inflammatory focus did not correlaie - as one
would expeet - with the munber of neutrophils
present (Fig 5). While the peak of HNE coincided

On the role of hydroxyalkenals in inflammation

with the time point of the highest (urnover rate of
neatrophils (0.13 pM at 6 hrs after implantation),
the highest number of neutrophils (about 100 mil-
lion cells) occurred not earlier than 18 hrs later
(24 hrs after onsct of inflammation).

An explanation for the relatively carly maxi-
mum of the HNE concentration al the sile of in-
flammation (6 hrs) compared with the peak of
neatrophils (24 Tws) can be obtained by taking into
account the time dependance of the turnover rate
of neutrophils. At about 6 hrs afier onsct of in-
Mammation both the rates for ingress (52 million
cells per hour) and decay of neutrophils show a
peak resulting in a minimum of half life (about 20
min) (Egger, 1988). This suggesis that HNE is
produced by the process of auwtoxidative sclfde-
struction of neutrophils.

Chemotaxis in vivo

When applied cxogenously HNE was able lo
augment the number of neutrophils in the in-
flammatory focus. The concentration necessary for
this jn vive clfecl was considerable higher than
the effective concentration for chemotaxis i vifro.
Synthetic HNE was added in a concentration of 1
and [0 pM respectively to the Sephadex gel prior
1o injection. While 1 pM HNE did not change the
number of neutrophils found afier an inflamma-
tion time of 6 hrs in the gel, the number of neu-
trophils was 3-fold higher than in the untreated
control animals, when 10 pM HNE was applied
(23.2 + 10.5)-10° eclls versus (7.5 + 1.8)-10° cells;
n=3)

The concentration for half maximal stimulation
of oriented migration iz vitro was found (o be 0,14
UM (Curzio ef al., 1986b). The difference may be
due to the fact that most likely the greater parl of
HNE is retained within the Sephadex particles,
while the nentrophils accumulate in the outer shell
of the gel. Moreover af the boundary of the gel to
the surrounding tissue HNE will diffuse away so

Fig. 8 Model for the
regulation of levkoceyle

responses o chemoat-
tractants (adopted frem
Uhing et al, 1988)

Metaholic  pathways
are represented by (—
—) and regulalory
steps by (- - - =), re-
spectively. Areas that
have not been defi-
nitely established in-
clude a question mark
(")
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that more HNE is need to build up a gradient
comparable (o stable in vitro conditions,

The production of HNE seems to be tightly con-
nccted (o the oxidative burst of neatrophils. It was
found that the fonmation of HNE correlated
strongly with the production raic of superoxide
anion at the site of inflammation (Schaur,
Dussing, Kink, Schaucnstein, Posch, Kukovetz &
Egger, 1994).

The lormation of superoxide was also measured
by the cylochrome ¢ reduction assay in vitro (Fig.
6). The maximum of the production rate of super-
oxide anion was observed at the same inflamma-
tion time (6 hrs), when the HNE maximum oc-
curred. Cells which ingressed earliest (at 3 hrs)
showed the highest production rate of superoxide
per cell (307- 10" moles per cell and 30 min).

Molecular model of action

Taken together our resulis support the idea that
HNE is parl of an aufocatalytic cycle of inflam-
mation whereby phagocytic neutrophils immigrate
into an inflanunatory focus and produce HNE as a
consequence of the oxidative burst and HNE in
turn may stimulate the ingress of further neutro-
phils.

Evidence indicates a central role of phosphoi-
nositide metabolism, calchun mobilization, and
protein kinase C activation in mediating HNE-
stimulated function.

It has been shown by Rossi ef al. (1991) that
HNE activales phospholipase C (PL-C) of neutro-
phils to produce [.4.5-IP; and diacylglycerol
(DAG), whereas nonanal is incfTective (Fig, 7).

A synergism between HNE and GTP supgesis
that acceleration of phosphatidyl-inositol-4.5-
biphosphate breakdown induced by HNE is medi-
ated by a regulalory G protein, most likely the
periussis/cholera-toxin-sensitive GTP-binding
protein termed G, (Fig. 8). In addition to calcium
release from intraccllular stores, sustained PIP,
hydrolysis leads to cnhanced membrane calcium
permcability and a sccondary formation of dia-
cylglyeerol from a precursor other than the phos-
phoinositides. These latler phenomena are well
correlated svith activation of the respiratory burst
(Uhing, Dillen, Polakis, Truett & Snyderman,
1988).

Chemoattractant-induced cellular activation can
be attenuated by several mechanisms (Uhing of
al.. 1988):

Agonists can be hydrolyzed externally or inter-
nally and degraded within leukacytes.

The receptor can also be down regulated by in-
ternalization and an additional agonist-specific
mechanism.
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Translocation and activation of protein kinase C
disrupts the coupling of G. and PL-C.

Elevated cAMP levels, induced by either the
calcium-dependent  mechanism  involved  in
chemoattractant-clicited responses or by hormones
that act through adenylate cyclase, also attenuale
the chemoaitractant-induced activation of neutro-
phils.

For HNE degradation is a very probable
mechanism in addition to binding to thiol groups
of proteins. The metabolic pathways of HNE in
neutrophils have not yel been studied, but it is
known from other cell types that it can be oxidized
to its carboxylic sacid, reduced to its di-hydroxy-
derivative  and  conjugated 1o glutathione
(Esterbauer, Zollner & Schaur, 1990)

It should be stressed, that very likely there are
additional molecular mechanisms for the role of
HNE in the inflammatory process. Since HNE is
known to stimulate adelylate cyclase in other lis-
sues (Paradisi ¢f al.. 1985) this may also be the
casc in neutrophils.

Morcover, other events in neutrophil activation
may be modulated by HNE. It has been shown that
HNE promotes the adhesion of leukocyices to endo-
thelial cells (Zimmerman ef af., 1993).

And last, but certainly not least. other inflam-
matory cells like endothelial cells may also play a
role. Recently Natarajan et af. (1993) reported on
the five-fold stimulation of phospholipase D (PL-
D) activity in vascular endothelial cells by HNE
PL-D is involved in an allernative pathway for the
generation of DAG. [t catalyzes the hydrolysis of
membrane phospholipids to phosphatidic  acid
(PA) with the subscquent hydrolysis of PA by a
phosphatase to produce DAG. The exact mecha-
nism by which HNE and other hydroxyalkenals
activale PL-D is not clear and the potential
physiological relevance of PA/DAG gencration as
a conscquence of HNE-induced PL-D activation 1s
as yet unknown. The author speculate that the PL-
D mediated generation of PA and subsequent con-
version to DAG may represent an important signal
transduction pathway i endothelial cells in re-
sponsc Lo agonists and other bioactive substances
including oxidants and membrane lipid peroxi-
dized byproducts.,

Se it may turn oul that we are just at the onset of
clarifying the complex role hydroxyalkenals in
inflammation.
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