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Feed-Back Inhibition of Oxidative Stress by Oxidized Lipid/Amino Acid Reaction
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ABSTRACT. Three oxidized lipid/amino acid reaction products (OLAARPS): 1-methyl-4-pentyl-1,4-
dihydropyridine-3,5-dicarbaldehyde, 1-(5-amino-1-carboxypentyl)pyrrole Na(@hrbobenzyloxy)-1(3)-
[1-(formylmethyl)hexyl]+-histidine dihydrate, were prepared and tested for antioxidative activity in a
microsomal system in order to investigate the effect that OLAARP formation may be playing in the
oxidative stress process. The microsomal system consisted of freshly prepared trout muscle microsomes,
which were oxidized in the presence ofiM Cu?t, 1 mM Feé*/5 mM ascorbate, or 1 mM Ct&/10 mM

H,0,, and the compound to be tested as antioxidant added@¥50At different periods of time, samples

were tested for lipid peroxidation, assessed by the formation of thiobarbituric acid reactive substances
(TBARS), and protein damage, which was evaluated by the formation of protein carbonyls and amino
acid analysis. The three OLAARPs and butylated hydroxytoluene significgnttyQ05) protected against

lipid peroxidation and protein damage for the three systems assayed. On the contrary, neither the amino
acids used in the preparation of OLAARPSs netocopherol, mannitol, aminoguanidine, or 4,5-dihydroxy-
1,3-benzenedisulfonic acid exhibited this constant protection. Because OLAARPs were produced at
inhibitory levels during microsomal lipid peroxidation, these results suggest that OLAARP formation
may be an antioxidative defense mechanism by which oxidative stress is feed-back-inhibited, delaying
the damage caused by reactive oxygen species.

The importance of reactive oxygen species (RQS)d believed to play a central role in many of the above
antioxidants in health and disease is now recognized by everypathophysiological conditions associated with free radical
branch of medicine and biological science. Overwhelming damage 10—12).

evidence indicates that free radicals play a role in most major - Among the many different aldehydes which can be formed
health problems of the industrialized world, including during lipid peroxidation and that modify proteins, the most
cardiovascular diseases, cancer, neurological diseases, anightensively studied have been malondialdehyde and 4-hy-
aging, and that antioxidants play a critical role in wellness, droxy-2-alkenals, and, more recently, 4,5-epoxy-2-alkenals.
health maintenance, and the prevention of chronic and Malondialdehyde in fresh or peroxidized biological samples
degenerative diseasek6). results from the oxidative degradation of polyunsaturated

Peroxidation of lipids is a well-recognized pathway of fatty acids V\_/it_h more than two_methylen_e—interrupted dOl_JbIe
oxidant injury, and it is always accompanied in biological POnds, and itis able to react with the amino groups of amines,
systems with the formation of aldehydes, ). Unlike amino aC|d_s,_ and proteins, producing Schiff's bases or
reactive free radicals, aldehydes are long-lived and candihydropyridines {4). 4-Hydroxy-2-alkenals are produced

therefore diffuse from the side of their origin and reach and by an oxidative patth%y ong'mat'ed.m 3-a|kena]£5)§ and
attack targets intra- or extracellularly, which are distant from are alsp able'to react W'th amino, |m|d_azole, and th'o.l groups
the initial free radical eventd). Modification of proteins on amino acid side chains on proteins, thus altering their
and other biomolecules by lipid peroxidation products is charge and naturd, 17. 4,5-Epoxy-2-alkenals resdilt from

the decomposition of intermediate epoxyhydroperoxid&s (
and are supposed to be intermediates in the formation of

t This study was supported in part by the Corhisioterministerial 4,5-dihydroxy-2-alkenals produced in the peroxidation of

de Ciencia y Tecnoldgiof Spain (Projects ALI94-0763 and OLI96-  [ijver microsomal lipids 19). The reaction of 4,5-epoxy-2-

2124) and the Junta de AndaladiProject AGR 0135). . . : . L .
* Author to whom correspondence should be addressed at the alkenals with amines, amino acids, and proteins is very rapid,

Instituto de la Grasa, Avda. Padre Gardiejero, 4, 41012-Sevilla, ~ and produces pyrrole derivatives, which are responsible for
Spain. Phone:+(345) 461 1550. Fax:+(345) 461 6790. E-mail the color and fluorescence formed in these reactions by

address: fhidalgo@cica.es. o .
® Abstract published ildvance ACS Abstractdlovember 15, 1997. means of a polymenzatlon procesEO( 2])' This last

1 Abbreviations: ACPP, 1-(5-amino-1-carboxypentyl)pyrrole; AG, PPolymerization reaction, which has been characterized, has
aminoguanidine; BHT, butylated hydroxytoluene; DHBSA, 4,5-dihy- been suggested as an alternative mechanism for production

grOXy-%S-b%néedr}edits)uigonri]cdacicli;PEgPH1;]metf}yl-4-pent){_|-l~_‘c‘j-dihh)’- in living beings of brown macromolecular pigments with
ropyridine-3,5-dicarbaldehyde; , high-performance liquid chro- : o ‘g
matography; KRPB, KrebsRinger phosphate buffer; MAN, mannitol; fluorescent lipofuscin-like characteristicay.

OLAARPs, oxidized lipid/amino acid reaction products; PI, protection Although the importance and relative contributions of the

index; Pnl, e-N-pyrrolylnorleucine; ROS, reactive oxygen species; ;
TBARS, thiobarbituric acid reactive substances; T@&pcopherol; above reactions are not yet well understood, nowadays there

ZH, N-(carbobenzyloxy)-histidine; ZHO,N-(carbobenzyloxy)-1(3)- ~ aré increa_sing evidences suggesting that oxidized lipid/amino
[1-(formylmethyl)hexyl]+-histidine dihydrate. acid reaction products (OLAARPS) are produced naturally
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Ficure 1: Chemical structures of OLAARPS tested as antioxidants.

in vivo. Thus, lipid hydroperoxides are present in the human
plasma in the range-25 uM (23), and the presence of the
OLAARP malondialdehyde-modified low-density lipoprotein
has been detected in the sera of healthy individuzds (n
addition, other OLAARPSs have been detected, for example,
in urine 25), atherosclerotic lesion2§), oxidized hepato-
cytes @7), and oxidized mitochondria2g).

The objective of this study was to investigate the effect
that OLAARP formation is playing in the oxidative stress

Zamora et al.

using bovine serum albumin as stande3d)( was adjusted
to 3.0 mg/mL for experiments.

Exposure of Microsomes to ROMicrosomes (5L of
the stock solution) were suspended in 5 mL of KRPB and
incubated at 37C in the presence of the ROS generating
system and the compound to be tested as antioxidant added
at 50uM. Three different procedures were used to generate
ROS. Procedure 1 consisted of treatment witiV6CuCl,.
Procedure 2 consisted of treatment with 1 mM Re®id 5
mM ascorbic acid. Procedure 3 consisted of treatment with
1 mM CuCk and 10 mM HO,. These three systems have
been frequently used in the literatu8( 39, and they have
been shown to be very efficient as nonenzymatic metal-
catalyzed oxidative systems.

OLAARP Determination in Incubated MicrosomeEhe
levels of OLAARPs produced in incubated samples were
estimated by determining the OLAARP proded\l-pyrrolyl-

process. Previous research from this laboratory has shown*oreucine (Pni) by high-performance capillary electrophore-

that most OLAARPs exhibited antioxidative activities against
lipid peroxidation when tested in edible oil®9). If

OLAARPs are able to protect against oxidative stress,
OLAARP formation might be an antioxidative defense

mechanism, and oxidative stress could be controlled, in some

extent, by a feed-back inhibition, analogously to many
enzymatic reactions.

EXPERIMENTAL PROCEDURES

Materials. a-Tocopherol (TOC) was purchased from
Aldrich Chemical Co. (Milwaukee, WI).0-Mannitol (MAN),
aminoguanidine (AG), 4,5-dihydroxy-1,3-benzenedisulfonic
acid (DHBSA), butylated hydroxytoluene (BHTN-(car-
bobenzyloxy):-histidine (ZH), and.-lysine were purchased
from Sigma Chemicals Co. (St. Louis, MO). Other reagents

and solvents used were analytical grade and were purchase

from reliable commercial sources.
OLAARP SynthesisThree OLAARPs were selected to

be tested as potential oxidative stress inhibitors. They were
representative of three major derivatives that are produced

in oxidized lipid/amino acid reactions: dihydropyridines,
produced between malondialdehyde and amino grolg)s (
pyrroles, produced in the reaction of amino groups with 4,5-
epoxy-2-alkenals22), 4-hydroxy-2-alkenals3(0), or unsatu-
rated epoxyoxo fatty acids3(); and Michael adducts,
produced between histidine angs-unsaturated aldehydes
(17). The compounds prepared were 1-methyl-4-pentyl-1,4-
dihydropyridine-3,5-dicarbaldehyde (DHP), 1-(5-amino-1-
carboxypentyl)pyrrole (ACPP), andi-(carbobenzyloxy)-
1(3)-[1-(formylmethyl)hexyl]t-histidine dihydrate (ZHO),
respectively. Preparation of DHP, ACPP, and ZHO was

carried out according to previously described procedures (sed?H 2-3 and, finally,

references32, 20, and 33, respectively). Obtained com-

pounds were chromatographically pure, and their structures

sis 35). Briefly, incubated samples (15 mL) were centri-
fuged at 100008 for 1 h, and the resulting pellets, which
contained the oxidized microsomes, were suspended in 1 mL
of deionized water and submitted to basic hydrolysis with 2
N NaOH at 12C0°C for 18 h. Pnl was determined by capillary
electrophoresis after derivatization with diethyl ethoxy-
methylenemalonate and using homoarginine as internal
standard.

Analytical Measurements.Lipid peroxidation during
incubations at 37°C was assessed by the formation of
thiobarbituric acid reactive substances (TBARS) using a
previously described proceduréQj, which was modified.
Incubated samples (15€) were diluted with water (560
uL) and treated with 1.1 mL of acetic acid (20% solution,
pH 3.5), 1.3 mL of thiobarbituric acid (0.71% solution), and

OulL of BHT (0.8% solution in acetic acid). Solutions were

eated at 100C for 60 min, then cooled, and, finally,
extracted with 3 mL oh-butyl alcohol. Organic layers were
separated by centrifugation, and TBARS determined by
fluorescence usingex 535 nm andiem 550 nm.

Protein damage during incubations at°87was evaluated
by the formation of protein carbonyls using a procedure of
Levineet al. (41). Briefly, 2 mL microsomal aliquots were
treated with 2 mL of 12.5 mM 2,4-dinitrophenylhydrazine
in 2.5 M HCI, and the mixture was incubated foh atroom
temperature. After that time, proteins were precipitated with
2 mL of 30% (w/v) trichloroacetic acid at @ for 1 h, and,
then, centrifuged at 22@or 15 min. The pellet produced
was washed 4 times with a 1:1 mixture of ethanol/ethyl
acetate, then dissolved in 2 mlf 6 M guanidine hydro-
chloride with 20 mM phosphate buffer/trifluoroacetic acid,
left for 30 min at 37C with vortexing.
Any insoluble materials were removed by centrifugation, and
the reactive carbonyl content was calculated from its peak

were confirmed byH and3C nuclear magnetic resonance absorption at 370 nm using a molar absorption coefficient
spectroscopy and mass spectrometry. Structures for thesde) of 22000 M™.

compounds are given in Figure 1.

Preparation of Trout Muscle MicrosomesMuscle mi-
crosomes from freshly killed rainbow trouS#élmo gaird-
nerii) were prepared by differential centrifugation according
to a procedure of Parkin and HultirB4) as described
previously @5). Washed microsomes were dispersed in
Krebs—Ringer phosphate buffer (KRPB3®), and protein

At the end of the incubation period, incubated samples
(1.8 mL) were hydrolyzed wit 6 N HCI for 20 h (11C°C),
and, then, submitted to amino acid analysis by high-
performance liquid chromatography (HPLC) using a previ-
ously described procedurd?).

For comparison purposes, and when differences were
significant, a protection index (Pl) was calculated, as

concentration, measured according to Bradford’s method described previously4@), according to the equation:
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PI=100x [1 — ((x — y)/(a — b))] 400 '
A /; 10.0
wherea is the control with ROSb is the control without 0 175
ROS, x is the sample with antioxidant treated with ROS, 200
andy is the untreated sample with the antioxidant added. ol & 50
For most experiments, the results obtained for the control {g fo—— o 25
without ROS and the sample with antioxidant but without ol t—————

ROS were the same. Therefore, in these cases the above
formula could be simplified to

PI=100x [1 — ((x — b)/(a — b))] .
6
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Statistical Analysis.All results are expressed as mean
values of three experiments unless otherwise indicated.
Statistical comparisons between two groups were made using
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Student’st-test. With several groups, ANOVA was used. 200 c /§7f °
When significant values were obtained, group differences 150 / 2
were evaluated by the Studerilewman-Keuls test 44). 100] / 9
All statistical procedures were carried out usiagmer of 6
Biostatistics: The ProgrartMcGraw-Hill, Inc., New York). 50

Significance level igp < 0.05 unless otherwise indicated. olie—=a g—— 2 0
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RESULTS TIME (h)

Exposure of Microsomes to ROExposure of micro- Ficure 2: Production of TBARS and protein carbonyls in

; ; icrosomes incubated with ROS. Microsomes were incubated in
somes to the different ROS generating systems produceo{ﬂe presence of (A) BM Cu2*, (B) 1 mM F&*/5 mM ascorbate,

increased lipid pero_xidation, meaSl_Jred by the form_ation of o (C) 1 mM CE*/10 mM H,0,. At different incubation times.
TBARS, and protein damage, which was determined by microsomal aliquots were taken from the incubation mixtures and
protein carbonyl formation and amino acid analysis. Figure tested for TBARS 4) and protein carbony|®) as described under
2 shows the TBARS production in microsomes incubated Experimental Procedures. Control microsomes were also tested for
with different nonenzymatic metal-catalyzed oxidative sys- 'BARS (&) and protein carbonylsQ).
tems as a function of incubation time. Lipid peroxidation
slowly increased with time in control microsomes. However
addition of 5uM Cu?* produced a higher TBARS produc-
tion, which was significant aftel h and continued increasing
for the next 24 h (Figure 2A). TBARS production increased N FE" (I mM)/  Ci** (1 mM)/
very rapidly when the Fé/ascorbate system was used 2Mno  none CY* (5uM) ascorbate (5 MMHO, (10 mM)
. . L . A acid (n=35) (n=12) (n=9) (n=9)
(Figure 2B). In this case, significant lipid peroxidation was
observed after only 15 s, and TBARS increased for the nextAl2 ~ 2.54+£0.13 2.56£0.08 2.43+£018  180+0.16
: ; . Arg  1.164+0.06 1.11+0.0¥ 0.97+0.1¢  0.67+0.08
3 h. At the end of this perlOd, the hlgh_est TBARS Yalues Asxt 3.844+ 020 3.97+0.14 3.63+0.19 2.824+ 0.29
were obtained, and these values did not increase significantlycystine 0.15+ 0.04# 0.09+ 0.0 0.12+0.02  0.00+ 0.0C°
afterward (data not shown). TBARS production with the g:xf g-ggi g.ﬁ g.géi 8%‘; g.zgi 8%; i.ggi 8.33
+ . y 42+ 0. 45+ 0. .19+ 0. .66+ 0.
fc:u2 :}HZ?Z Syitem W?S. S'mg'ar. to thlf. Fﬁas‘;%batzsysmm His 053+ 007 0.35£0.06 0.27+00F  0.16+ 0.0F
or the first hour of incubation (Figure 2C). However, o 1743010 1.74+006 154+01# 1.12+0.18
TBARS values decreased afterward (data not shown), moreLey  2.50+ 0.1% 2.52+ 0.0 2.27+0.1F  1.44+0.21
likely as a consequence of TBARS degradation by the ROSLys  2.00+ 0.1g 1.65+ 0.0g; 152+ O.lg 0.96+0.2F
i i ion ti Met  0.90+0.19 0.82+ 0.1 0.74+0.1 0.26+ 0.22
fsystterr:_. A_cc;}qﬂ_ng toftl_hgje resu_l'([js, tt_he miﬁ?ﬁt'?ﬂ tlmeRsOu;edPhe 1.19+0.08 1.184+0.0# 1.02+0.1¢  0.024+ 0.0%
ortesting inhibition oTlipid peroxidation with the three Ser  1.69+0.08 1.71+0.06¢ 153+0.13  1.05+0.16

generating systems were 24 h, 3 hddnh for C&#*, Fe**/ Thr  1.80+0.1% 1.82+ 0.0 154+0.14  1.21+0.20

Table 1: Modification of Amino Acid Composition of Microsomes
' Incubated with Different ROS Generating Systéms

oxidative system

ascorbate, and Ct/H,O, systems, respectively. Tyr  0.684+0.03 0.59+ 0.0 0.54+0.08  0.004 0.0C°
Analogous results were obtained when protein carbonyls V&l 2.50+0.13 2.49+0.08 227+0.18  1.79+0.22
were determined (Figure 2). Addition of &uto the 2 Microsomes were incubated at 3T for 24 h in the presence of

microsomal system significantly increased protein carbonyls the ROS generating system and, then, submitted to amino acid analysis
for the first hour, and this difference continued increasing 2fter acid hydrolysis> ®Means in the same row with different
. . superscripts are significantly differenp (< 0.05)." Asx, aspartic

for the next 24 h. Protein carbonyls increased much more ,cig+ asparagine; Gix, glutamic aciaylutamine.
rapidly when the F&/ascorbate system was used, and also
for the C#t/H,O, system. The same incubation times 1. Oxidation with C&" was the mildest of the assayed
selected for testing inhibition of lipid peroxidation with the treatments. Only cyst(e)ine (with a loss of 40%), histidine
three ROS generating systems were also used for testing[34%), lysine (18%), tyrosine (13%), and arginine (4%) were
inhibition of protein carbonyl formation: 24 h, 3 h, and 1 h partially destroyed after 24 h incubation. ThéHascorbate
for CW?*, Fet/ascorbate, and CU/H,0, systems, respec- system was more destructive, and all amino acids decreased
tively. at least by 510%. In addition, basic, aromatic, and sulfur-

The effect of the different ROS generating systems on the containing amino acids were more sensitive. Thus, the
amino acid composition of microsomes is shown in Table highest decreases were observed in histidine (49%), lysine
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(24%), tyrosine (21%), cyst(e)ine (20%), arginine (16%), and 400, a O Y

phenylalanine (14%). Finally, the treatment with theeQu s00 2 ]« % vzl

H,O, system was the strongest of the assayed treatments, 200 % e

all the amino acids were destroyed at least by 26%, and %

three of them [cyst(e)ine, phenylalanine, and tyrosine] were 100 ¢

destroyed almost completely. In addition to these three = 0 £

amino acids, the most damaged amino acids upéh/8v0, g 350, a a1 aeefef py B

treatment were methionine (71%), histidine (70%), lysine S w0 [ ¢ zhot

(52%), arginine (42%), and leucine (42%). Therefore, basic, g 20 ZEl7

aromatic, and sulfur-containing amino acids were more g M0

sensitive to oxidative damage independently of the ROS s " 2

generating system employed. 2 208_ a iy s ® o
OLAARP Formation in Microsomes Exposed to ROS. - 5ol A2 . ? b = 5?%; Cc

OLAARP production is the last step in the lipid peroxidation ? Z

process, because most produced lipids are able to modify 100

reactive groups in neighbor proteins. To estimate the levels 50 e

of OLAARPs produced after exposition of microsomes to 0 %22)

ROS, the OLAARP Pnl was determined in control micro- 82385223532

somes incubated fd3 h and in microsomes incubated for ¢ = 4

the same time in the presence of3Hascorbate. Pnl COMPOUND TESTED

concentration in control microsomes was &%9.4uM, and FiGURre 3: Effect of OLAARPs on TBARS production in micro-

this concentration increased significantfy € 0.001) when  somes incubated with different ROS generating systems. Mi-

; ; ; crosomes were incubated in the presence of the compound to be
microsomes were incubated in the presence of th&/Fe tested as antioxidant added at 581 and (A) 5uM Cu2*, (B) 1

ascorbate system. Pnl concentration in these oxidizedy\ Fett/5 mM ascorbate, or (C) 1 mM G&10 mM H,O,. The
microsomes was 2.& 0.6uM. Because the Pnl concentra- incubation time depended on the ROS generating system used and
tion is less than 1815% of total pyrrolic OLAARPs  was 24 hfor Cé, 3 h for Fé*/ascorbate, ahl h for Ci*/H;O,.
produced 85), a minimum final concentration of 525 uM Bars with different letters are significantly differemg € 0.05).
pyrrolic OLAARPs in treated microsomes may be estimated. - —
But pyrrolic OLAARPs are only a part of OLAARPS Tabl_e 2. PI Obtained for OLAARPs ano! Ot_her Antlomdants and

. Radical Scavengers on TBARS Production in Microsomes Incubated
produced. Therefore, a concentration of a®l was with Different ROS Generating Systems
considered appropriate to test OLAARPs for antioxidant

oxidative system

activity. - " -
OLAARP Effect on Oxidate Damage Induced by ROS °°{Q§t‘;‘3”d (§ ;:ZM) asifrbglt(?g%w ,Szu(;z ((iomrm/)
in Microsomes. Addition of OLAARPs to microsomes none — — —
protected them against lipid peroxidation and protein damage. ppp 16 27 18
Figure 3 shows the TBARS values obtained in microsomes ACPP 22 43 33

oxidized in the presence of the three OLAARPs (DHP, Lys - -

ACPP, and ZHO), the two amino acids used in the prepara- %EO 2_6 2_5 294
tion of the OLAARPS (lysine and ZH), and several common gnTt 98 97 97
antioxidants and radical scavengers added atM0 The a-tocopherol - - 7
three OLAARPs assayed significantly decreased TBARS for Eénmtm - i(lJ 8

the three ROS generating systems tested, and this protective
effect was not observed, or it was much lower, for the two
amino acids used in the preparation of OLAARPs. Anti-
oxidative activity depended on the compound tested and the
ROS generating system employed. Thus, antioxidative Addition of OLAARPs to microsomes also induced
activities were ZHO~ ACPP > DHP for Cu#*, and ACPP protection against protein damage as could be determined
> DHP ~ ZHO for both Fé*/ascorbate and Ct/H,0.. by protein carbonyl formation and amino acid analysis.
Common antioxidants and radical scavengers showed diversd-igure 4 shows protein carbonyls measured in microsomes
activities for the different systems. Thus, BHT was the best oxidized in the presence of the three OLAARPSs and the other
antioxidant for the three systems, and TOC only protected tested compounds added at/3@. Analogously to TBARS,
significantly with C#*/H,O,. The effect of MAN, AG, and the three OLAARPs significantly decreased protein carbonyls
DHBSA depended on the ROS generating system used. Thusfor the three ROS generating systems assayed, and this
MAN protected for Fé'/ascorbate and CWH,0, AG protective effect was always higher than that observed for
protected for F&/ascorbate, and DHBSA protected for the the two amino acids used in the preparation of OLAARPSs.
Cw?* and Fé'/ascorbate systems. Table 2 collects the Pl Once again, the antioxidative activity depended on the
obtained for the tested compounds with the three systemscompound tested and the ROS generating system employed.
assayed. BHT exhibited the highest Pl (Rl 97—98), Thus, antioxidative activities were ACPP DHP ~ ZHO
followed by ACPP (Pl 22—-43), ZHO (Pl= 24—26), and for C?* and Fét/ascorbate, and ACP® DHP ~ ZHO for

DHP (PI= 16—27). The behavior of DHBSA was different Cw?"/H,O,. The other antioxidants and radical scavengers
and exhibited a great dependence of the system employecassayed exhibited diverse activities for the different systems.
to produce ROS (P+ 0—50). Thus, BHT was a worse antioxidant for protein damage than

DHBSA 50 19 -
2P| were calculated as described under Experimental Procedures.
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Ficure 4: Effect of OLAARPS on protein carbonyls of microsomes COMPOUND TE_STED ] )

incubated with different ROS generating systems. Microsomes were FIGURE 5: Effect of OLAARPs on lysine residues of microsomes
incubated in the presence of the compound to be tested asincubated with different ROS generating systems. Microsomes were
antioxidant added at 50M and (A) 5uM Cu?*, (B) 1 mM Fé*/5 incubated in the presence of the compound to be tested as
mM ascorbate, or (C) 1 mM CG&/10 mM H,0,. The incubation ~ antioxidant added at %M and (A) 5uM Cu?*, (B) 1 mM Fe*/5

time depended on the ROS generating system used and was 24 InM ascorbate, or (C) 1 mM Cw10 mM H,O,. Values corre-

for Cw?*, 3 h for Fét/ascorbate, ahl h for C#*/H,0,. Bars with sponding to ACPP and lysine were corrected by subtracting the
different letters are significantly differenp (< 0.05). contribution of ACPP and lysine to the peak of microsomal lysine
in the chromatogram (see Results). Bars with different letters are
significantly different p < 0.05).

Table 3: Pl Obtained for OLAARPs and Other Antioxidants and
Radical Scavengers on Protein Carbonyls of Microsomes Incubated

with Different ROS Generating Systefns in the presence of the three OLAARPs (DHP, ACPP, and

ZHO), the two amino acids used in the preparation of the
OLAARPs (lysine and ZH), and several common antioxi-

oxidative system

Cotrggzlénd (é:;ﬁ\;) asii:bgt?(g/l)r{qw SZUSZ gomn':% dants and radical scavengers adde_d at®o As (_expected,_
both ACPP and lysine exhibited high recoveries of lysine
el 89 ” 28 after acid hydrolysis, which was a consequence of the
ACPP 111 44 42 contribution of the tested compounds to the peak of lysine
Lys ~ 25 17 in the chromatogram. In these cases, the lysine values
ZHO 89 20 40 obtained for control microsomes treated with/8@ ACPP
é:T 82 24 13% and lysine were 3.4& 0.04 and 4.1 0.10umol of lysine/
a-tocopherol — 23 22 mg of protein, respectively. The values shown in Figure 5
mannitol 24 - 18 for ACPP and lysine have been corrected by subtracting the
AG —20 - 16 contribution of lysine and ACPP to the microsomal lysine.
DHBSA 81 21 15

Analogously to TBARS and protein carbonyls, the antioxi-
a Pl were calculated as described under Experimental Procedures.dative protection observed for lysine residues depended on
the OLAARPs tested and the ROS generating system

for lipid peroxidation, and the other compounds were less €mployed, but it always was significant for the three
protective than BHT or the OLAARPs. Table 3 collects the OLAARPs and BHT, and these four compounds exhibited
Pl obtained for the tested compounds with the three systems@nalogous activities for the three systems. Pl are collected
assayed. ACPP (Rt 42—111), DHP (Pl= 24—89), ZHO in Table 4 and were 45111 for DHP, 23-77 for ACPP,
(PI=20-89), BHT (PI= 24—82), and DHBSA (Pk= 15— 40—-69 for ZHO, and 4877 for BHT. DHBSA protected
81) protected for the three systems assayed. The othefor Cl?* and Cd*/H,0, systems, and ZH, TOC, MAN, and
compounds showed smaller protective effects and only for AG protected for the Cti/H,0, system. On the contrary,
some systems. A prooxidant effect @1-20) was observed  lysine exhibited a prooxidant effect (R —48) for the Cé&*/
for AG with the C#+ system. H20, system.

The effect on amino acid composition of microsomes has
been collected in Figure 5. Because many amino acids areDISCUSSION
involved and only some of them were lost to a high extent
when microsomes were treated with the different ROS (see The results obtained in this study show that the three
Table 1), only lysine, which was the amino acid that OLAARPSs studied, which are representative of three major
experienced the highest absolute losses for the three systemderivatives produced in oxidized lipid/amino acid reactions,
assayed, was studied for OLAARP protection. Figure 5 exhibited antioxidative activities against both lipid peroxi-
shows the values obtained for lysine in microsomes oxidized dation and protein damage when tested vitro in a




15770 Biochemistry, Vol. 36, No. 50, 1997

Table 4: Pl Obtained for OLAARPs and Other Antioxidants and
Radical Scavengers on Lysine Residues of Microsomes Incubated
with Different ROS Generating Systefns

oxidative system

compound Cuwt Fet (1 mMm)/ CW (1 mMm)/
tested 5uM) ascorbate (5 mM) H;O; (10 mM)
none - - -
DHP 111 65 45
ACPP 66 77 23
Lys - - —48
ZHO 69 60 40
ZH - — 26
BHT 7 58 48
o-tocopherol - - 21
mannitol - - 43
AG - - 49
DHBSA 69 - 39

Zamora et al.
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Ficure 6: Proposed feed-back inhibition of oxidative stress by

PROTEIN
AGGREGATES
and
LIPOFUSCINS

ap| were calculated as described under Experimental Procedures. OLAARPS. ROS production initiates both lipid and protein oxida-

tion. However, oxidized lipids are able to react with new proteins,

producing OLAARP-containing proteins that delay the oxidative

microsomal system and in the presence of three differentstress process. In addition, and because oxidative stress is not

ROS generating systems. The antioxidative activities ob-

tained for the OLAARPs when lipid peroxidation was studied
were lower than that exhibited by BHT. However, the
antioxidative activities observed for the OLAARPs were

completely controlled, oxidized proteins can be restored to its native
structure, or either degraded or accumulated. Among these ac-
cumulated proteins are likely included OLAARP-containing pro-
teins.

analogous to BHT when the protection of protein damage This has been summarized in Figure 6. Thus, ROS are able
was studied. These protective activities obtained for the to react with both lipids and proteins, producing oxidized

OLAARPs were always higher than that of TOC.
Protection of OLAARPSs for both lipid peroxidation and

derivatives. However, oxidized lipids are also able to react
with reactive groups of proteins, producing modified proteins

protein damage was observed for the three ROS generatingyith OLAARP residues, and these residues have been shown
systems assayed, suggesting that the proportion in which theio have antioxidative properties for both lipid peroxidation
different ROS are produced was not a requisite for their and protein damage at the same levels of concentration at
antioxidative function. This constant protective effect was which they are produced. In addition, these antioxidative
not observed for the other radical scavengers and inhibitOl‘Sproperties have also been shown for OLAARP-containing

when they were assayed at agM. Thus, MAN, an OH
scavenger45), only exhibited a small protection for lipid
peroxidation when the F&ascorbate and CtyH,O, systems
were used, and for protein damage when th&'Gmd Cd*/
H,0, systems were used. DHBSA, an*Oscavenger4b),
exhibited a high protection (P£ 50—81) for both lipid
peroxidation and protein damage when thé'Qaystem was
used, but this protection was much lower or null for thé'Fe
ascorbate or Cti/H,0, systems. Finally, AG, an inhibitor
of advanced glycosylatiortg), only exhibited an important
protection for lysine recovery after acid hydrolysis when
using the C&"/H,0, system.

proteins (F. J. Hidalgo, M. Alaiz, and R. Zamora, unpub-
lished results). Therefore, OLAARP formation should be
controlling in some extent the oxidative stress process, which
would be feed-back-inhibited, analogously to many enzy-
matic reactions. Because oxidative stress is not completely
controlled, these results are also in agreement with the
proposed mechanisms for restoring or degrading damaged
proteins. Thus, if proteins have been only slightly modified,
they can be restored to their functional structure, a process
that can be favored by molecular chaperordigs 48. More
damaged proteins may be susceptible to proteolytic degrada-
tion by a variety of exogenous and endogenous proteinases

The protections observed for the different OLAARPs were (49), or to be accumulated as it is produced during animal
not observed for the corresponding amino acids from which aging 60) or under several pathological conditiofd.( 52.
the OLAARPs were derived, suggesting that OLAARPs Among these accumulated proteins, OLAARP-containing
should be produced to exhibit antioxidant properties. Thus, proteins may also be included.

lysine did not exhibit any antioxidative properties for lipid
peroxidation, and only a small activity for protecting protein
carbonyl formation was observed when thé‘Fascorbate

All these results suggest that modification of proteins by
lipid peroxidation products is not necessarily a negative
consequence of oxidative stress, but it may be a protective

system was used. The results obtained for protein damageyachanism to block highly toxic aldehydes and to produce

using the C&/H,O, system were contradictory. Thus, lysine
exhibited a small protection for protein carbonyl formation

endogenous antioxidants that will delay oxidative stress. This
might be another of the physiological functions of some

but a prooxidant effect in lysine recovery after acid hydroly- broadly extended proteins, like albumin.

sis. This last result was likely a consequence of the null

protection of lysine. Thus, the ROS generated by th&"Cu

H,0, system were able to degrade the lysine added to beACKNOWLEDGMENT

tested in addition to the microsomal lysine. ZH also
exhibited null protection for Cif and Fé*/ascorbate, and
only a small protection for the CtWH,0, system.
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