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Analysis of Cardiac Membrane Phospholipid Peroxidation Kinetics 
as Malondialdehyde. Nonspecificity of Thiobarbituric Acid-reactivity' 
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When exposed to xanthine oxidase {superoxide~lepen- 
dent, iron-promoted Fenton chemistry, purified cardiac 
membranes evidenced, by the thiobarbituric acid (TBA} 
test, a virtually instantaneous peroxidative response with 
a maximal linear rate of 5.8 nmol malondialdehyde 
(MDANequivalents/mEquivalents Hpid ester reacted/min. 
Yet when the lipids purified from these same membranes 
and reconstituted into liposomes were peroxidized under 
identical reaction conditions, the TBA test indicated that 
a pronounced (~20-mln) lag period preceded a maximal 
peroxidation rate of only 2.1 nmol MDA~quivalents! 
mEquivalents lipid ester reacted]min. After 120 min of 
peroxidation, the cardiac membranes yielded some 
300 nmoi TBA-rcactive MDA-equivalents/mEquivalent 
ester, whereas the isolated membrane ilpids evidenced 
~40% less TBA-reactivity. To verify that these quan- 
titative and kinetic differences in membrane (phospho)- 
lipid peroxidation occurred with removal of the lipids 
from their membrane milieu, the MDA produced during 
both cardiac membrane peroxidation and the peroxida- 
tion of the lipids derived therefrom was isolated as its 
free anion by ion-pair high-pressure liquid chromatog- 
raphy. As quantified spectrophotometrically, true MDA 
production during myocardial membrane peroxidation 
was identical in kinetics and in amount to the production 
of TBA-reactive substance from the peroxidized isolated 
membrane lipids. These results demonstrate that signifi- 
cant non-MDA, TBA-reactive species are generated dur- 
ing the peroxidation of cardiac membranes, especially 
before the maximal rates of bona fide MDA production. 
As a direct consequence, artifactual levels and kinetics 
of membrane lipid peroxidation do result. 
Lipids 23, 452-458 {1988}. 

Free radical-mediated membrane lipid peroxidation 
through Fenton-type, metal-promoted oxygen chemistry 
is increasingly being appreciated as a causative patho- 
genic factor, especially in myocardial injury (2}. Conse- 
quently, importance rests with the reliable detection and 
quantitative assessment of the extent and dynamics of 
membrane lipid peroxidation. The most extensively 
employed method for the detection and analysis of perox- 
idation is the thiobarbituric acid {TBA) test, predicated 
upon the reactivity of a colorless aldehyde end-product 
of lipid peroxidation, malondialdehyde (MDA), with TBA 
to produce a red adduct {3). The convenience, ease and 
and rapidity of the TBA test have tended, in practice, to 
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mitigate against such considerations as the non- 
specificity of TBAs chemical reactivity {4), the low effi- 
ciency of fatty-acid hydroperoxide breakdown to MDA 
{5), and the effects that procedural modifications have 
upon color development {6}. The TBA test  has been 
employed repeatedly in a variety of cardiac oxidative in- 
jury models to measure myocardial membrane lipid perox- 
idation {e.g., 7,8}. 

This report details quantitative and kinetic investiga- 
tions of the relationship between TBA-reactivity and 
bona fide MDA production during the peroxidation of 
cardiac membranes and their lipids. A defined, physio- 
logically relevant oxidative injury system based upon 
xanthine oxidase {XOD)-mediated, superoxide {O~=)- 
dependent, iron-promoted Fenton chemistry {2) is em- 
ployed. The results demonstrate that only when isolated 
cardiac membrane lipids are peroxidized does TBA- 
reactivity reflect MDA production and, hence, lipid perox- 
idation. The fact that no qualitative or quantitative 
reliability could be demonstrated to support the use of 
the TBA test as an analytical tool with which to monitor 
the peroxidation of the cardiac membranes themselves 
would urge that caution be exercised when applying the 
TBA test to membrane/membraneous organelle systems. 

EXPERIMENTAL PROCEDURES 

Materials. Allopurinol, N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonlc acid {HEPES}, dithiothreitol, tris{hydroxy- 
methyl)aminomethane {Tris}, hydroxylamine hydrochlo- 
ride, ADP, TBA, and tetramethoxypropane were from 
Sigma Chemical Co. {St. Louis, MO}. XOD {analytical 
preparation from bovine milk; 1.0 unit/mg) and superox- 
ide dismutase {SOD; analytical preparation from bovine 
erythrocytes; 5000 units/mg) were purchased from 
Boehringer-Mannheim {Indianapolis, IN). Desferriox- 
amine B {Desferal} was a gift from Ciba A.G. {Basle, 
Switzerland}. a-Tocopherol was synthesized by Hoffrnarm- 
La Roche. All solvents were of analytical grade {Burdick 
and Jackson, Muskegon, MI). 

Isolation of rat myocardial membranes. The procedure 
was carried out in a dehumidified cold-room (3 C}. Con- 
scious male Sprague-Dawley rats {~275 g; Charles River, 
Boston, MA) maintained on a normal rodent diet were 
decapitated. Each heart was rapidly excised and perfused 
via the aorta with 20.0 ml ice-cold 10 mM HEPES buf- 
fer, pit  7.4. The trimmed ventricular muscle masses were 
pooled, minced, and homogenized (100 mg tissue/ml ice- 
cold HEPES) for 3 • 5 sec with a Tissumizer {Tekmar, 
Cincinnati, OH) at maximal setting. The homogenate was 
filtered through four-ply cheesecloth, and the myocardial 
membranes were isolated from the filtrate by utilizing 
KCI extraction to remove contractile protein and differen- 
tial centrifugation in 10.0 mM Tris-HC1, pH 7.4, contain- 
ing 2.0 mM dithiothreitol {9}. The membranes were used 
immediately after having been washed twice with 25.0 ml 
10 mM HEPES-0.145 M KC1, pH 7.4. 
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Lipid extraction and quantification. Lipids were ex- 
tracted and purified from the myocardial membranes by 
a modified Bligh-Dyer (10) procedure (11). The final 
chloroform phase containing the purified lipid represented 
quantitative recovery of myocardial membrane lipid: 
>98% of the radioactivity associated with the organic 
fraction obtained by direct saponification (12) of mem- 
brane metabolically labeled in vivo from ['4C]acetate, 
sodium salt, (54.0 mCi]mmol, sp. act. [New England 
Nuclear, Boston, MA]) was recovered in the saponified 
fraction from the lipid extracted out of an identical 
amount of membrane. The myocardial membrane total 
lipid extract was resolved into its constituent phospho- 
lipid and neutral lipid fractions by Sep-Pak silica column 
chromatography (Waters, Milford, MA) (13). All lipids 
were stored in chloroform under argon at - 2 0  C (14). 

Lipid phosphate was determined microchemically on 
perchloric acid digests (15). The hydroxamate reaction 
was used to measure lipid ester (16); L-a-phosphatidyl- 
choline dipalmitate (Avanti Polar Lipids, Birmingham, 
AL) was used as standard. 

Preparation of cardiac liposomes. A known amount of 
myocardial membrane lipid in chloroform was placed into 
a rotating glass flask and taken to dryness under nitrogen 
at room temperature. The lipid was taken up in 10 mM 
HEPES-0.145 M KC1, pH 7.4, and was resuspended by 
indirect anaerobic sonication for 15 rain at room tempera- 
ture. The liposomes were used immediately. 

Peroxidation reaction system. Cardiac liposomes or 
membranes (at equal lipid concentrations) were subjected 
to Or iron-promoted peroxidation in glass 
tubes. Ninety minutes before the start of the reaction, 
a chelate was formed in 10.0 mM HEPES-0.145 M KC1 
buffer, pH 7.4, between Fe s§ (1.0 mM FeCI3, final conc.) 
and ADP (10.0 mM, final conc.) with continuous stirring 
at room temperature. The peroxidation reaction, in a final 
volume of 1.0 ml, contained the following components 
at their specified final concentrations: 10 mM HEPES- 
0.145 M KC1, pH 7.4; 1.0 mM hypoxanthine; 0.1 mM 
Fe3§ mM ADP chelate; 125 ~g lipid (as membrane or 
liposomal suspension); and 10 mUnits XOD. The reaction 
was started by adding the XOD, mixing, and incubating 
at 37 C in a shsklng water bath. Membranefliposome 
samples also were incubated in parallel to the same final 
lipid concentration but without free radical generator {i.e., 
without hypoxanthine, Fe-ADP, and XOD). The perox- 
idation incubation was ended on ice by lipid extraction, 
acidification, or SOD addition, depending upon the subse- 
quent analysis (below). Solutions of a-tocopherol were 
prepared under yellow lighting in ethanol such that the 
final solvent concentration in the peroxidation reaction 
was 1,000-fold below that which affected peroxidation. 
Desferrioxamine and allopurinol were solubilized in 
10 mM HEPES-0.145 M KC1, pH 7.4. Dose-response 
curves to define, quantitatively, the effects of these 
agents were generated with the programming assistance 
of RS/1 software (BBN Corp., Cambridge, MA) on an 
IBM PC-AT (IBM, Boca Raton, FL). 

Determination of the production of conjugated dienes 
and TBA-reactive substance during peroxidation. For con- 
jugated diene analysis, lipids were extracted (11) out of 
2.0 ml of peroxidation reaction mixture and the parallel, 
nonperoxidized membrane or lipid samples. The purified 
lipids were dissolved in 1.0 ml spectro-grade cyclohexane. 

Spectra of the lipids were taken against cyclohexane from 
190 nm-400 nm in a DU-7 kinetic spectrophotometer 
(Beckman, Palo Alto, CA). Spectra of the lipids of non- 
peroxidized liposomes and membranes and of the perox- 
idation reaction mixture itself were the blank spectra. 
Raw spectra were corrected for Rayleigh scattering (17), 
and the nonperoxidized lipid and reagent blank spectra 
were subtracted from the appropriate experimental, 
peroxidized lipid spectra to obtain difference spectra. 
Calculation of net conjugated diene formation was made 
from the difference spectra using the molar absorptivities 
given (18). 

The TBA test was conducted by the following modifica- 
tion of published methods (5,6,19). The peroxidation in- 
cubation was terminated on ice by acidification with 
0.15 ml ice-cold 76% TCA-2.3 N HC1 per 1.0 ml sample 
(pH = 2.2), and 0.35 ml of a freshly-prepared mixture of 
H~O/7.14 M butylated hydroxytoluene in ethanol/1.51% 
TBA in 0.2 M Tris, pH 7.0, (1:1:5, v/v/v) was added. After 
thorough mixing, the samples (final pH = 2.4) were in- 
cubated in an 80 C shaking water bath for 30 min. After 
this time, the tubes were plunged into an ice-water bath, 
and the TBA test was immediately stopped with 0.5 ml 
ice-cold 91% TCA followed by 2.0 ml CHC13. After cen- 
trifugation for 30 min at 2000 • g, 4 C, the absorbance 
of the upper phase at 532 nm was read. Various amounts 
(9.8-40.0 nmol) of MDA standard, freshly prepared by 
acidification of 1,1,3,3-tetramethoxypropane with 76% 
TCA-2.3 N HC1 (0.15 ml acid mixture with 1.0 ml suitably 
diluted tetramethoxypropane), were subjected to the iden- 
tical TBA test procedure as the basis for constructing a 
standard curve of TBA-reactivity as MDA-equivalents. 
Computer-assisted regression analysis of the standard 
curve was used to quantify the molar amounts of MDA- 
equivalents in the experimental samples. Net peroxida- 
tive production of MDA-equivalents was taken as the dif- 
ference in TBA-reactivity between peroxidized samples 
that had been incubated in the complete peroxidation 
reaction system and non-peroxidized samples that had 
been incubated in parallel without free radical generator. 
The TBA reaction per se was not affected by the com- 
ponents of the radical generator, a-tocopherol, desferriox- 
amine, allopurinol or SOD. 

Chromatographic MDA isolation and quantification. 
When the peroxidation reaction was to be analyzed by 
high pressure liquid chromatography (HPLC) for MDA 
content, the peroxidation incubation was stopped by add- 
ing SOD to a final concentration of 10-' M and freezing 
the mixture in dry ice-acetone. MDA was then isolated 
from the sample by an ion-pair HPLC technique (20) 
based on the work of Bull and Marnett (21). The HPLC 
system (Beckman Instruments) was equipped with a 
~Bondapak C,s stainless-steel 3.9 mm • 30 cm analytical 
column preceded by a radially packed C18 guard column 
{Millipore/Waters, Milford, MA). MDA, as the enolate 
anion, was resolved out of the peroxidation reaction by 
isocratic elution at 3.0 ml]min with a mobile phase of 
acetonitrile/50.0 mM myristyltrimethylammonium bro- 
mide in 0.9 mM sodium phosphate, pH 6.7 (15:85, v/v). 
Detection was based on UV absorbance at 267 nm, and 
quantitation was computerized by peak integration with 
reference to MDA standard. Net peroxidative production 
of MDA was taken as the difference in MDA content 
between peroxidized samples that had been incubated in 
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the complete peroxidation reaction system and parallel, 
nonperoxidized samples that had been incubated without 
free radical generator. MDA for the calibration chromat~ 
grams was prepared by hydrolysis of malonaldehyde~bis- 
diethylacetal {Merck, Darmstadt, Germany) with H~SO,, 
as described (22). Absolute MDA concentration in the 
solution was checked by UV spectrophotometry at 
267 nm with the extinction coefficient of 34,000 M-' cm-' 
(22). 

Assessment of "bound" MDA. To liberate any bound 
MDA before HPLC analysis, membranes/liposomes were 
hydrolyzed in base {NaOH) at pH 12.0, 60 C, for 30 min 
(23). The hydrolysis reaction mixtures then were sub- 
jected to rapid ultrafiltration through a YM2 membrane 
(Amicon, Danvers, MA) to exclude high-molecular-weight 
(>1000) molecules and the cardiac membranes or 
liposomes themselves. The clarified filtrates were then 
neutralized (pH "7.4) with HC1 before HPLC analysis for 
MDA. Bound MDA was considered the difference in 
MDA content between parallel samples that had or had 
not been hydrolyzed. Recovery of standard MDA in this 
procedure was >96%. 

Protein determination. Protein was quantified with a 
dye-binding microassay (24). 

RESULTS 

Properties of the isolated myocardial membranes. The 
biochemical characteristics of the isolated rat-heart mem- 
branes are summarized in Table 1. The efficiency of 
myocardial contractile protein extraction by salt was 
readily apparent from the dramatically lower protein con- 
tent of the membranes with respect to starting 
homogenate. In contrast, the membranes represented 
over 70% of the heart-muscle homogenate lipid. The high 
recovery of cardiac phospholipid, localized virtually ex- 
clusively in membrane (25), and the three-fold increase in 
lipid:protein ratio of the membranes over homogenate in- 
dicate that  the isolated membranes were representative 
of the myocardial membranes in situ. Additional support 
for this conclusion rests with the finding that, upon 
sucrose density-gradient subfractionation of the myocar- 
dial membranes (26), "90% of the total membrane 
phospholipid was found associated with mitochondria, 
,-7% with sarcoplasmic reticulum and "3% with sar- 
colemma; this distribution is reminiscent of the relative 
membrane areas of the three organelles in the intact heart 
muscle cell (27}. 

Conjugated diene production and TBA-reactivity dur- 
ing myocardial membrane and membrane lipid peroxida- 
tion. With exposure of isolated cardiac membranes and 
the total membrane lipid or phospholipid but not neutral 
lipid to 02 =-dependent, iron-promoted oxy-radical chemis- 
try, net formation of lipid conjugated dienes was observed 
{Fig. 1). Because in all cases diene formation was normal- 
ized to the actual amount of lipid reacted, the parallelisms 
in both the pattern and level of lipid conjugated diene pro- 
duction from the intact cardiac membranes and from the 
purified membrane total lipid and phospholipid would in- 
dicate that the phospholipid was the membrane target 
for oxidative damage. By 120 min of reaction, the levels 
of diene intermediates decreased when, presumably, the 
propagation phase of peroxidation ended as conjugated 
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FIG. 1. Conjugated diene production during myocardial membrane 
and membrane lipid peroxidation. Isolated myocardial membrane 
( �9 - -  �9 ) and the membrane total lipid ( 0 - - 0 ) ,  phosphoHpid (A----A) 
and neutral lipid ( ( ~ - - - - ~ )  purified therefrom were subjected to 
peroxidative injury by exposure to XOD (O2~)-dependent, iron- 
promoted Fenton chemistry. Samples were taken over 180 rain of 
reaction, and the lipids were extracted and analyzed spec- 
trophotometrically for conjugated diene content. The mean difference 
in conjugated diene content between the peroxidized samples and 
non-peroxidized membranefUpid controls was calculated as the con- 
jugated diene formed during peroxidation. These values, normalized 
to the amount of lipid reacted, are graphed ----- S.D. (n >i 6). 

TABLE 1 

Biochemical Properties of Rat Myocardial Membranes a 

Lipid 

Protein Ester Phosphate 

Fraction (%) (mglheart) (%) (mEquivalents/heart) (%) (/~g/heart) Lipid:Protein 

Heart muscle homogenate 100 49.8 _ 2.9 100 6.9 • 0.3 100 312.0 _ 18.5 0.15 • 0.01 
Myocardial membranes 24.1 • 0.5 12.0 • 1.0 72.5 • 2.6 5.0 • 0.3 b 73.2 • 1.9 228.5 + 18.4 0.45 • 0.02 

aMyocardial membranes were isolated from rat-heart ventricular muscle essentially as described (9). Results are means • S.D. (n = 6). 

b90.5 _ 2.6% of the lipid ester is found in membrane phospholipid; the remainder is associated with neutral lipid. 
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intermediates increasingly converted to products such as 
lipid peroxides and MDA (5,6). 

Exposure of myocardial membranes or liposomes com- 
prised of either the total membrane lipid or the membrane 
phospholipid to free radical generator resulted in the pro- 
duction of TBA-reactive substance (Fig. 2). As was the 
case with conjugated diene production (Fig. 1), myocar- 
dial membrane neutral lipids evidenced a negligible perox- 
idative response. However, each of the other myocardial 
substrates for oxy-radical attack, in contrast to their 
similar patterns of diene production, showed markedly 
distinctive kinetics of TBA-reactivity. The intact myocar- 
dial membranes evidenced a linear propagation phase 
through the first 30 rain of reaction with an apparent 
maximal peroxidation rate of 5.8 +_ 0.3 nmol MDA- 
equivalents produced/mEquivalents lipid ester reacted/ 
min (mean _ S.D.; n -- 6) and an accumulation of some 
300 nmol MDA-equivalents by 180 min. The total myo- 
cardial membrane lipid complement, however, displayed 
a conspicuous lag-period of about 20 rain, whereupon an 
apparent maximal peroxidation rate of 2.1 + 0.1 nmol 
MDA-equivalents produced/mEquivalents lipid ester 
reacted/min led to a net accumulation of about 150 nmol 
MDA-equivalents by 180 min. Production of TBA-re- 
active substance from the isolated myocardial membrane 
phospholipid began virtually instantaneously upon ex- 
posure to oxy-radicals, with a linear propagation rate and 
a net accumulation of TBA-reactive substance that ap- 
proximated those of the total myocardial membrane lipid. 

The lag-period in the production of TBA-reactivity from 
myocardial membrane total lipid is an effect of the high 
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FIG. 2. Generation of TBA-reactive substance during myocardial 
membrane and membrane lipid peroxidation. Isolated myocardial 
membranes ( o - - o }  and the membrane total lipid {O--Oh 
phospholipid {A---- A} and neutral lipid ( ~ - - - - ~ }  purified therefrom 
were peroxidized by incubation with XOD + hypoxanthine + iron. 
Membranesflipids also were incubated in parallel without free radical 
generator. Samples taken over 180 min of peroxidation reaction were 
subjected to the TBA test, and the content of TBA-reactive 
substance in each sample was expressed as MDA-equivalents and 
normalized to the amount of lipid reacted. The mean difference in 
MDA~quivalents between peroxidized and non-peroxidized samples 
was calculated as the MDA-equivalents produced during peroxida- 
tion and graphed +__ S.D. {n >I 6}. 

myocardial membrane a-tocopherol content (28); the 
peroxidized isolated membrane phospholipids demon- 
strated an instantaneous TBA response (Fig. 2). None- 
theless, upon exposure to oxy-radical generator, the 
membranes, containing both the phospholipids and the 
a-tocopherol, always generated TBA-reactive substance 
more rapidly and to a greater extent than did the mem- 
brane phospholipids. 

HPLC analysis of myocardial membrane peroxidation 
as MDA. The comparative TBA-reactivity data (Fig. 2) 
appeared to indicate that profound quantitative and 
kinetic changes in myocardial membrane phospholipid 
peroxidation resulted from removal of the lipid out of its 
membrane milieu. To attempt to verify this conclusion, 
TBA-reactivity was obviated by isolating MDA through- 
out the course of myocardial membrane and membrane 
lipid peroxidation. To avoid the conditions (acid, heat) of 
the TBA reaction and to ensure complete independence 
from TBA-reactivity, isolation of, for example, a TBA- 
MDA adduct was not carried out. 

We first defined an effective means of stopping the 
peroxidation reaction other than by the acidification pro- 
tocol required for the TBA test, so that precise end-points 
could be established without jeopardizing subsequent 
analyses. As shown in Table 2, the XOD (05 =)-dependent, 
iron-promoted Fenton chemistry supporting oxidative in- 
jury in this system could be blocked at several critical 
points. Inhibiting XOD with a substrate analog (allo- 
purinol [29]), chelating the iron in the system with desfer- 
rioxamine (30), intercepting lipid radicals that would 
otherwise propagate peroxidation with a-tocopherol (31), 
and dismutating 02 = with SOD (32) all were effective 
means of blocking the generation of TBA-reactive 
substance from isolated cardiac membrane lipids exposed 
to XOD + hypoxanthine + iron. The system was most 
sensitive to SOD: 10.0 nM SOD completely inhibited the 
generation of TBA-reactive material (as well as the for- 
mation of conjugated dienes) from cardiac lipids. Conse- 
quently, SOD was added to a final concentration of 
100.0 nM to the peroxidation reaction system to dis- 
mutate the 05 = therein and thereby halt the progression 
of oxidative damage before HPLC analysis for MDA. 

To isolate the MDA anion directly out of the peroxida- 
lion reaction system without preparatory sample manipu- 
lation or clean-up, a variety of amino-phase (33), reverse- 
phase (34), size-exclusion (35) and ion-pairing (21) HPLC 
techniques were tested. Ion-pairing chromatography ap- 
peared to have the most potential, but  the exact condi- 
tions of Bull and Marnett (21) offered incomplete resolu- 
tion of MDA standard from the reactants in the Fenton 
peroxidation system. With modification of the chromato- 
graphic conditions as detailed under Experimental Pro- 
cedures, MDA could be separated rapidly from the con- 
stitutents of the Fenton reaction (Fig. 3) and eluted as 
a well-resolved peak, 7.0 pmol being the lower-limit of 
MDA quantitation. Only the material eluting from the 
column at ~4.9 min evidence TBA-reactivity, had the UV 
spectrum characteristic of MDA (Fig. 3, inset), and co- 
eluted with standard MDA. Recovery of known amounts 
of MDA standard subjected to HPLC isolation was 
>98%. 

With these data, the HPLC technique was adopted to 
determine directly the MDA produced during oxidative 
injury to myocardial membranes and their purified lipids 
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TABLE 2 

Inhibition of the Generation of TBA-reactive Substance 
from Myocardial Membrane Lipid a 

Concentration of agent that  
inhibits TBA-reactivity by: 

Agent Action 50% 100% 

Allopurinol XOD inhibition 5.0 X 10" M 5.0 X 10 -2 M 
Desferrioxamine Iron chelation _ b  1.0 X 10 -" M 
a-Tocopherol Chain-breaking antioxidant 8.5 X 10 -7 M 1.0 X 10 -5 M 
SOD 02" dismutation 5.0 X 10 -9 M 1.0 X 10 -8 M 

aLiposomes comprised of total myocardial membrane lipid were exposed to XOD + hypox- 
anthine + iron as radical generator for 60 min either in the absence (control} or presence 
of varying concentrations of each listed agent. After one hr, the samples were run in the 
TBA test, and the level of TBA-reactive substance in each was expressed relative to the 
control samples as inhibition of TBA-reactivity. 
bBecause of the stoichiometric nature of iron chelation by desferrioxamine {30}, only com- 
plete inhibition was noted at a desferrioxamine concentration equal to the iron concen- 
tration in the system. 
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FIG. 3. HPLC isolation of MDA produced during myocardial mem- 
brane lipid peroxidation. Myocardial membrane total lipid (125/~g 
lipid) was reacted with XOD -t- hypoxanthine -F iron in the Fenton 
peroxidation system described (Experimental Procedures). At  one 
hr of reaction, SOD was added (100 nM, final concentration), and 
250 pl of the 1.0 ml sample was subjected to ion-pair chromatography 
with spectrophotometric detection at 267 nm. Retention times are 
given above each peak in minutes. The identities of the peaks are 
(a) hypoxanthine, (b) xanthine, (c) uric acid, (d) MDA, (e) Fe-ADP, 
(i3 ADP. Inset shows the on-line spectrum of the MDA in peak (d) 
as taken during its eintion from the HPLC column; the absorption 
maximum is indicated by the cross at 267 am. 
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FIG. 4. Production of MDA during myocardial membrane and mem- 
brane Hpid peroxidation. Isolated myocardial membranes ( �9 - -  �9 ) 
and the membrane total lipid (O--O), phospbofipid (A--A) and neutral 
lipid ( ~  - - - - ~ )  purified therefrom were peroxidized by exposure to 
XOD (O2")-dependent, iron-promoted Fenton chemistry with XOD 
"t- hypoxanthine + iron as oxy-radical generator. MembranesfUpids 
also were incubated in parallel without free radical generator. 
Samples were taken over 180 min of peroxidation and were analyzed 
for their content of MDA (as its enolate anion) by ion-pairing HPLC 
(Fig. 3). The mean difference in MDA content between peroxidized 
and non-peroxidized samples was calculated as the MDA produced 
during peroxidation. MDA production was normalized to the amount 
of lipid reacted and graphed __+ S.D. (n >/6). 

(Fig. 4). Production of MDA during the peroxidation of 
purified myocardial membrane total lipid, phosphollpid 
or neutral lipid was equivalent in kinetics and magnitude 
to the accumulation of TBA-reactive substance (ex- 
pressed as MDA-equivalents; Fig. 2). However, MDA pro- 
duction during peroxidation of isolated myocardial mem- 
branes paralleled the MDA production from the purified 
cardiac membrane lipids (Fig. 4) and did not resemble the 
levels or pattern of membrane TBA-reactivity (Fig. 2). 
Because both the TBA-reactivity and MDA production 
were normalized to the amount of lipid reacted, these 
results would indicate that non-lipid related TBA-reactive 

substance generated during myocardial membrane perox- 
idation was responsible for the apparent attenuation in 
cardiac membrane lipid peroxidation when the lipids were 
extracted out of the membranes. 

The non-lipid related TBA-reactivity was generated 
with its own kinetics, as could be demonstrated from the 
difference curve between TBA-reactivity (as MDA-equiv- 
alents) and MDA production upon exposure of myocar- 
dial membranes to oxy-radical generator (Fig. 5). It is evi- 
dent that  non-lipid related TBA-reactive substance was 
generated most rapidly early in the exposure of mem- 
branes to the radicals (before ~20 min of reaction) and 
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FIG. 5. Production of non-lipid associated TBA-reactive substance 
during myocardial membrane peroxidation. The generation of TBA- 
reactive substance ( �9 - -  �9 ) and the production of MDA (D--[~) dur- 
ing myocardial membrane peroxidation by Fenton-type oxy-radical 
chemistry are re-plotted from Figs. 2 and 4, respectively. The mean 
difference (___ range) between the amount of TBA-reactive substance 
and the actual amount of MDA at each sampled time during the 
180 min of reaction was calculated and plotted (X-- - -X)  as non-lipid 
related TBA-reactive substance. 

ultimately accounted for some 40% of the total TBA- 
reactivity of the system. 

Membrane source of non-lipid related TBA-reactive 
substance. Several attempts were made to define chemi- 
cally the source of non-lipid associated TBA-reactivity 
when myocardial membranes are peroxidized. The acidic 
conditions and heat of the TBA test will liberate MDA 
bound to membrane constituents (especially peptide 
lysine residues) by hydrolyzing Schiff-base linkages (36), 
whereas the linkages are stable under the mild conditions 
(no heat) of both the peroxidation reaction (pH -- 7.4) and 
the HPLC run (pH = 6.8). Consequently, additional 
studies were undertaken in which samples of peroxidized 
and non-peroxidized membranes were hydrolyzed in base 
(pH = 12.0) with heating before HPLC isolation of MDA 
from the filtered, neutralized hydrolysates. This pro- 
cedure would convert any bound MDA to free MDA that 
then could be detected as HPLC analyte (23). From com- 
parisons between hydrolyzed membrane samples and non- 
hydrolyzed samples run in parallel in the peroxidation 
reaction, some 7% (i.e., 12.2 +__ 0.6 nmol MDA/mEq lipid 
ester reacted; mean +_ S.D., n = 6) of the total MDA pro- 
duced during cardiac membrane peroxidation was in the 
bound form. This level of bound MDA was too low to ac- 
count for the 40% difference between membrane TBA- 
reactivity (as MDA-equivalents) and bona fide MDA 
generated during membrane peroxidative injury. The 
bound MDA level remained at ~12 nmol/mEq lipid ester 
during the course of the peroxidation reaction, indicating 
that the capacity of the isolated membranes to take up 
free MDA is limited relative to the MDA yields from 
peroxidation. This conclusion is substantiated by the fin- 
ding that cardiac membranes (or their isolated lipids) in- 
cubated at 37 C with known amounts of free MDA stan- 
dard in HEPES-KC1 buffer, pH 7.4, yield levels of MDA- 
equivalents (by the TBA test) or free MDA (by HPLC) 
that were always >90% of those expected from the stan- 
dard (data not shown). 

Because free acylneuraminic acids are known to react 
with TBA (37) and cardiac membranes contain acylneur- 
aminic acids (38), it was investigated whether membrane 
acylneuraminic acids could have contributed to the 
observed TBA-reactivity of peroxidized rat heart-muscle 
membranes. To this intent, membranes that had been 
treated with neuraminidase (acylneuraminyl hydrolase 
from Clostridium; EC 3.2.1.18) (39) or that had undergone 
controlled acid hydrolysis (40), conditions known to 
liberate sialic acid from membrane glycoconjugates (41), 
were peroxidized. The treated cardiac membranes evi- 
denced no statistically significant decrease in the levels 
and rates of TBA-reactivity development with respect to 
non-treated membranes (data not shown). Peroxidation 
of the myocardial membrane protein recovered during the 
extraction of the membrane lipid did not yield appreciable 
TBA-reactive substance (data not shown). 

D I S C U S S I O N  

Growing reRlization that oxidative damage to membrane 
lipids is critical in the pathogenesis of a variety of diseases 
{5,7,8} has placed increased importance upon the applica- 
tion and evaluation of methodology with which membrane 
lipid peroxidation dynamics are assessed. This study ex- 
plored in quantitative and kinetic terms the relationships 
between TBA-reactivity and MDA production during 
myocardial membrane peroxidation through O2 ~ (XOD)- 
dependent, iron-promoted oxy-radical chemistry of the 
type believed to occur in myocardial ischemia (2). The data 
demonstrate that while there is a direct and quantitative 
relationship between the production of TBA-reactive 
substance and the generation of free MDA during perox- 
idation of isolated cardiac membrane (phospho)lipids, no 
such relationship exists when the myocardial membranes 
are peroxidized. Generation of non-lipid related, non- 
MDA TBA-reactive substance with its own kinetics dur- 
ing cardiac membrane peroxidation, if unrecognized, 
would have led to overestimations of the development and 
extent of lipid peroxidation and an erroneous peroxidative 
kinetic profile. 

Gutteridge (42) has concluded that the close agreement 
between the production of TBA-reactive substance and 
the generation of fluorescent MDA-phospholipid com- 
plexes during the peroxidation of isolated ox-brain phos- 
pholipid validates the TBA test  as an indicator of lipid 
peroxidation. Although brain membranes were not perox- 
idized by Gutteridge, and MDA was not isolated, his con- 
clusion is supported by the present data on the reliabil- 
ity of the TBA test in assessing the peroxidation of 
purified myocardial membrane phospholipids. 

Warso and Lands (5,43) have documented extensively 
that human plasma TBA-reactivity bears no relationship 
to plasma hydroperoxide level. Specifically, 80% of the 
TBA-positive material in human plasma was found not 
to have originated from lipid hydroperoxide conversion 
to MDA. Quantitatively, these high plasma levels of non- 
lipid related TBA-reactivity are reminiscent of our find- 
ing that ~40% of the TBA-reactive substance produced 
during the peroxidation of myocardial membrane is not 
bona fide MDA and does not arise directly from mem- 
brane phospholipid peroxidation. 

The chemistry and precise source(s) of the non-lipid 
related TBA-reactive substance generated during cardiac 
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membrane peroxidation remain to be defined. I t  is possi- 
ble tha t  molecular interactions/conformational changes 
at  the membrane level induced during freeradical a t tack 
are required to incite formation of TBA-reactive sub- 
stance beyond that  which would be formed from the MDA 
product of membrane lipid peroxidation (44). Such reason- 
ing has been invoked (45) to explain why the conversion 
of hydroxyl  groups to aldehydes at the termini of cell- 
surface carbohydrate  chains enhances the peroxidation 
of erythrocyte  ghosts  by periodate. 

The direct quanti tat ive comparison between the pro- 
duction of TBA-reactive substance and the generation of 
M D A  dur ing  card iac  m e m b r a n e  and m e m b r a n e  
phospholipid peroxidation made herein, along with the 
work of others in nonmembrane systems (5,42,43), would 
argue tha t  the TBA test  lacks the requisite chemical 
specificity to be used as a reliable measure, or even as 
an indicator, of lipid peroxidation, unless purified lipid 
is the sole oxidative substrate  in the system. Indepen- 
dent verification of even the qualitative, comparat ive 
significance of a positive TBA test  would appear to be 
necessary to use the TBA reaction as anything other than 
an empirical indicator of the occurrence of (per)oxidation 
in biological membrane samples. 
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