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proteins
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Reactive oxygen species are formed in the body by several
natural processes and by induced oxidative stress. The
reactive oxygen species may react with the various
biomolecules of the body, including proteins. In order to
assess the impact of oxidative damage to proteins, we have
tried to identify oxidized amino acids in blood proteins which
might serve as biomarkers of oxidative damage. When
oxidative damage is induced into bovine serum albumin by
metal-catalysed oxidation systems, the aldehyde groups
formed can be derivatized by fluoresceinamine (FlNH2).
Following acid hydrolysis of FlNH2-derivatized protein, two
major oxidation products, g -glutamyl semialdehyde (GGS) and
2-amino-adipic semialdehyde (AAS), were found and identified
by HPLC and MS. Isolation and identification of oxidized
amino acids from homopolymers (poly-Arg, -Pro, -Lys, -Trp or
-Leu) confirmed that GGS can originate from Arg or Pro, while
AAS is an oxidation product of Lys. When oxidative stress was
induced in rats by treatments with t-butyl hydroperoxide or
acrolein, rat plasma protein levels of GGS and AAS were found
to be significantly higher compared with control rats. The
AAS-content in serum albumin or in total plasma proteins
collected from eight different mammalian species was found
to be inversely proportional to their maximum lifespan
potential. The content of AAS in plasma proteins of untreated
adult rats showed a positive correlation with the age of the
rat. In young rats a negative correlation with age was found
for both GGS and AAS. We conclude that GGS or AAS may be
useful novel biomarkers of oxidative damage to proteins in
vivo.

Keywords: protein oxidation, carbonyl induction, amino acid.

Abbreviations: AAS, 2-amino-adipic semialdehyde; BSA, bovine
serum albumin; DNPH, 2,4-dinitrophenylhydrazine; EDTA,
ethylenediaminetetraacetic acid; FlNH2, fluoresceinamine isomer
II (6 aminofluorescein); GGS, g -glutamyl semialdehyde; HPLC, high
performance liquid chromatography; HRPO, horseradish
peroxidase; MCO, metal-catalysed oxidation; MES, 4-
morpholinoethanesulphonic acid; MLSP, maximum lifespan
potential; MS, mass spectrometry; SD, standard deviation; SDS,
sodium dodecyl sulphate; TCA, trichloroacetic acid.

Introduction
Introduction of  ca rbonyl grou ps in to am ino  acid  residu es of

p ro teins is  a  hallm ark for  oxidat ive m odification (Clim ent e t

al . 1989) . Meta l-cata lysed  oxida tion (MCO) has  been identi f ied

as a  post translat ional modificat ion of  pro tein s w hich  m a y be

im p o rtant  in  sev er al  p hysiological  and pathological  proce sses.

T hese  include th e ageing process,  intr acellular  pro t e in

tu rn o v er, arth ri t is ,  and  pu lm o nary  disea ses (L evine et al.

1990).  The mechanism of m eta l-catalysed  oxidation of  pro t ein s

h as recently  b een  rev iew ed  (Stad tman 1993). In  brief ,  pro t e in

oxidation is  a s ite-speci f ic  process  involving the oxidation  of

F e2+ by  oxygen to  generate H
2
O

2
fol lowed by in terac t ion of

H
2
O

2
a n d  F e2+ at metal-binding si tes on th e pro te in to  gener ate

an act ivated o xygen  sp ec ies wh ich m ay at tack am ino  acid

resid ues lo cally.  T he increase in  oxidation o f  pro t eins in  the

p resence  of EDTA is bel ieved to  be due to  direct  binding of  the

EDTA±F e2 + co mp lex to  th e pro tein (Stadtm an 1990) .

O xid at ive modifications of  m ore  tha n 4 0 p ro t ein s an d

enzym es have b een studied in  d etai l  (A mici  et al. 1989, 

L ev ine et  al . 1990, Miura et al. 19 92, Stadtman 199 3) and 

the ox idat ion  pro ducts  of  som e am ino acid s h ave been

iden tif ied (Stadtman 1993).  Most  of  these  studies have

assessed  the total  carbo nyl content  in  pur if ied pro t ein s w hich

w e re o xidat ively m odified in  vi tro (Am ici  et  al . 1989). 

Reactive p ro tein carbonyls  in  crude t issue ex tracts cannot  be

re l iably m easu red b y t hese m etho ds,  p artly  because  of

in t erference by nuclei c  acids,  and  part ly  because  of  unspeci f ic

binding of  the carbonyl- reactive dyes to  th e pro te in (Climent 

et  al . 1989) .

A n  in crease  in  the am oun t of  ox id at ively m odif ied  pro te in

with age h as  been ob served.  T his increase  is a resu lt  of  ei ther  a

higher rate of  pro tein oxida tion,  or  a  low er  rate of  degradat ion

of o xidized  pro tein ,  or  b oth  (Stadtman et  al. 1993) . We h av e

tr ied to  develop m arker (s)  for  oxidative ly dam aged pro teins by

iso lat ion an d identif icat ion o f  dam aged am ino acids in  their

h y d ro lysa tes by HP LC and MS . T he iden tif ied am ino ac ids

w e re  su bsequent ly  used as markers  to  m easu re  i n  v ivo

induction o f  oxidative s tres s by chem icals in  rats.  We  h av e

fu rther  invest igated w hether m axim um  lifesp an  poten tial  of

m am m alian  species,  or  age, were  corre late d wi th d am age d

am ino  acid s in  seru m  alb u m in .

We have selected album in sin ce  i t  is  easi ly  accessib le  and

abund an t, and m ay b e used  for  assess ing rel atively  re c e n t

ex p o s u res  because of  i ts hal f- l i fe in  the hum an circu lat ion  of

20±25 days (Wo rld H eal th  Organ izat ion 1993).

MATERIALS AND METHODS

Chemicals
All chemicals were used as supplied, without further  purification. Plasma samples

and all serum albumins from mammalian species, amino acid homopolymers,

horseradish peroxidase, hypoxanthine and xanthine oxidase were obtained from

Sigma Chemical Co., Saint Louis, MO, USA; fluoresceinamine (isomer II), sodium

cyanoborohydride, 4-morpholinoethane sulphonic acid (MES) and sodium dodecyl

sulphate (SDS) were from Aldrich Chemical Co. Steinheim, Germany. Free

fluoresceinamine (MW = 347.33), dissolved in 0.1 N NaOH, can be quantified from

maximum absorbance at 490 nm, while decarboxylated fluoresceinamine
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(C19H13O3N) (MW = 303), dissolved in 6 N HCl, has maximum absorbance at 454

nm. The decarboxylation product of fluoresceinamine was formed quantitatively

from free fluoresceinamine by constant boiling of 6 N HCl at 110° C for 24 h. A

standard curve for decarboxylated fluoresceinamine from the maximum

absorbance at 454 nm was used for quantitation of the derivatized amino acids.

Mass spectral analysis confirmed that derivatized amino acids are conjugated

with decarboxylated fluoresceinamine. Hydrogen peroxide was from Bei &

Berntsen A/S, Rù dovre, Denmark; acetonitrile from Rathburn Chemicals Limited,

Rathburn, UK; ascorbic acid, formic acid, hydrochloric acid, magnesium chloride,

potassium chloride, potassium hydroxide, sodium hydroxide, sodium hypochlorite

and ethylenediamine tetraacetic acid (EDTA) were from Merck, Darmstadt,

Germany and acrolein, t-butyl hydroperoxide, iron(III) chloride and iron(II) sulphate

from Riedel-de Haen, Seelze, Germany. Sephadex G-25 (PD-10)R columns were

from Pharmacia LKB Biotechnology, Uppsala, Sweden.

Animals
Male Wistar rats (obtained from Mù llegård, Breeding Centre, Kù ge, Denmark)

weighing 150± 200 g were used for the in vivo study. They were caged individually

and had environmentally controlled rooms with an alternating dark (0600± 1800h)

±  light (1800± 0600h) cycle and an ambient temperature of 22± 25°C. They were

given water and food ad libitum.

Oxidation of amino acid homopolymers and bovine

serum albumin
BSA and the amino acid homopolymer (poly-Arg, -Pro, -Lys, -Trp, or -Leu) were

oxidized with different MCO systems (ascorbate/oxygen/iron, AOI systems) as

described by Amici et al. (1989). Briefly, 20 mg sample dissolved in 2 ml of 50

mM phosphate buffer (pH 7), was mixed with EDTA (2 mM), ascorbic acid (25 mM)

and Fe3+ (2 mM). Besides the AOI systems, other oxidation systems such as the

peroxidase/H2O2 system (Nomura et al. 1990), aqueous hypochlorite and H2O2

(Khan and Kasha 1994) or hypoxanthine and xanthine oxidase (Miura et al. 1992)

were also used.

All the oxidation reactions were stopped by separating the proteins from low

molecular weight molecules by gel filtration. The mixture (2.5 ml) was loaded onto

a PD-10 column, which had been equilibrated with 0.25 M MES, pH 6.0, containing

with 1% SDS (MES± SDS), and then eluted with the same buffer according to the

manufacturer’s instructions; i.e. the first 2.5 ml of the effluent were discarded and

the next 3.5 ml were collected.

Protein carbonyl group derivatization with FlNH2

The collected MES± SDS solution was heated on a waterbath at 100°C for 1 min.

One hundred m l of the solution was conveyed  to 10-ml glass vials and 12.8 m l of

0.25 M FlNH2, dissolved in 0.52 M NaOH and 10 m l of freshly prepared 0.4 M

NaCNBH3 in 0.25 M MES buffer, pH 6.0, were added. The volume was then

adjusted to 160 m l by addition of MES buffer. Unless otherwise stated, the

reaction mixture thus contained 20 mM FlNH2 and 25 mM NaCNBH3. The mixture

was incubated at 37 °C for 1 h (Climent et al. 1989). The volume was adjusted to

2.5 ml by addition of MES± SDS buffer and excess FlNH2 was removed by gel

filtration, as described above. The protein was precipitated by the addition of 1 ml

70% TCA, and centrifuged for 5 min at 5000 g. The precipitate was dissolved in 

1 ml 0.1 M NaOH by incubation for 15 min at 37 °C. Any insoluble material was

pelleted by centrifugation for 3 min (11000 g). The UV-spectrum of each sample

was determined on a Shimadzu UV-160 Spectrophotometer. The carbonyl content

was calculated from the maximum absorbance (490 nm) using an e M for FlNH2 in

0.1 M NaOH of 86800 M± 1 cm± 1 (Climent et al. 1989).

PD-10 columns were cleaned by treatment with 3 ́ 4 ml distilled water,

followed by 3 ́ 4 ml of 20% acetonitrile and finally 3 ́ 4 ml distilled water and

reused one or two times.

Protein determination
The Pierce BCA Protein Assay Reagent (A562 nm) was applied for the

spectrophotometric determination of protein concentration, according to the

instructions of the manufacturer, using BSA as reference protein.

Acid hydrolysis, HPLC, and mass spectrometric analysis

of the FlNH2-carbonyl protein derivative
Native and oxidized BSA and oxidized amino acid homopolymers derivatized with

FlNH2 were hydrolysed with 6 N HCl at 110 °C for 24 h. Aliquots of 0.5 ml of

samples were purged with argon before heating. The protein hydrolysates in 6 N

HCl were filtered through 0.45 m m filters (Hewlett Packard) and analysed directly

by HPLC, on a model 1090 liquid chromatograph equipped with a Hewlett-Packard

Model 1040A diode array detector. The sample (50 m l) was injected onto a

Purospher RP-18 (5 m m) column (Hewlett Packard, Waldbromn, Germany)

equilibrated with 2 mM formic acid, pH 3.2, at 1 ml min± 1. A linear gradient from 0

to 50% acetonitrile in 2 mM formic acid was developed up to 12.5 min.

The eluent was monitored at both 454 nm (bandwidth 5 nm) and 275 nm

(bandwidth 5 nm).

Fractions (15 s) were collected for further analysis as required. Mass spectra

were recorded on a Kratos profile mass spectrometer (Manchester, UK), equipped

with an electrospray interface.

Stability and reproducibility
Three male Wistar rats (150± 200 g; 4 months old) were anaesthetized with carbon

dioxide + oxygen (95%+5%) and blood was drawn from the dorsal aorta of each rat.

At different time-intervals (5 min, 30 min, 1, 4, and 24 h), aliquots of 1 ml

heparinized blood were separated into plasma, white, and red cells by centrifugation

on Ficoll PaqueR (Research Grade; Pharamacia Biotech, Uppsala, Sweden) and the

samples were stored at ± 20 °C. The stability of oxidized amino acids or further

oxidation of protein during the storage of whole blood was tested by HPLC analysis

of FlNH2-derivatized plasma and haemoglobin as described above.

MES± SDS solutions of native or oxidized BSA were stored at 5 °C or room

temperature for 7 days and aliquots of 0.1 ml (at 1-day intervals) were derivatized

by FlNH2. Oxidized amino acids were determined by HPLC analysis, as described

above. Half of these samples were purged with argon before the hydrolysis.

In order to assess reproducibility, aliquots of 0.1 ml of frozen (± 18 °C) rabbit

plasma were taken at 2-day intervals for 2 months, and the content of oxidized

amino acids was measured as described above.

Quantitation of GGS and AAS in plasma proteins of rats

dosed with t-butyl hydroperoxide and acrolein
Male Wistar rats (150± 200 g) were divided into three groups (a, b and c) each with

three animals. Control rats (group c) were given the vehicle (normal saline), group

b rats were given t-butyl hydroperoxide (1.3 mmol kg ± 1) subcutaneously (Bauman

et al. 1991), and group a rats were given acrolein (13 mg kg ± 1) in normal saline by

gavage (Thakore et al. 1992). After 4 h they were anaesthetized using carbon

dioxide + oxygen (95% + 5%) and blood was drawn from the dorsal aorta of each

rat. Blood was separated into plasma, white and red cells by centrifugation on

Ficoll PaqueR. Oxidized amino acids in plasma hydrolysate were measured by

FlNH2 methods as described above.

Results
In vitro studies

Ability of different MCO systems to oxidize BSA

Fig ure  1 show s the carbonyl content  of  BS A, oxidized w ith  th e

var ious MCO systems. An MCO system consi sting  of  Fe( III),

B. Daneshvar et al.118
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EDTA, ascorbate  an d oxygen was more  eff ect iv e than those in

w h ic h i ron , EDTA or ascorbate was om itted. T he kinetics of

carbonyl grou p form ation  sho wed  a l inear  i ncrea se for  at  least

45  m in . Th e reaction w as  essential ly  com pleted after  1  h

(Figure 2) .

FlNH2-derivatives of g -glutamyl semialdehyde and 2-amino-
adipic semialdehyde

HPLC analysi s of  Fe3+/E DTA/ascorb ate  oxidized  BSA,

der ivatized with  F lNH
2

an d  h y d ro ly sed  w ith  H Cl sh ow ed

th ree major peaks at  4 54 nm  in the ch rom atogram  (Figure  3,

Biomarker of oxidative damage to proteins 119

Figure 1. Carbonyl formation in BSA induced by different MCO systems. BSA

was exposed to the MCO systems for 60 min at 37 °C and carbonyl formation

measured by FlNH2-derivatization. (A) Native BSA; (B) native BSA + Fe(III); (C)

native BSA + Fe(III) + EDTA; (D) native BSA + Fe (III) + ascorbic acid; (E) native

BSA + Fe(III) + EDTA + ascorbic acid. The values are mean ± SD for n = 3.

Figure 2. Carbonyl content in BSA as function of oxidation time BSA was

exposed to the MCO system containing Fe(III), EDTA, ascorbate and oxygen for

up to 90 min at 37 °C. Carbonyl content was determined by the FlNH2-

derivatization method. (A) BSA + MCO; (B) control BSA. The values are mean 

± SD for n = 3.

Figure 3. HPLC chromatogram of FlNH2-derivatized BSA after hydrolysis with 6 N HCl at 110 °C for 24 h. The upper tracing is the chromatogram at 454 nm, tracking the

fluorescein-containing products. The peaks at 9.4 min and 9.7 min are the decarboxylated fluoresceinamine derivatives of GGS and AAS, respectively. The peak at 11.6

min is decarboxylated fluoresceinamine. This peak was also observed when free FlNH2 was subjected to the HCl treatment used for peptide-bond hydrolysis. The lower

tracing is at 275 nm. The peak at 3.8 min is tyrosine.
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up per) .  T hese p eaks were  also observe d i n  h yd ro lysa tes fro m

BSA tre ate d in  v itro w ith oth er  oxidatio n system s an d in

derivatized n at ive BSA . The peaks were  collec ted separately.

T he f irs t  and second peaks, at  9 .4  min and 9.7  min,

respectiv ely,  were  not  seen if  cyanoboro hy dr id e wa s o m it ted

fro m  th e react ion  m ix ture ,  in dicat ing  th ese co m pou nd s w ere

n ot  art ifactual  prod ucts f orm ed  du ring  a cid  hy dro lysi s of

oxid ized BSA  and F lNH
2
. The m inor peaks elut ing at  6±8 m in

w e re  only observed in  t he F e3 +/EDTA/ascorb ate  ox id ized BS A

a nd  n o t  in  v iv o.

F lN H
2

label l ing of  several  oxidized amino acid

hom opolym ers show ed  that  th e f irst  peak can originate  fro m

p roline and  arg inine re sid u es,  w h ereas th e seco nd  p eak

originated fro m  lysine resid ues.  M ass  spectr al  an alysis  sho wed

m ole cular  ion s m / z of  419  [M+H]+ and  433 [M+H]+,  w hich is

115  and 129  mass u nits greater  than that of  decar boxylated

F lN H
2
, indicat ing that  pro lin e a nd arg in ine are  oxidized to  

g -glu tamyl semialdehyde (GGS ) and lysine is  oxid ized  to  

2-am ino-adipic  sem ia ldehyde (A AS) .

T he  th ird  peak ,  a t  11.6  m in, w as  also  o bserved  w he n fre e

F lN H
2

w as subjec ted  to  the HCl treatm ent used  fo r  p eptide-

b o n d  h y d ro lysis . M ass spec tral  analysis sugg es ted  that  this

co m po und  w as d ecarbo xylated F lN H
2

([M+H]+ = 304) .  T he

decarbox ylat io n product  of  F lN H
2

w as collected,  evapo rated,

w eigh ed  a nd  red issolv ed in  6  N HCl for  quant itat ion by HPL C

analysis.  A sensit ivi ty  of  6  pm ol was fo und. T he

decarboxy la ted f lu oresc einamine der ivat ive of  GGS or AAS

conten t  was calculated f rom  the max imu m  absorban ce (4 54

nm )  u si ng:  pm ol  com p ou nd = A
454

/ 0 .45 4,  w here  A
4 54

is the are a

u nd er th e peak  re co rded  w ith th e d io de array detector.

The peak at 3 .8  min at  275 nm (F igure  3, lower)  was

d e te rm in ed as ty rosine .

Effect of concentration of FlNH2 and protein

T h e results in  Fig ure  4 show  the eff ect  of  FlNH
2

co nce nt ra t io n

on conjugation of  oxidized amino acids,  GGS and AAS . We

fo und that  100  m m ol FlN H
2

w o uld  b e su ff ic ient to rea ct  w ith

all oxid ized amino acid s in  16 m g of pro tein.

The effect  of  vary ing the am ount of  oxidized  BS A (1±16 mg)

relat ive to  FlNH
2

w as also tested b y m easurem ent of  GG S and

AA S and a linear  re lat io nsh ip was found  (no t  sh own ).  T his  is

in  agreem ent wi th Clim en t et  al . (1989) .

Stability and reproducibility

T he  sto rage of  w hole blood from rats a t ro om  te m pe ra tu re  for

up to  24 h has  no influence on the G GS or AAS  conten t  in

plasm a an d h aem o glob in,  in dicat in g th at  these o xidized  am ino

acids are  s table  and no furt her  oxid ation  or  deco m posit io n

ha ppen ed dur ing  th e s tor age.

The  level s of GGS and AAS sho wed no  differen ces b etween

p ro tein sam ples w hich had been hy dro lysed  for 24 h and 48 h.

In addit ion , the GGS or AAS content (100 pmol ml±1 HCl, 6 M)  in

ou r s tan dard  so lu tions, co llected  by  HPLC analysis of  oxidized

BSA, was unaffected by the stor age at +5 °C for  2  months. There

was no differen ce  either  in  GGS or  in  AAS conten ts in  ox id ized

BSA (417 ‰8 pm ol m g±1 p rotein)  be tween sam ples that were not

p u rged with argon an d sam ples which had been  purged w ith

a rgon imm ediate ly af te r ox idation  (n = 18),  indicat ing that no

further  oxidat ion took place  during sto rage and  ac id  hydro lysis.

The storage temperature  had  no effect on the GGS or  AAS

content . The m easurem ents of  AAS in rabbit  plasm a sam ples

which had been sto red  for 2  months at ±18 °C showed no change

in  AAS conten t  dur ing the 2 months.  The m ean value was 140

pmol AAS mg±1 p rotein ‰10%  (n = 40).

Use of tyrosine for determination of protein concentration in
protein hydrolysate

P ro tein co ncen trat ions of  nat ive and oxidized BSA  so lutions

w e re  d eterm ined  by  the Pierce  BCA Prote in Assay Reagent.

Aliquots of  0 .2  ml of  the sam ples w ere  t h en  h y d ro ly sed w ith  

6  N HCl at  110  °C for 24 h,  and  50 m l  w as analysed by H PLC.

T h e  L- tyro sine,  l ibrated by  the hydro lysis,  was eluted  at  3 .8

min (275 nm) .

L-Ty ro sin e was s table  d urin g th e acid h ydro lysis pro c e d u re

sinc e reco very (n = 6) was found to  be 98 ‰1 % ,  in d e p en d e n tly

of the tyro sine concen tr at ion (1±5 m g m l±1) . No other aro m a ti c

am ino ac id  had  a  s im ilar  re tention t im e in  this system . Figure

5(A ) sho ws a  s tan dard  c u rve  for  absorbance of  L-tyro sine at  275

nm obtained  by HPL C analysis  of  L-tyro sine d issolv ed  in  6  M

HCl. Figure  5(B) shows that the am ount of  tyrosin e d eterm in e d

by  HPLC corr elated  w ith  th e pro tein co ncent rat io n,  m easure d

by the Pierce assay.  A sim ilar  correlat io n c urve w as ob tain ed

with tot al  bov ine p lasm a p ro teins.  We fou nd  th at  th e p lasm a

p ro tein con cen trat ion  can be determ in ed  by  m ea surem ent  of

th e L- tyrosine concen trat io n i n  th eir  hyd ro lysa tes.  T his se rv e s

as a  useful  contro l  of  the pro te in  hy d ro lysis  pro c e d u re .

Reactive Oxygen Species generating systems

Tab le 1 show s that  the o xidation prod ucts ,  a lso p re sen t  i n

nat ive BSA , are  in creased  by all  oxidation system s.  T he rat io

B. Daneshvar et al.120

Figure 4. Effect of FlNH2 concentration on labelling of GGS and AAS.

Derivatization of 16 mg BSA was carried out in a total volume of 0.8 ml with up to

50 m mol FlNH2. The decarboxylated fluoresceinamine derivative of GGS and AAS

are measured in the hydrolysate as described under Materials and Methods. The

values are mean ± SD for n = 3.
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GG S/AAS spans a  factor  of  9  between these  system s.  The

m e a su rem ent of  carbonyl content  of  nat ive-  and M CO -oxidized

BS A sho wed that  the sum  of GGS  and AAS  con tents is  about

75%  o f the total  a ldehyde grou ps in  intac t  BS A.

In vivo studies

Determination of 2-amino-adipic semialdehyde in mammalian
species

S e rum  alb um ins a nd  to tal  p lasm a pro teins of  e ight  m am malian

sp eci es w ere  derivatized by FlN H
2

a n d  h y d ro ly sed , as

descr ibed  ab ove. T he results of  measured A AS  in seru m

albu m in and  t otal  pl asm a p ro teins in  re la t io n to  m axim um

lifespan  potential  (MLS P) of  each spec ies are  sh ow n in F ig ure

6. T he highest  and lowes t levels of  AA S are  fou nd for  rat  and

h u m an ,  respect ively.  T he GGS  levels did not  show any

co rrela t ion w ith  ML SP of the m am m al ian species (data  no t

sh o w n) .

Oxidative stress induced by t-butyl hydroperoxide and
acrolein in rats

T he GGS  and AA S content  in  rat  plasm a pro te ins 4  h  after  i n

vi v o t reatm en t wi th  t-buty l  hy dro p e roxide,  1 .3  m mol kg±1,

su bcutaneou sly (group b )  or  w ith acro le in , 13 mg kg±1,  i n

n o rm al sal ine by  gavage  (group a)  is  presented in  Fig ure  7. T he

am ounts of  GGS or AAS (pmol m g±1 p ro tein)  incre a s e d

significantly  (p < 0.05)  by treatm en t w ith  b oth  chem icals ,

c o m p are d w ith the co ntro l values (group  c) .

Age-related GGS and AAS in total plasma proteins in rats

P lasm a p ro te ins from rats  of  various ages were  analysed for

conten t  of  GGS and AA S. A posit ive  correla t ion (y = 0.31x +

150, r = 0.88) between the am ounts o f  AAS  in plasm a p ro t e in s

and age ab ove 3 m onths w as  found  (Figure  8,  upp er curv es on

A and  B).  New born s,  ho w eve r,  w ere  foun d to  h ave a  m uch

higher  level ,  460±600 pmol m g±1 p ro tein ,  w hich d ecli ne d wi th

a n a p p a ren t  hal f- l if e of  about 7  days unti l the adult  level  is

reached  afte r  30 days. The GGS levels (Figure  8,  lower curv e s

on A and B) also  decrease  in  the f irs t 30 days,  but  they  increa se

on ly  m arg inally  during the remain ing l ife  (y = 0.04x + 40,  r =

0.83) .

Discussion
Carbon yl fu nctions in  pro teins may be detec ted  b y form a t io n

of 2 ,4-din itrophenylh ydrazone (DNP H) derivat ives (L evine

1984, Oliver et al. 1987, Levine et al. 199 0) , by  form at io n of

f luorescent  hy drazones or  thiosem icarbazone d erivatives (A hn

et  al. 1987), by form ation of  an  alcoho l throu gh red u c tio n w i th

tr i t ia ted borohydr id e (Levine et  al . 1990, Amici  et al. 1989,

L enz et al. 1989),  or  by derivat ization with  FlNH
2

fol low ed by

re du ctio n w ith  cy ano bo rohyd ride (Clim ent et  al . 1989) .

Both DN PH (data  not  shown)  and F lNH
2

w e re  used  i n  th is

stu dy  to  m easure  total  carbonyl content  in  nat ive-  and

oxid ized  BSA, bu t  DNP H derivat ives are  not  s table  dur ing acid
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Figure 5. Standard curves for absorbance of L-tyrosine (A) and BSA hydrolysate

(B) at 275 nm obtained by HPLC analysis. The equations for the fitted regression

lines are A(275) tyrosine = 213867 ́ (mg) with r = 0.995 (A) and A(275) BSA hydrolysate =

10792 ́ (mg) ± 268 with r = 0.98 (B). The values are mean ± SD for n = 3.

Total aldehyde GGS AAS

(pmol mg± 1 (pmol mg± 1 (pmol mg± 1 GGS/

Treatment protein) protein) protein) AAS

Native 800 ± 100a 214 ± 5 417 ± 8 0.51

Peroxidase + H2O2 n.d. 564 ± 11 1665 ± 35 0.34

Fe(III) + 16500 ± 800 8315 ± 78 2765 ± 43 3.00

EDTA + ascorbate

NaOCl + H2O2 n.d. 588 ± 10 705 ± 13 0.83

Xanthine oxidase n.d. 599 ± 10 918 ± 18 0.65

+ hypoxanthine

Table 1. Oxidation of amino acid residues in bovine serum albumin.

a The results are expressed as mean ± SD, n = 3.

n.d. not detected.

Figure 6. 2-Amino-adipic semialdehyde (AAS) in serum albumins (upper curve)

and total plasma proteins (lower curve) of eight mammalian species were

derivatized by FlNH2 and measured, as described under Materials and Methods.

(A) Rat; (B) rabbit; (C) dog; (D) goat; (E) cow; (F) pig; (G) horse; (H) human. The

values are mean ± SD for n = 3.
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h y d ro lysis of  the pro tein,  wh ile  the re su lt s  p rese nt ed  he re

dem on st r ate  th at  F lNH
2
-derivat izat ion fol lowed by

cy ano bo roh y dr id e reductio n generates  a  stable  carbonyl

derivative, there by  p roducing a  conjugatio n pro du ct  th at  ca n

be detected w ith a  sensi t ivi ty  of  about 6  pmol carbonyl. A

com parison o f  total  ald eh yde con ten t  in  n at iv e-  and oxidized

BSA (measured w ith F lN H
2
-derivatizat ion) show ed that

specif ic am ino ac ids d er ivatives account for  only ab out 75%  of

th e  m ea sured  ald ehy de groups in  intact  BS A, indicat in g that

unsp ec if ic  or  u nstable binding of  the reagent  to  pro t ein  m ak es

po ss ib ly an im p orta nt  p art of  th is differe n ce .

We have id entif ied tw o m ajor a ld eh ydic oxid atio n pro d u c t s

in  seru m  p ro teins an d co m pa red  four differe n t  in  v i tro

oxidation sy stem s (h ydroxyl r ad ical- , supero xide anion -,

hypo ch lori te  ion-  and F enton-ty pe systems) w ith respect  to

thei r  abil i ty  to  oxid ize am ino acid residues in  BSA to GGS  or

AAS. An MCO system  based  on Fe(I II) , EDTA, ascorb ate  and

ox ygen  in du ces these pro du ct s  m o re eff ic ien tly  than the o ther

sy stem s u nder  the cond it ions em ployed.  Com par iso n o f  t he

re lat ive amounts of  GGS and AAS form ed  in di cate  tha t  t he

suscep tibil i ty  for  oxida tion of  Pro ,  Arg , and Lys re sid ues var ies

w ith the different  oxidatio n systems.  F urth er  s tud ies m ay

elucidate  their  in dividual  sensi tiv i ty  to  o xidation b y the

d ifferen t  reactive oxygen spec ies.

B oth t-buty l  hy dro p e ro xid e a nd acro lein hav e b een sh ow n to

be toxic in  v iv o (Bau ma n et  al . 1991, T hakore  et  al . 1992) .  The

form er  is k nown as  an ind ucer  of  o xidativ e st ress that  direct l y

p ro duces R OS , w hereas the la tter  is a toxic  m etabolite of

several  xenobiotics th at  pro bably ind uces o xidative st ress as  a

consequence of  i ts  ab il i ty  to  pro d u ce ad d u cts  w i th  pro tein s,

glutathion e and o ther  cel lular  co nst i tuen ts.  Ou r re su l ts

indicate  that  the GGS  and AAS  content  of  plasm a pro t ein s c an

be increa sed  b y e xpo su res t o  che m ical s w hic h ind u ce

oxidative s tre ss  i n  v ivo.  In  addit ion,  the resu lt  conf irm ed  al so

that  induction of  GGS or  AAS  var ies with the nature of

in d u c e r.  Urate  has been show n to be a  s tro ng  a ntiox idan t  and

singlet oxygen scavenger  and to  pro tect  biologica l  m embranes

fro m  l ip id  p erox idatio n reactions at  ph ysiological

con cen tra t io ns in  v i tro (Cutler  1984). I n  his  study on urate  and

ascorbate,  a posit ive corre l at io n b etw een m axim u m  li fespa n

potential  (ML SP ) in  m amm alian species and  the concentr at io n

of urate  per  speci f ic  m etabolic rate  (SMR) was observ ed (Cutler

1984) . Our studies o n oxidation pro du cts  i n  se ru m  a lb u m in s

and  to tal  pl asm a pro tein s of  e ight  m am m al ian  species

including  rats  indicate  that  the A AS  content  can be used  as a

marker  of  oxidat ive m odif icat ion of  pro teins, with a

backgrou nd lev el  re lated to  the m ax imum  lif espan o f  the

species . I t  is  notewo rthy that  the levels of  the AA S in total

p la sm a  p ro teins are  almost hal f  the levels  found in  seru m

album in s,  in dicat ing  that  this  oxid ation prod uc t  i s  m ainly

form ed  in  se rum  albumin. In  contrast , the levels of  GGS

sho w ed  no  co rrelation  with ML SP.

T h e re  is so me influence also by the age o n plasma pro t e in

GGS or  AAS, as seen in Figure 8. The level  of  both  GGS and

AA S  in  p lasm a pro tein s d ecreases w ith an  ap parent ha lf -li fe  of

about 1  week  from  the t ime of  birth  unti l  i t  reaches  the level of

the adult  ra t  af ter  approxim ately 30 days.  T his is  alm ost  equal

to  the weight-doubling t im e in  the pup s of  the stock used,

indicat ing a  d ilu t io n effec t.  S ince  ra t se rum  albu m in  i s

replenished  w ith a  half - li fe  of  2 .5  days,  however,  the 

d e c rease in  plasm a pro tein GGS and AAS in the f irs t m onth  of

l ife  in  the rats cannot be due to  a single burst  of  oxida tive

dam age to  serum  alb u m in aro u n d  b irth  fol lowed by dilution.  I t

m igh t  th erefore be due to  di lut io n of  another  ox idatively

d am a ge d  p ro tein  with a  m u ch  lon ger turn-over t im e or,  m o re

likely,  to a  gradual  decrease  in  oxidat ive damage to  seru m

alb um in  du e t o  a  de crease in  the m etabolic  rate  with in  the 

f irst  m onth .  I t  is well known that  a high level  of  ROS is found

in grow in g p up s d ue  p a rtly  to  a higher form ation  r ate  and

p a rt ly  to  a  less eff i c ient  antio xidan t  d efence m echani sm

(S tad tm an et al. 1993).

B. Daneshvar et al.122

Figure 7. Rat plasma protein GGS (dotted) and AAS (white) measured by FlNH2-

derivatization. Control rats (c); rats treated with t-butyl hydroperoxide (1.3 mmol

kg ± 1) (b); rats treated with acrolein (13 mg kg± 1) (a). The values are mean ± SEM

for n = 3 rats. The groups a and b are significantly different (p < 0.05) from

control rats (group c).

Figure 8. The AAS (upper curves) and GGS (lower curves) in total plasma

proteins from rats in different age-groups. The results for rats of age 1 up to 30

days are shown in the curves (A), while curves (B) shows rats of age 30± 900

days. The values are observations on the individual rats.
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T he  level  of  GGS and AAS in plasm a pro teins re ache s s tead y

sta te  af te r  30 d ays and increases l in ear ly  during  the rem ainin g

life.  Since  the basa l ra te of  m etabolism  does  not  incre ase w ith

age,  this  m ig ht in dicate  that  defence towards ox idativ e dam age

to pro teins is  gradually  lost in  the ageing process  (S tadtm an e t

al.  1993).

We con clu de that  conver sion of  the s ide chains of  th e amino

ac id resi dues (e.g.  Pro , Arg  and Lys)  in  seru m  alb u m in t o

carbonyl derivatives ( g -glutam yl  semialdehyd e an d 2- am ino-

adip ic sem ialdehyde)  m ight  be u sefu l  m ar kers  to  m easu re  i n

v i vo a n d  in  v i tro ex p o su re  of  pro teins to  react ive oxygen

sp eci es.
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