
INTRODUCTION
It is well docu mented that hy per gly ce mia is re spon si ble

for over pro duc tion of re ac tive oxy gen/ni tro gen spe cies
(ROS/RNS) and oc cur rence of oxi da tive/ni tro sa tive stress
[1]. Pro teins are be tween ma jor tar gets for these re ac tive
spe cies as a re sult of their abun dance in plasma and other tis -
sues, and their re ac tiv ity [2]. The at tack of ROS/RNS
modi fies amino ac ids: ly sine, ar ginine, pro line, and his ti dine 
pro duc ing pro tein car bonyl groups (PCG). Ad di tion ally,
pro tein car bon yls may be formed as ke toamine de riva tives
by en hanced gly ca tion pro cesses, thus gen er at ing new re ac -
tive radi cals and per petu at ing this vi cious cy cle [3]. Other
prod ucts known as ad vanced oxi dized pro tein prod ucts
(AOPPs) are formed dur ing oxi da tive stress by the ac tion of
chlo rin ated oxi dants, mainly hy po chlor ous acid and chlo ra -
mines pro duced by myeloper oxi dase (MPO) in ac ti vated
neu tro phils. Struc tur ally, they are de scribed as di ty ro sine
con tain ing cross- linked pro tein prod ucts [4]. These both
prod ucts (PCG and AOPPs) have been iden ti fied as early
mark ers for oxi da tive stress and can be used as a meas ure of

pro tein dam age in dif fer ent patho logi cal situa tions. Among
other things, the in creased PCG and AOPPs can play role in
the patho gene sis of dia betic neph ro pa thy and vas cu lar com -
pli ca tions [3,5-7]. There fore, our pres ent study was un der-
taken to de ter mine sev eral mark ers of oxi da tive/ni tro sa tive
stress: glu tathione (GSH), lipid per oxi da tion prod ucts (LPO)
and to tal ni trites (NO2), and then to ex plore some re la tion -
ships be tween them and PCG or AOPPs in plasma of al loxan-
-induced hy per gly ce mic rab bits.

There is a strong theo reti cal ba sis to be lieve that thera -
peu tic ame lio ra tion of oxi da tive/ni tro sa tive stress would be
bene fi cial in dia betic pa tients. There fore, the sec ond goal of
the pres ent study was to in ves ti gate which of two oral an -
tidiabetic drugs, pioglita zone from per oxi some pro lif era tor-
-a ct ivated re cep tor gamma (PPARγ) ago nists, and repa -
glinide from non- sulfonylurea KATP chan nel block ers, could
be more ef fec tive in ame lio rat ing these oxi da tive/ni tro sa tive 
changes. Pio gli ta zone be longs to 2,4- thiazolidinediones
(TZDs) fam ily and acts in dia be tes by de creas ing in su lin re -
sis tance at the level of the mus cle and by in creas ing glu cose
up take. To a lesser ex tent, it de creases in su lin re sis tance in
liver and he patic glu cose pro duc tion [8]. On the other hand,
pio gli ta zone has been shown to be po tent an ti oxi dant in dif -
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fer ent patho logi cal situa tions con nected with oxi da tive/
ni tro sa tive stress in clud ing dia be tes [9-13]. The sec ond
drug, repa glinide, is a hy po gly ce mic agent from a chemi cal
class of drugs with a unique mo lecu lar struc ture and mecha -
nism of ac tion be long ing to the group of pran dial glu cose
regu la tors. It is a ben zoic acid de riva tive that lacks a sulfa
group. Ad di tion ally, some re sults from the lit era ture have
pre vi ously dem on strated that it may have posi tive ef fects on
pa rame ters of oxi da tive/ni tro sa tive stress [14,15].

MATERIAL AND METHODS
Ani mals and chemi cals. White male New Zea land rab bits

(the mean weight 3.1kg) were housed in a con trolled en vi -
ron ment with 12h light and dark cy cles. They were pro vided
with stan dard diet and wa ter ad li bi tum. Ani mal care was in
ac cor dance with the Guide lines of Medi cal Uni ver sity of
Lublin Ani mal Eth ics Com mit tee. The rab bits were di vided
into six groups with 5 ani mals in each: nor mal con trol
(Group C), con trol treated with pio gli ta zone (Group CP),
con trol treated with repa glinide (Group CR), hy per gly ce mic
con trol (Group H), hy per gly ce mic treated with pio gli ta zone
(Group HP) and hy per gly ce mic treated with repa glinide
(Group HR). Hy per gly ce mia was in duced by in tra ve nous in -
jec tion of 80 mg/kg of al loxan. Two weeks af ter the
in jec tion, ad mini stra tion of pio gli ta zone at a dose of 1 mg/kg 
and repa glinide at a dose of 0.3 mg/kg was started and con -
tin ued for 4 weeks. The drugs were given di rectly to oral
cav ity, be fore the morn ing feed ing. Con cen tra tion of glu -
cose was es ti mated with a glu come ter Pre ci sion QID from
Ab bott UK Ltd. (UK). At the end the ani mals were sac ri ficed 
with pen to bar bi tal so dium (60 mg/kg). Blood was col lected
from a jugu lar vein, im me di ately cen tri fuged at 4°C and
stored at -70°C un til analy sis was made.

GSH and LPO were de ter mined us ing Bi oxytech®

GSH-400™ and LPO-586™ kits from Oxis Re search
(USA), re spec tively. To tal NO2 were es ti mated us ing a Ni -
trate/Ni trite As say Kit from Fluka Chemi cals (UK). Ni trates
were re duced to ni trites by in cu ba tion of each sam ple for 120 
min in the pres ence of ni trate re duc tase and NADPH. To tal
ni trites were then as sayed by add ing of Griess rea gent and
meas ur ing the ab sor bance at 540 nm. PCG and AOPPs were
de ter mined us ing re spec tive ELISA or col or imet ric kits
from Im mun di ag nos tik AG (Ger many). Pro tein con tent was
de ter mined by the method of Lowry et al. [16] us ing bo vine
serum al bu min as stan dard. Two spec tro pho tome ters, a UV- Vis
CE-6000 from CECIL In stru ments (UK) and a Mi cro plate
Reader Pow er WaveTM XS from Bio- Tek In stru ments Inc.
(USA) were used.

Sta tis ti cal analy sis. All nu meri cal data are pre sented as
the mean with the re spec tive stan dard er ror (SEM). The sig -
nifi cance of dif fer ences was de ter mined with Kruskal- Wallis
and Mann- Whitney’s U tests. Prob abil ity p less than 0.05
was con sid ered sig nifi cant. For all sta tis ti cal evalua tion, Sta -
tis tica soft ware (ver sion 9.0) was used.

RESULTS
In plasma of our hy per gly ce mic ani mals there was a de -

crease in GSH level by 41% as com pared to con trol group.
Si mul ta ne ously, there were in creases in LPO by 62%, in
NO2 by 59%, in PCG and AOPPs by 71% and 53%. In
hyperglycemic- treated ani mals pio gli ta zone in creased GSH
level above the con trol val ues. In turn, LPO level was re -
duced by 29%, NO2 by 22%, PCG by 41% and AOPPs by
37% in re la tion to hyperglycemic- non treated rab bits. Af ter
repa glinide treat ment LPO level de creased by 17% in re la -
tion to hyperglycemic- non treated ani mals. How ever, this
drug did not af fect the lev els of GSH, NO2, PCG, and AOPPs 
(Tab. 1).

Ta ble 1. Ef fect of pio gli ta zone and repa glinide on glu cose, in su lin,
and oxi da tive/ni tro sa tive stress pa rame ters in plasma of con trol
and hyper gly ce mic rab bits

Group C Group CP Group CR Group H Group HP Group HR
Glucose
(mmol/l) 5.7±0.3 5.9±0.3 4.0±0.3a 24.9±2.8a 23.9±1.8a 24.0±2.3a

Insulin
(mU/l) 13.3±1.12 14.1±0.98b 20.0

±1.42a,b, 2.79±0.79a 2.01±0.34a 2.02±0.04a

GSH
(nmol/ml) 172.0±6.0 204.6±7.2a 164.7±9.3 100.8±4.6a 229.4

±7.4a,b 127.0±6.6a

NO2

(nmol/ml) 47.42±3.39 60.21±3.82a 68.92±6.36a 116.3±4.09a 91.03
±6.15a,b 113.6±5.48a

LPO
(nmol/ml) 1.54±0.16 1.82±0.05 1.52±0.06 4.01±0.26a 2.85

±0.20a,b
3.33

±0.10a,b

PCG
(nmol/mg 
protein)

1.94±0.22 2.17±0.11 3.18±0.16a 6.62±0.82a 3.88
±0.28a,b 6.29±0.42a

AOPPs
(nmol/mg 
protein)

3.13±0.28 3.47±0.12 3.59±0.17 6.61±0.41a 4.17
±0.13a,b 6.59±0.48a

Val ues are mean ± SEM (n=5).GSH- glutathione, NO2-t otal ni trites, PCG- 
protein car bon yls, AOPPs- advanced oxi dized pro tein prod ucts. Group
C- control rab bits, CP- control rab bits treated with pio gli ta zone, CR- control
rab bits treated with repa glinide, H- hyperglycemic rab bits, HP- hyperglycemic 
rab bits treated with pio gli ta zone, HR- hyperglycemic rab bits treated with
repa glinide. ap.05 ver sus Group C. bp.05 ver sus Group H.

Some cor re la tions were ob served when re spec tive pairs
of pa rame ters were taken into ac count. In hy per gly ce mic
group we ob served a nega tive cor re la tion be tween AOPPs
and GSH (r2=0.8459 at p=0.0270) and posi tive cor re la tion in 
a pair AOPPs-NO2 (r2=0.9665 at p=0.0026). In the case of
PCG posi tive cor re la tions oc curred in pairs: PCG-LPO
(r2=0.9075 at p=0.0123) and PCG-NO2 (r2=0.7874 at
p=0.0446). In hyperglycemic- pioglitazone treated group
posi tive cor re la tions in the pairs AOPPs-NO2 (r2=0.9898 at
p=0.0000) and PCG-NO2 (r2=0.9087, p=0.0120) were ob -
served. Be cause repa glinide af fected nei ther of the mark ers
of pro tein oxi da tion, any pos si ble cor re la tions were not
taken into ac count (Fig. 1).

DISCUSSION
Over the past few years lipid per oxi da tion gen er ated by

free radi cals in dia betic pa tients has been ex ten sively in ves -
ti gated. How ever, a fewer number of stud ies con cern ing
pro tein dam age have been avail able so far [3,5-7,17-21].
Mean while, dam age to pro tein may be even more im por tant
than dam age in lip ids. Oxi dized pro teins are usu ally poorly
re moved and this may con trib ute to their ac cu mu la tion in tis -
sues. Oxi da tive dam age to amino ac ids resi dues and/or to the 
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pep tides back bone of pro teins pro duced PCG. On the other
hand, upon for ma tion of tran sient radi cal spe cies such as
chlo ra mines pro duced by MPO and ni tro gen radi cals, di ty -
ro sine con tain ing cross- linked pro tein prod ucts known as
AOPPs are formed [17-19].

A wide spec trum of re li able meth ods for the de ter mi na -
tion of PCG like col or ime try, ELISA, im munoblot ting and
im mu no chem is try, are avail able. For AOPPs as say, the
method de scribed by Witko- Sarsat et al. [4] as well as dif fer -
ent col or imet ric kits are now avail able and even eas ier to
per form in typi cal labo ra tory prac tice. 

Pre vi ously [20,21], PCG was sig nifi cantly in creased in
our alloxan- induced hy per gly ce mic ani mals when a clas sic
col or imet ric method with 2,4- dinitrophenylhydrazine [22]
was used. In the pres ent study, the oc cur rence of pro tein oxi -
da tive dam age in plasma was con firmed by PCG-ELISA
method and by AOPPs as say. Simi larly to our re sults, in
three other stud ies the ele vated PCG and AOPPs were also
found [5,18,19]. In ter est ingly, in one pre vi ous study, plasma 
pro teins were found to be oxi dized largely when mi cro vas -
cu lar com pli ca tions were pres ent. In ad di tion, an ti oxi dant
status was de creased more in these pa tients in di cat ing close
re la tion ship be tween oxi da tive stress and sub se quent de vel -
op ment of mi cro vas cu lar com pli ca tions [5]. In the study of
Pi wowar et al. [19], more marked in crease in the level of
AOPPs com pared with PCG level was found. It was ex -
plained by lower sus cep ti bil ity of AOPPs cross- linked
pro teins to pro te oly sis and their sub se quent ac cu mu la tion in
plasma. Other authors even sup posed that AOPPs might rep -
re sent an ad di tive marker of phago cyte de rived oxi da tive
stress con firm ing the dys regu la tion in the bal ance be tween
pro- inflammatory cy to ki nes and their in hibi tors [23].

Our re sults con firmed the use ful ness of both mark ers and
both meth ods, PCG-ELISA and col or imet ric AOPPs as say.
Al though the cor re la tions ob tained be tween them and other
mark ers of oxi da tive/ni tro sa tive stress seem to be higher in
the case of AOPPs, it can be stated that they both show simi -
lar trends, es pe cially for cor re la tion with NO2 level.
In ter est ingly, simi lar cor re la tions were also pres ent in our
pio gli ta zone treated ani mals (Fig. 1).

Un der physio logi cal con di tions, the an ti oxi dant de fense
sys tem within the body can han dle the amount of free radi -
cals. The first line of an ti oxi dant de fense con tains low
mo lecu lar an ti oxi dants like ascor bic acid (AA) and GSH.
This line is able to scav enge ROS/RNS and thus less re ac tive 
com pounds are formed. AA par tici pates, among other
things, in a va ri ety of en zy matic re ac tions as an elec tron do -
nor and is main tained in its re duced form by GSH. In turn,
to tal an ti oxi dant status (TAS) re flects the over all an ti oxi dant 
prop er ties be cause of the in ter ac tions among these vari ous
an ti oxi dant com po nents.

Pre vi ously, AA, TAS and GSH had sig nifi cantly de -
creased lev els in many stud ies con cern ing dia betic pa tients
and ani mals [7,15,24-26]. In the pres ent study, the di min -
ished level of GSH has also been con firmed in our
hy per gly ce mic group. This may be due to its in creased use in 

or der to com bat the ROS/RNS over pro duc tion. Some re -
ports sug gest that in tra cel lu lar GSH level may be de creased
by RNS pro duced in ac cess by in duci ble ni tric ox ide syn -
thase (iNOS) [27]. Our data con cern ing the en hanced
con cen tra tion of NO2 in plasma of our hy per gly ce mic ani -
mals seem to con firm this. It is also con sis tent with other
stud ies re port ing that ac tive hy per gly ce mia is di rectly re -
lated to in creased iNOS ac tiv ity, which would en hance NO2

for ma tion [17,28].

Data from the lit era ture have shown that bene fi cial ef fects 
of an ti oxi dants against the de vel op ment of oxi da tive/ni tro -
sa tive changes in dia be tes may in volve the in hi bi tion of
nu clear fac tor κB (NF- κB) ac ti va tion. On the other hand, it
was ob served that the ac ti va tion of NF- κB and its re lated
gene prod ucts was blocked by PPARγ ligands from TZDs
fam ily, in clud ing pio gli ta zone [8,29]. PPARγ ago nists also
par tici pated in the con trol of in flam ma tion, es pe cially in
modu lat ing the pro duc tion of in flam ma tory me dia tors such
as tu mor ne cro sis fac tor α, in ter leukin 1α, in ter leukin 6
(IL-6), iNOS and MPO [8,9,12,13,20,21,30,31]. Ad di tion -
ally, pio gli ta zone de creased lipid per oxi da tion as well as
ni trite over pro duc tion and re stored GSH level in the stud ies
con cern ing both dia betic pa tients and ani mals [10,12,13,32]. 
Resul tantly, ame lio ra tion of both oxi da tive/ni tro sa tive stress 
and in flam ma tory re sponse was clearly noted and the pres -
ent ef fect of the drug on AOPPs in aque ous hu mor of
hy per gly ce mic ani mals may be, at least in part, a con se -
quence of the above abil ity. Pre vi ous data con cern ing the
de creased lev els of NO2 and MPO af ter pio gli ta zone in lung
and tes tis of our hy per gly ce mic ani mals, con firm this
[33,34]. 

In the lit era ture also KATP chan nels are sup posed to be in -
volved in the regu la tion of a number of physio logi cal
pro cesses. The pos si bil ity that these chan nels may be in -
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Two different markers of oxidative protein damage in plasma of alloxan-induced hyperglycemic rabbits: effects of pioglitazone and repaglinide

Fig. 1. The correlations between NO2 and respective protein
oxidation marker, AOPPs (A) or PCG (B), in hyperglycemic group
(Group H) and hyperglycemic pioglitazone-treated group (Group HP)



volved, in ter alia, in neu tro phils func tions, is dis cussed.
What is more, they are sup posed to pro vide some new ways
for the treat ment of in flam ma tory dis or ders [35].

In plasma of type 2 dia betic pa tients treated with a non-
 sulfonylurea KATP chan nel blocker miti glinide, in hi bi tion of
lipid per oxi da tion and ni tro sa tive stress as well as some
pro- inflammatory fac tors in clud ing IL-6 was ob served [36].
Af ter ad mini stra tion of repa glinide, be ing an other drug from 
this fam ily, to tal se rum an ti oxi dant ca pac ity [15] and lipid
per oxi da tion [14,37] were also ame lio rated. How ever, all
these ef fects were ob served in type 2 dia be tes where they
could be prob able by im proved con trol ling of post pran dial
hy per gly ce mia and thus by the clus ter of oxi da tive/ni tro sa -
tive stress. Ad di tion ally, it was stated that in su lin per se
re duces the level of NF-κB. Be cause NF- κB regu lates the
ex pres sion of pro in flam ma tory cy to ki nes and en zymes in -
volved in ROS/RNS gen era tion, in su lin can modu late the
mecha nisms in volved in oxi da tive/ni tro sa tive stress and in -
flam- ma tion [35]. 

In our pre vi ous stud ies, some pa rame ters of oxi da tive
stress such as AA and TAS were ame lio rated by both pio gli -
ta zone and repa glinide while the con tro versy ex isted in the
range of PCG and IL-6 [20,21]. There fore, we wanted to
com pare once more the ac tion of these two drugs on oxi da -
tive/ni tro sa tive stress with spe cial re gard to pro tein dam age.
As a re sult we stated that pio gli ta zone in creased GSH level
above the con trol val ues and sig nifi cantly re duced LPO,
NO2, and es pe cially PCG and AOPPs. Af ter treat ment with
repa glinide, LPO lev els de creased. How ever, this drug did
not af fect the lev els of GSH, NO2, PCG, and AOPPs. Simi lar 
dif fer ences, to some ex tent, were ob served when ro si gli ta -
zone from TZDs fam ily and gly buride from sul fony lureas
KATP block ers were stud ied [38]. Im por tantly, in the pres ent
study pio gli ta zone and repa glinide did not sig nifi cantly af -
fect glu cose con cen tra tion in our hy per gly ce mic ani mals.
Af ter al loxan in jec tion, these ani mals pre served in su lin se -
cre tion but its amount was very low be cause of de struc tion
of many B cells by al loxan. There fore, repa glinide could not
stimu late its se cre tion in suf fi cient way and pio gli ta zone
failed to af fect its sen si tiv ity. This lack of an ti hy per gly ce mic 
ac tiv ity was ex pected and used by us to dif fer en ti ate, at least
in part, some di rect an ti oxi da tive/an tini tro sa tive ef fects of
the drugs from the ef fects me di ated via in creased in su lin ac -
tion. When ani mals with type 2 dia be tes were used, these
two kinds of ef fects could not be sepa rated.

In con clu sion, we stated that the role of oxi da tive/ni tro sa -
tive stress in dia be tes is still an area of in ter est ing
in ves ti ga tion. In the range of pro tein oxi da tion, both of the
mark ers, PCG and AOPPs could be help ful. How ever, one
may as sume that AOPPs as a marker con nected with the ac ti -
vated neu tro phils, may more clearly show the pos si ble
co in ci dence of oxi da tive/ni tro sa tive stress and in flam ma tion.

Thera peu tic use of pro tec tive agents, act ing early to pre -
vent pro tein oxi da tion, may of fer in ter est ing thera peu tic
op tions aimed at re duc ing long- term com pli ca tions in dia -
betic pa tients. We con firmed that pio gli ta zone and

repa glinide dif fer sig nifi cantly in their abil ity to ame lio rate
the ex am ined pa rame ters like NO2, PCG, and AOPPs. It can -
not be ex cluded that KATP chan nel block ers like repa glinide
may af fect oxi da tive/ni tro sa tive stress but PPARγ ago nists
like pio gli ta zone seem to act more com pre hen sively, which
was con firmed in de pend ently on their ac tion on hy per gly ce -
mia. How ever, it is de sir able to ad vance fur ther our
un der stand ing on mecha nisms of these al tera tions, es pe -
cially in clini cal stud ies in dia betic pa tients.
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