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Abstract

Background: Aging-associated nitro-oxidative stress causes tissue injury and activates proinflammatory path-
ways that play an important role in the pathogenesis of aging-associated cardiovascular dysfunction. It has
been recently reported, that the copper(II)–aspirinate complex (CuAsp) exerts not only the well-known anti-in-
flammatory and platelet antiaggregating effects of aspirin, but, due to its superoxide dismutase mimetic activ-
ity, it acts as a potent antioxidant as well. In this study we investigated the effects of CuAsp on aging-associ-
ated myocardial and endothelial dysfunction.
Methods and Results: Aging and young rats were treated for 3 weeks with vehicle, or with CuAsp (200 mg/kg
per day per os). Left ventricular pressure–volume relations were measured by using a microtip pressure–vol-
ume conductance catheter, and indexes of contractility (e.g., slope of end-systolic pressure–volume relation-
ships [ESPVR] [Ees], and dP/dtmax � end-diastolic volume [EDV]) were calculated. In organ bath experiments
for isometric tension with isolated aortic rings, endothelium-dependent and -independent vasorelaxation were
investigated by using acetylcholine and sodium nitroprusside. When compared to the young controls, aging
rats showed impaired left ventricular contractility (Ees, 0.51 � 0.04 vs. 2.16 � 0.28 mmHg/�L; dP/dtmax � EDV,
10.71 � 2.02 vs. 37.23 � 4.18 mmHg/sec per �L; p � 0.05) and a marked endothelial dysfunction (maximal re-
laxation to acetylcholine: 66.66 � 1.30 vs. 87.09 � 1.35%; p � 0.05). Treatment with CuAsp resulted in reduced
nitro-oxidative stress, improved cardiac function (Ees, 1.21 � 0.17 vs. 0.51 � 0.04 mmHg/�L; dP/dtmax � EDV,
23.40 � 3.34 vs. 10.71 � 2.02 mmHg/sec per �L; p � 0.05) and higher vasorelaxation to acetylcholine in aging
animals (94.83 � 0.73 vs. 66.66 � 1.30%; p � 0.05). The treatment did not influence the cardiovascular functions
of young rats.
Conclusions: Our results demonstrate that oxidative stress and inflammatory pathways contribute to the patho-
genesis of cardiovascular dysfunction in the aging organism, which can be reversed by CuAsp.
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Introduction

THERE IS EVIDENCE THAT AGING is a principal risk factor in
the development of ischemic heart disease. This may be

due to an age-associated increase in coronary vascular re-
sistance, leading to reduced myocardial blood supply and
flow reserve.1 Several studies have suggested that aging is
associated with impaired endothelial function in laboratory
animals2 and humans,3 and this endothelial dysfunction pre-

disposes the aging organism to cardiovascular complica-
tions. Recent studies demonstrate that aging-associated car-
diovascular dysfunction is related to the local formation of
reactive oxygen species (ROS) and reactive nitrogen species
(RNS)4–7 and chronic inflammatory processes8 in the myo-
cardium and coronary vasculature.

According to the “oxidative stress theory of aging,” age-
related loss of physiological function and aging is caused by
the deleterious effects of progressive and irreversible accu-
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mulation of nitro-oxidative damage. Aging organisms are ex-
posed to continuous oxidative injury, due to the higher rate
of superoxide production from the mitochondrial electron-
transport chain.9,10 Nitro-oxidative stress (NiOxStr) (in-
creases in ROS/RNS) at old age can elicit nitrosative-oxida-
tive modifications of various cell components, such as lipids,
proteins, and particularly DNA.11–13 A potent oxidant, per-
oxynitrite, is a major contributor to NiOxStr. It is formed by
the reaction of superoxide and nitric oxide (NO) and has
been shown to trigger DNA breakage, leading to the activa-
tion of the nuclear enzyme poly(ADP-ribose) polymerase
(PARP). Excessive PARP activation results in rapid deple-
tion of intracellular adenosine triphosphate (ATP) pools,
leading to cellular dysfunction and death.14

The “molecular inflammation hypothesis of aging” illus-
trates that aging-associated increased NiOxStr results in the
activation of redox-sensitive transcription factors (like nu-
clear factor-�B [NF-�B]) involved in inflammatory processes,
thereby leading to a chronic low-grade proinflammatory
state at the molecular level in the aging organism.15–17 NF-
�B is known to regulate the expression of proinflammatory
cytokines and enzymes, such as inducible NO synthase
(iNOS) and cyclooxygenase-2 (COX-2). At old age, increased
expression of iNOS results in unregulated generation of large
amounts of NO, and thus enhanced peroxynitrite-forma-
tion,15 whereas elevated COX-2 levels trigger inflammatory
cascades and contribute to ROS overproduction.18 These pro-
cesses evoke a vicious cycle that aggravates NiOxStr and tis-
sue injury associated with advanced aging.

Pharmacological attempts against NiOxStr using classic
antioxidants (vitamin E, C, or glutathione) have resulted in
conflicting results in experimental models of aging. On the
basis of results of recent cardiovascular studies, pharmaco-
logical treatment with synthetic superoxide dismutase (SOD)
mimetics,19 peroxynitrite decomposition catalysts,7 or PARP
inhibitors20,21 emerge as novel antioxidant therapeutic pos-
sibilities for aging-associated cardiovascular dysfunction.
Most recently, chronic aspirin supplementation has been
shown to reduce aging-associated “molecular inflammation”
and NiOxStr and improve vascular dysfunction at old
age.22,23 It has been reported that coordination of aspirin to
copper (synthesis of the copper(II)–aspirinate complex
[CuAsp]) amplifies both the well-known anti-inflamma-
tory24 and platelet antiaggregating effects25 of aspirin. Fur-
thermore, CuAsp was observed to be a potent antioxidative
compound in vitro and in vivo, presumably mainly due to its
SOD-mimetic activity.26,27

To examine whether cardiovascular dysfunction at old age
can be beneficially affected by simultaneously targeting both
ROS and inflammatory pathways, this study investigated the
effects of CuAsp on NiOxStr, inflammatory markers, left
ventricular (LV) performance, and the vascular function of
aortic rings in a rat model of aging-associated cardiovascu-
lar dysfunction.

Materials and Methods

Animals and treatment protocols

The investigation conforms with the Guide for the Care and
Use of Laboratory Animals published by the U.S. National In-
stitutes of Health (NIH Publication No. 85-23, revised 1996).
All procedures and handling of animals during the investi-

gations were reviewed and approved by the local Ethical
Committee for Animal Experimentation.

Young adult (3 months old, 200–250 grams) and aging (22
months old, 460–580 grams) Lewis rats (Charles River,
Sulzfeld, Germany) were housed in a room at a constant tem-
perature of 22 � 2°C with 12-h light/dark cycles and fed a
standard laboratory rat diet and water ad libitum.

Aging rats were treated for 3 weeks with vehicle (aging
control group, n � 6) or with CuAsp-suspension per os as a
daily gavage (200 mg/kg per day, a dose found to be effec-
tive in previous studies26) (aging treatment group, n � 7).
Young rats treated for the same time with vehicle (young
control group, n � 8), or with same dosed CuAsp-dosed
(young treatment group, n � 8) rats were used as controls.

Hemodynamic measurements

Rats were anesthetized with a mixture of ketamine (100
mg/kg) and xylazine (3 mg/kg) intraperitoneally (i.p.) and
then tracheotomized and intubated to facilitate breathing.
The animals were placed on controlled heating pads, and
their core temperature was measured via a rectal probe and
was maintained at 37°C. A polyethylene catheter was in-
serted into the left external jugular vein for fluid adminis-
tration. A 2F microtip pressure–volume catheter (SPR-838,
Millar Instruments, Houston, TX) was inserted into the right
carotid artery and advanced into the ascending aorta. After
stabilization, arterial blood pressure was recorded. After
that, the catheter was advanced into the LV under pressure
control, and LV pressure–volume analysis was performed as
described previously.28 Briefly, after stabilization, the signals
were recorded continuously at a sampling rate of 1000/sec
using a pressure–volume conductance system (MPVS-400,
Millar Instruments), stored, and displayed on a computer by
the PowerLab Chart5 Software (ADInstruments, Colorado
Springs, CO). With the help of a pressure–volume analysis
program (PVAN, Millar Instruments) mean arterial pressure
(MAP), maximal LV systolic pressure (LVSP), LV end-dias-
tolic pressure (LVEDP), maximal slope of systolic pressure
increment (dP/dtmax), and time constant of LV pressure de-
cay (Tau) were computed and calculated. LV pressure–vol-
ume relations were measured by transiently compressing the
inferior vena cava under the liver using a cotton-tipped ap-
plicator. As load-independent indexes of LV contractility, the
slope (Ees) of the curvilinear LV end-systolic pressure-vol-
ume relationships (ESPVR), preload recruitable stroke work
(PRSW), and maximal slope of systolic pressure incre-
ment–end-diastolic volume relation (dP/dtmax � EDV) were
calculated as described previously.28–30

At the end of each experiment, 100 �L of hypertonic saline
was injected intravenously, and, from the shift of pres-
sure–volume relations, parallel conductance volume was cal-
culated by the software and used for correction for the
cardiac mass volume. The volume calibration of the
conductance system was performed as described previ-
ously.28

In vitro assessment of vascular function

After the hemodynamic measurements, the descending
thoracic aorta was removed and placed in cold (�4°C) Krebs-
Henseleit solution (KHS, 118 mmol/L NaCl, 4.7 mmol/L
KCl, 1.2 mmol/L KH2PO4, 1.2 mmol/L MgSO4, 1.77 mmol/L
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CaCl2, 25 mmol/L NaHCO3, 11.4 mmol/L glucose; pH 7.4).
The aortae were prepared and cleaned from periadventitial
tissues and cut transversely into 4-mm-width rings (n � 3 or
4 from each animal) using an operation microscope.

Isolated aortic rings were mounted on special hooks in in-
dividual organ baths (Radnoti Glass Technology, Monrovia,
CA), containing 25 mL of KHS at 37°C and aerated with
95%O2 and 5%CO2. Special attention was paid during the
preparation to avoid damaging the endothelium.

Isometric contractions were recorded using isometric force
transducers (Radnoti Glass Technology), digitized, stored,
and displayed with the IOX Software (EMKA Technologies,
Paris, France).

The aortic rings were placed under a resting tension of 2
grams and equilibrated for 60 min. During this period, ten-
sion was periodically adjusted to the desired level and the
KHS was changed every 30 min. Maximal contraction forces
to potassium chloride (KCl; 100 mmol/L) were determined,
and aortic rings were washed until resting tension was again
obtained. Phenylephrine (PE; 10�6 mol/L) was used to pre-
contract the rings until a stable plateau was reached. Relax-
ation responses were examined by adding cumulative con-
centrations of endothelium-dependent dilator acetylcholine
(ACh; 10�9 to 10�4 mol/L) and endothelium-independent
dilator sodium nitroprusside (SNP; 10�10 to 10�5 mol/L).
Maximal forces of contraction (after subtraction of resting
tension) are expressed as grams of tension; relaxation is ex-
pressed as percent of contraction induced by PE.

Immunohistochemistry

Myocardial and aortic wall sections of the rats were re-
moved for immunohistochemical processing immediately af-
ter completing the LV pressure–volume analysis. The tissue
samples were fixed in buffered paraformaldehyde solution
(4%) and embedded in paraffin. Three adjacent sections were
processed for each of the following types of immunohisto-
chemical labeling. According to the methods previously de-
scribed,31 we performed immunohistochemical staining for
nitrotyrosine (NT) and for poly(ADP-ribose) (PAR) as mark-
ers of NiOxStr. Primary antibodies used for the stainings
were polyclonal sheep anti-nitrotyrosine antibody (OXIS,
Portland, OR) and mouse monoclonal anti-PAR antibody
(Calbiochem, San Diego, CA). 

On the basis of the intensity and distribution of labeling,
semiquantitative histomorphological assessment of myocar-
dial sections was performed by experimentators blinded to
the treatment groups using conventional microscopy and the
COLIM software (Pictron, Budapest, Hungary). On the ba-
sis of the staining intensity, specimens were coupled with
intensity scores as follows: 0 � no positive staining, 1–2 �
increasing degrees of intermediate staining, and 3 � exten-
sive staining. According to the amount of positive stained
cells, an area score was assigned (1 � � 10% positive cells,
2 � 11–50% positive cells, 3 � 51–80% positive cells, 4 � �
80% positive cells). Finally an average score (0–12) for the
whole picture was calculated (intensity score � area score).

Myocardial RNA isolation and cDNA preparation

Frozen myocardial tissue samples (approximately 100 mg)
were homogenized in Trizol reagent (Invitrogen, Carlsbad,
CA), and total RNA was isolated according to the protocol

provided by the manufacturer. Briefly, insoluble material
was removed after homogenization by centrifuging the sam-
ples at 12,000 � g for 10 min and an additional phenol-chlo-
roform extraction step was introduced after the initial phase
separation. RNA was precipitated from the aqueous phase
using 0.8 volume of isopropanol and the nucleic acid pellet
was repeatedly washed with 75% ethanol. RNA was dis-
solved in diethyl pyrocarbonate- (DEPC; Biomol, Hamburg,
Germany) treated water and stored at � 80°C. RNA was
quantitated using Quant-IT RNA fluorometric assay and
Qubit fluorometer (Invitrogen). RNA integrity was checked
using formaldehyde agarose gel electrophoresis.

In a 100-�L reaction volume, 10 �g of total RNA was used
for the reverse transcription reaction using a High Capacity
cDNA Archive kit (Applied Biosystems, Foster City, CA) fol-
lowing the manufacturer’s instructions. The reaction 100 U
RNase inhibitor was included in the cDNA sysnthesis reac-
tion to minimize RNA degradation. Reverse transcription re-
action was run at 37°C for 120 min on an iCycler Thermal
Cycler (Biorad, Hercules, CA), and cDNA samples were
stored at �20°C.

Quantitation of transcipts with real-time PCR

TaqMan assays were performed to quantitate mRNA lev-
els of COX-2, interleukin-1� (IL-1�), iNOS, transforming
growth factor-�1 (TGF-�1). An internal control reaction tar-
geting the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) gene was run in multiplex with each reaction and
used to normalize results for transcripts. Primers and Taq-
Man probes for rat GAPDH (TaqMan Rodent GAPDH Con-
trol Reagents) were purchased from Applied Biosystems. All
other primers and probes were purchased from Metabion In-
ternational, (Martinsried, Germany). TaqMan probes were
synthesized with a fluorescent 5	 reporter dye (FAM:6-car-
boxy-fluorescein) and a 3	 quencher dye (TAMRA:6-carboxy-
tetramethyl-rhodamine). The primer and probe sequences
are summarized in Table 1.

The PCR was carried out in duplicates in a reaction vol-
ume of 25 �L that consisted of a cDNA sample representing
200 ng of input total RNA, 0.625 U AmpliTaq Gold, 5.5
mmol/L MgCl2, 0.25 mmol/L each dNTP, 50 mmol/L KCl,
10 mmol/L Tris-HCl (pH 8.3), 0.01 mmol/L EDTA, 600
nmol/L passive reference dye (ROX) (TaqMan Buffer A, Ap-
plied Biosystems), 2.5 pmol of each of forward and reverse
primers, and 5 pmol of each TaqMan probes. PCR amplifi-
cation was performed with the following cycling conditions:
95°C for 10 min followed by 40 cycles of 95°C for 15 sec and
58°C for 1 min on an Mx3005P real-time PCR system (Strat-
agene, La Jolla, CA). Amplification efficiency was deter-
mined using serial dilutions of pooled cDNA samples and
used to calculate relative quantity of transcripts using Mx-
Pro Analysis software (Stratagene). The mRNA level for each
transcript was determined by normalizing the signal for
GAPDH level and averaging duplicate measurements. 

iNOS immunoblotting

Frozen heart samples were homogenized (homogeniza-
tion buffer: 42.5 mmol/L Tris [pH 7.4], 112.5 mmol/L NaCl,
1 mol/L urea, 1.5% sodium dodecyl sulfate [SDS], 0.75% NP-
40, 0.4% sodium deoxycholate, 1 mmol/L phenylmethane-
sulfonylfluoride, protease inhibitor cocktail [Complete Mini
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EDTA-free, Roche]). The homogenate was sonicated, and the
lysate was cleared by centrifuging (14,000 rpm, 10 min). Pro-
tein concentration was determined by DC Protein Assay
(BioRad), and samples normalized to total protein content
were mixed with 4 � LDS sample buffer and dithiothreitol
(Invitrogen) and heated to 70°C for 10 min. 20 �g of total
protein was resolved on 4–12% NuPage Bis-Tris acrylamide
gels (Invitrogen) and transferred to nitrocellulose. Mem-
branes were blocked in 5% nonfat dried milk and probed
overnight with anti-iNOS antibody (1:500, Millipore, Biller-
ica, MA). Anti-rabbit-horseradish peroxidase conjugate
(HRP; 1:500, Cell Signaling) and enhanced chemiluminescent
substrate (ECL; Pierce) were used to detect the chemilumi-
nescent signal in a CCD camera-based chemiluminescence
detection system (Genegnome HR, Syngene). To normalize
signals, membranes were stripped and reprobed with an an-
tibody against �-tubulin (1:4000, Sigma). After the applica-
tion of anti-mouse-HRP conjugate (1:4000, Cell Signaling)
and ECL, chemiluminescence was detected with the same
imaging system. The iNOS-signal (�130 kDa) and the �-
tubulin signal (�50 kDa) were quantitated with Genetools
software and their ratio was expressed as relative iNOS ex-
pression.

Statistical analysis

All data are expressed as means � standard error of the
mean (SEM). Intergroup comparisons were performed by us-
ing one-way analysis of variance (ANOVA) followed by a
Student’s unpaired t-test with Bonferroni correction for mul-
tiple comparisons. Differences were considered significant
when p � 0.05.

Drugs

CuAsp (tetrakis[acetylsalicylato]-�-dicopper[II], Cu2[asp]4)
was provided by Prof. Hiromu Sakurai (Kyoto Pharmaceu-
tical University, Kyoto, Japan). It was prepared as previously
described26 and was suspended in 0.5% carboxymethyl cel-
lulose solution vehicle. PE, ACh, and SNP (Sigma, Germany)
were dissolved in normal saline.

Results

Cardiac function

In the aging control group, we found significantly de-
creased LVSP, dP/dtmax, and increased Tau when compared
to the young controls. Aging rats treated with CuAsp
showed a significant improvement of the systolic functional
parameter dP/dtmax and a tendency toward higher LVSP and
improved diastolic index Tau, without reaching the level of
statistical significance. LVEDP did not differ in any groups
studied (Fig. 1).

When compared to the young control group, aging in rats
was associated with significantly decreased LV contractility.
The load-independent, pressure–volume loop derived con-
tractility indexes (Ees, PRSW, dP/dtmax � EDV) showed a
marked reduction in aging animals. After treatment with
CuAsp, we observed a significant increase in these parame-
ters, indicating the improvement of LV contractility (Fig. 2).
CuAsp treatment in young rats had no substantial effect on
any of the hemodynamic parameters studied (Figs. 1 and 2).

MAP was decreased in aging animals (55.5 � 3.7 mmHg
aging control vs. 77.2 � 2.2 mmHg young control; p � 0.05),
and it was not significantly altered by CuAsp treatment
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FIG. 1. The effect of aging and CuAsp on systolic and diastolic cardiac function. LVSP (A), dP/dtmax (B), LVEDP (C), and
Tau (D) are shown in young adult, young treated with CuAsp, aging, and aging treated with CuAsp rats. Values are mean �
SEM of six to eight experiments in each group. (*) p � 0.05 versus young control; (#) p � 0.05 vs. aging control.



(60.4 � 3.6 mmHg aging � CuAsp, 66.3 � 4.1 mmHg young
� CuAsp).

Vascular function

A marked impairment of endothelial function in aging rats
was demonstrated in our in vitro organ bath experiments.
The aging-associated endothelial dysfunction was indicated
by the reduced relaxation of aortic rings to ACh (at ACh 10�4

mol/L, 64.2 � 1.7% aging control vs. 86.4 � 1.4% young con-
trol, p � 0.05). CuAsp treatment significantly improved the
ACh-induced, endothelium-dependent, NO-mediated va-
sorelaxation in aging animals (at ACh 10�4 mol/L, 94.7 �

0.8% aging treatment group vs. 64.2 � 1.7% aging control,
p � 0.05). The same treatment had no significant effect in
young rats (Fig. 3).

The endothelium-independent vascular smooth muscle
function indicated by the vasorelaxation to SNP was not im-
paired in aging rats and was only slightly enhanced by
CuAsp treatment. The same treatment had no effect in young
rats (Fig. 3).

Maximal isometric forces produced by aortic rings pre-
contracted by PE (10�6 mol/L) were significantly lower in
the aging control group as compared with young animals,
which was not influenced by CuAsp treatment (Fig. 3).

Immunohistochemistry

Immunohistochemical staining showed increased im-
munoreactivity for NT and PAR, indicating increased
NiOxStr, in the LV myocardium (Fig. 4) and aortic wall 
(Fig. 5) of aging rats, as evidenced also by higher myocar-
dial NT and PAR scores, when compared with young ani-
mals (Fig. 4).

Treatment with CuAsp in aging rats markedly reduced
myocardial and aortic NT immunoreactivity and PAR for-
mation, but did not have any effects in young rats (Figs. 4
and 5).

Quantitative real-time PCR

Quantitative real-time PCR from LV myocardial RNA ex-
tracts revealed that mRNA expression for COX-2 was in-
creased in aging control rats over young controls. CuAsp
treatment resulted in an increase in COX-2 mRNA expres-
sion both in young and aging rats (Fig. 6A). iNOS mRNA
expression was slightly increased in the aging myocardium
and showed a marked suppression after CuAsp treatment
(Fig. 6B). mRNA expression for IL-1� and TGF-�1 showed
no significant differences among the groups studied (data
not shown).

iNOS immunoblotting

iNOS protein expression showed a suppression after
CuAsp treatment in aging animals (Fig. 6C).

Discussion

In the present study, we have demonstrated that phar-
macological treatment with the COX inhibitor and SOD-
mimetic compound CuAsp remarkably reduces NiOxStr, 
improves LV myocardial contractility, and enhances endo-
thelium-dependent vasorelaxation in a rat model of aging-
associated cardiovascular dysfunction.

Recent studies have elucidated numerous cellular/molec-
ular mechanisms responsible for the functional decline of the
cardiovascular system at old age.13 The “oxidative stress hy-
pothesis of aging” (“free radical theory,” as it was originally
proposed)32 is one of the most favored explanations for how
aging leads to progressive cellular damage at the biochemi-
cal level. According to this theory, age-related loss of phys-
iological function and aging is caused by the deleterious ef-
fects of progressive and irreversible accumulation of
oxidative damage. Previous studies have demonstrated that
aging organisms have a higher rate of free-radical produc-
tion (superoxide and H2O2) due to the incomplete terminal
oxidation in the mitochondria at an older age.9,10,33 Large
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FIG. 2. The effect of aging and CuAsp on left ventricular
contractility. The slope (Ees) of the left ventricular ESPVR
(A), PRSW (B), and dP/dtmax � EDV (C) are shown in young
adult, young treated with CuAsp, aging, and aging treated
with CuAsp rats. Values are mean � SEM of six to eight ex-
periments in each group. (*) p � 0.05 vs. young control; (#)
p � 0.05 vs. aging control.



amounts of superoxide produced in aging tissues interact
with the vascular mediator NO (derived from endothelial
[e]NOS/iNOS), forming the potent oxidant peroxynitrite.
Along with other NiOxStr-related free radicals and oxidants,
peroxynitrite attacks biomolecules and cellular structures,
thereby inducing lipid peroxidation, inactivating function-
ally important receptors and enzymes,5 and causing DNA
injury. Peroxynitrite formation strongly reduces NO
bioavailability by scavenging the vasorelaxant NO, whereas
nitration of tyrosine by peroxynitrite inactivates among oth-
ers the prostacyclin synthase, the manganese SOD (thereby
aggravating NiOxStr), src kinases, mitochondrial complex I,
and sarcoplasmic reticular Ca-ATPase, all resulting in car-
diovascular dysregulation.5

DNA strand breaks induced by NiOxStr trigger the acti-
vation of PARP, which mediates the cellular response to
DNA damage. Severe DNA injury causes excessive PARP
activation that initiates intensive PAR formation in the nu-
cleus. This process results in rapid depletion of intracellular
ATP pools (energetic crisis) and cellular dysfunction, then to
cell necrosis. In the aging cardiovascular system, these pro-
cesses cause a functional impairment of contractile function
at the cellular level and reduced ability of endothelial cells
to produce NO when stimulated by endothelium-dependent
relaxant agonists, like ACh. Impairment of endothelial func-
tion in the coronary arteries may lead to regional/global
myocardial ischemia, which secondarily impairs cardiac per-
formance.14,20,21
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FIG. 3. The effect of aging and CuAsp on vascular function of rat aortic rings. ACh-induced endothelium-dependent re-
laxation is shown in young adult, young treated with CuAsp (A), aging, and aging treated with CuAsp (C) rats. SNP-in-
duced endothelium-independent relaxation is shown in young adult, young treated with CuAsp (B), aging, and aging
treated with CuAsp (D) rats. Isometric contraction forces induced by PE (10�6 mol/L) are shown in each group (E). Each
point of the curves and each column represent mean � SEM of 21–32 experiments with thoracic aortic rings in all groups.
(*) p � 0.05 vs. young control; (#) p � 0.05 vs. aging control.



In this study, we demonstrated increased NT immunore-
activity (evidence for the nitrating effect of peroxynitrite and
NiOxStr) and for PAR in the LV myocardium and aortic wall
of aging rats (Figs. 4 and 5), which confirm the intensive
NiOxStr and the activation of the PARP pathway at old age
and are consistent with previous studies5,13 and with the “ox-
idative stress theory” of aging discussed above. Oral treat-
ment with the SOD-mimetic CuAsp in aging rats resulted in
markedly reduced NiOxStr, as reflected by substantially
lower NT and PAR immunoreactivity (Figs. 4 and 5). These
results are in line with previous studies with other SOD-
mimetic compounds in rat models of physiological aging.34

Recently, Chung et al. proposed the “molecular inflam-
mation theory of aging,” showing that an age-related im-
balance to the redox state due to NiOxStr activates redox-
sensitive transcription factors involved in inflammatory

processes. These transcription factors, such as NF-�B, are key
regulators of activation of inflammatory genes (among oth-
ers COX-2, iNOS, TGF-�1, IL-1�) during aging. Their en-
hanced activation leads to a chronic low-grade proinflam-
matory state on the molecular level in the aging
organism.15,16,35 Correspondingly, we detected a tendency
toward higher mRNA expression of COX-2 and iNOS in ag-
ing control rats (Fig. 6A,B). Whereas endothelial NO consti-
tutively produced by eNOS appears to offer protective and
beneficial effects in the vascular system, enhanced iNOS ex-
pression and the subsequent unregulated excessive NO pro-
duction are associated with chronic inflammation and tissue
injury. Most of the deleterious effects of iNOS-derived NO
depend on its ability to react with superoxide and to form
the strong oxidant peroxynitrite.15 This theory has been con-
firmed by the detected intensive immunoreactivity for NT,
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FIG. 4. Photomicrographs and scoring of myocardial NT and PAR immunohistochemistry. Representative immunohisto-
chemical stainings (left) and immunohistochemical scores (right) for NT (brown staining) (A) and for PAR (brown/black
staining mainly in cell nuclei) (B) in the left ventricular myocardium of young adult, young treated with CuAsp, aging, and
aging treated with CuAsp rats. Magnification, 400 � ; scale bar, 50 �m. Values are shown as mean � SEM of six to eight
experiments (each performed in three adjacent sections) in each group. (*) p � 0.05 versus young control; (#) p � 0.05 ver-
sus aging control.



indicating increased peroxynitrite-formation in aging rats
(Figs. 4 and 5). Although the main sources of ROS in aging
tissues are supposed to be mitochondria, increased COX-2
expression at old age (as demonstrated in the present study)
may contribute to the aging-associated ROS overproduction
by oxygen radical generation during conversion of prosta-
glandin G2 to H2.18

CuAsp has a similar antiinflammatory spectrum, but more
potent antiinflammatory activity than aspirin.24 Our results
showing reduced NiOxStr (Figs. 4 and 5) and suppression of
iNOS mRNA and protein expression in aging hearts after 3
weeks of CuAsp treatment (Fig. 6) presumably reflect the an-
tiinflammatory effects of CuAsp; nevertheless, the same
treatment resulted in a strong upregulation of COX-2 ex-
pression. The latter data might represent a strong compen-
satory response to chronic inhibition of prostanoid synthe-
sis by CuAsp, similar to that described in the case of aspirin
treatment.36

Endothelial dysfunction associated with advanced aging

is a well-known phenomenon and can be explained by the
reduced NO production of endothelial cells or by the in-
creased NO inactivation by superoxide (peroxynitrite for-
mation), resulting in altered NO bioavailability.5 The un-
derlying intracellular pathways and molecular mechanisms
have been subject of intensive investigations recent
years.5,7,19,20,23 In accordance with these studies, we report
here impaired endothelium-dependent ACh-induced relax-
ation of isolated aortic rings of aging rats (Fig. 3). The en-
dothelium-independent relaxation induced by the exoge-
nously administered NO donor SNP was not impaired by
aging, indicating the normal dilative capacity of the vascu-
lar smooth muscle. In contrast with a previous work using
epinephrine for precontraction,37 we found a significant de-
crease in contraction forces induced by PE in aging animals
that was in line with our previous studies7,21 and may be
due to alterations in receptor density and/or receptor/ef-
fector coupling. Similar to the effects of aspirin,23 the SOD-
mimetic tempol,19 or catalytic peroxynitrite decomposition,7

CuAsp treatment significantly enhanced the endothelium-
dependent vasorelaxations (i.e., improved the endothelial
function) in rats with advanced aging, whereas endothelium-
independent vasorelaxation was only slightly increased.
Considering these functional changes and the observed re-
duced NT immunreactivity, we hypothesize that reduced
NiOxStr and increased NO bioavailibility can be the main
mechanism underlying these effects of CuAsp; however, al-
ternative explanations are also theoretically possible. The
vascular function of young rats remained unaffected by the
complex (Fig. 3).

Previous studies performing invasive hemodynamic mea-
surements in aging rats report decreased cardiac perfor-
mance and development of progressive heart failure after the
age of 20 months.20,28,38 A recent study provided detailed
echocardiographic evidence of a progressive decrement in
multiple aspects of systolic and diastolic LV function in ag-
ing rats.39 Consistent with these results, we demonstrated
that aging is associated with impaired cardiac relaxation (as
reflected by prolonged Tau) and a marked depression of sys-
tolic pressure development (as indicated by decreased MAP,
LVSP, and depressed contractility index dP/dtmax). Although
dP/dtmax has been used as a cardiac contractile parameter, it
is well recognized that it is load dependent, especially on
changes regarding preload.29 That is why other pressure–
volume loop-derived indexes of LV contractility have been
determined in our study. Ees, PRSW, and dP/dtmax � EDV
are widely used as sensitive cardiac contractile parameters,
because they are independent on changes in loading condi-
tions and therefore especially informative in assessing car-
diac contractility in models, where preload/afterload are 
altered.20,28 All these load-independent indexes of LV con-
tractility, similar to the baseline index dP/dtmax, were signif-
icantly decreased in aging control rats, indicating severe con-
tractile dysfunction (Figs. 1 and 2).

CuAsp treatment only moderately ameliorated the load-
dependent contractility index dP/dtmax, whereas it improved
all load-independent parameters of myocardial contractility
remarkably (Figs. 1 and 2), indicating improved contractile
function. LV diastolic dysfunction in aging animals, as indi-
cated by Tau, has been slightly (not significantly) improved
by CuAsp. Our cardiac functional data are also consistent
with results of recent studies investigating the beneficial ef-
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FIG. 5. Photomicrographs of aortic NT and PAR immuno-
histochemistry. Representative immunohistochemical stain-
ings for NT (brown staining) (A) and for PAR (dark
brown/black staining mainly in cell nuclei) (B) in the tho-
racic aortic walls of young adult, young treated with CuAsp,
aging, and aging treated with CuAsp rats. Magnification,
400�; scale bar, 50 �m.



fects of the PARP inhibitors or peroxynitrite decomposition
catalysts in age-related cardiac dysfunction.7,20,21 We found
that CuAsp did not affect cardiovascular functions of young
rats. Thus, the improved cardiovascular function seen in the
aging treatment group is a specific phenomenon, reflecting
a reversal of aging-associated suppressed cardiovascular
performance rather than the consequence of nonspecific di-
rect cardiac/vascular effects of CuAsp.

This is the first study reporting reduced NiOxStr and im-
provement of cardiovascular dysfunction associated with
advanced aging by the SOD-mimetic and antiinflammatory
complex CuAsp. The current findings indicate the impor-
tance of NiOxStr and inflammatory pathways in the patho-
genesis of myocardial and endothelial dysfunction at old age.
Our work further supports the concept that CuAsp, or other
antiinflammatory compounds and potent SOD mimetics,
may represent a potential therapy approach to improve car-
diovascular dysfunction associated with aging.

Limitations

Because CuAsp contains the heavy metal ion copper, the
possible toxicity of this compound (especially by chronic
treatment) emerges as a valid danger. Although a previous

study reported the high accumulation of copper in the liv-
ers of rats accompanied by reduction in the concentration of
iron in different organs after 22 days of treatment with high-
dose CuAsp,40 the preliminary chronic toxicity study of
CuAsp41 found no remarkable histopathological changes in
various rat tissues after 3 months of CuAsp treatment, with
the exception of an increase of phagocytic Kupffer cells in
the liver. Thus, further detailed toxicological investigations
are needed.

With respect to human cardiovascular aging, the major
limitation of our rodent model is that MAP, as reported also
by other recent studies,7,20,21,28 falls with age, the opposite 
of what generally happens in humans. This phenomenon 
should be kept in mind, and further preclinical studies are
necessary to elucidate the possible clinical benefit of this
novel therapeutical approach.
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FIG. 6. The effect of aging and CuAsp on the mRNA-expression for COX-2 and iNOS and on protein-expression for iNOS.
Relative expression of mRNA for COX-2 (A) and iNOS (B) in the left ventricular myocardium of young adult, young treated
with CuAsp, aging, and aging treated with CuAsp rats. Representative blot image (C, upper panel) of iNOS protein expres-
sion (detected at 130 kDa) and normalization signal �-tubulin (50 kDa) in the left ventricular myocardium of young adult,
young treated with CuAsp, aging, and aging treated with CuAsp rats. Normalized densitometry units are shown as rela-
tive expression of iNOS (C, lower panel). Values are shown as mean � SEM of four to eight experiments in each group. (*)
p � 0.05.
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