
Ageing is a normal complex physiological process. It

is characterized by a variety of morphological and bio-

chemical changes that occur from maturity to senes-

cence. These changes trigger a progressive decline in mul-

tiple organ systems, thus rendering the organism more

vulnerable to disease and toxicity, eventually leading to

death [1, 2]. The process of ageing still remains an unre-

solved biological problem; it cannot be clarified by a sin-

gle gene or the decline of a key body system [3, 4].

Many theories have been proposed to explain the

phenomenon of ageing based on somatic mutations,

accumulation of aberrant proteins, genetic programming,

or changes in neural and endocrine functions. Currently,

one of the most plausible and acceptable explanations for

the mechanistic basis of ageing is the “free radical theory

of ageing”. This theory states that free radicals elicit

cumulative damage to cellular macromolecules (proteins,

lipids, DNA), which in the absence of strong endogenous

antioxidant defenses leads to ageing and its related dis-

eases [5, 6]. The “oxidative stress theory” postulates that

reactive oxygen species (ROS), rather than free radicals,

are responsible for the functional changes that accompa-

ny ageing [7]. Oxidative stress may also provide a mecha-

nism upon which other “damage” theories of ageing are

based, such as the genomic instability as a result of DNA

damage, and the accumulation of glycated crosslinks dur-

ing protein damage that can result in the pathogenesis

associated with cardiovascular and neurodegenerative

disease [8, 9].

In the past it was proposed that the liver does not

undergo significant ageing changes [10]; however, it has

become clear that the liver undergoes substantial alter-

ations in structure and function in old age. The senescent

liver exhibits a number of characteristics consistent with

oxidative injury, and many studies have shown that ROS

tissue level impacts liver functions and is intimately linked

to most age-associated diseases [11, 12].
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Abstract—The ageing process is known to be accompanied by increased oxidative stress and compromised antioxidant

defenses. Controlled ozone administration has been shown to be effective in various pathophysiological conditions with an

underlying oxidative burden. However, its effect on the biochemical alterations associated with the ageing process has been

rarely studied. Therefore, the present work was carried out to study the role of ozone in counteracting the state of oxidative

stress associated with ageing in rat liver and kidneys using two experimental models. In the pre-ageing model, ozone was

administered prior to the onset of ageing at adulthood and continued after the start of the ageing process (3-month-old rats

until the age of 15 months). While in the post-ageing model, ozone was administered after ageing has begun and lasted for

one month (14-month-old rats until the age of 15 months). The pre-ageing ozone administration effectively reduced lipid

and protein oxidation markers, namely, malondialdehyde and protein carbonyl levels and decreased lipofuscin pigment dep-

osition in rat liver and kidneys. Moreover, it significantly restored hepatic and renal reduced glutathione (GSH) contents

and normalized cytosolic hepatic glutathione peroxidase activity. Similar but less pronounced effects were observed in the

post-ageing ozone-treated group. Nevertheless, in the latter model ozone administration failed to significantly affect liver

and kidney lipofuscin levels, as well as kidney GSH contents. These data provide evidences for potentially positive effects of

pre-ageing ozone therapy in neutralizing chronic oxidative stress associated with ageing in rat liver and kidneys.
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One of the organs with high tendency to develop-

ment of age-dependent tissue injury is the kidney [13,

14]. Excessive oxidative stress has been correlated with

many age-dependent changes in kidney such as excessive

fibrosis, a general lack of regenerative ability, and an

increase in apoptosis [15]. A dramatic increase in the rate

of H2O2 production in the kidneys of old rats has been

reported by Gomes et al. [16], which indicates a signifi-

cant increase in oxidative stress in this tissue. Moreover,

the ageing kidney is highly subjected to increased lipid

peroxidation, enhanced deposition of lipofuscin and

advanced glycation end-products (AGEs), and increased

apoptosis [17], which might contribute to the pathogene-

sis and progression of renal disease [18].

Improving the ageing process to achieve healthy age-

ing and thereby delay the onset and progression of multi-

ple age-related diseases is one of the major challenges in

the 21st century [3].

One possible intervention to achieve healthy ageing

is ozone therapy, with its versatile uses and routes of

administration. For several decades ozone therapy has

been known to complement conventional medicine in

many conditions such as resistant infections, orthopedic

pathologies, as well as vascular, neurodegenerative, and

inflammatory disorders. Judicious ozone doses are capa-

ble of counteracting oxidative stress by inducing cellular

adaptation to it. This phenomenon is known as “oxidative

preconditioning” and occurs via certain physiological

messengers that are created by ozone and that act to acti-

vate numerous biological pathways [19]. The ability of

ozone oxidative preconditioning to improve the redox

status has been observed in a wide range of pathologies in

different animal models such as cisplatin-induced

nephrotoxicity [20], hepatic ischemia-reperfusion injury

[21], renal ischemia reperfusion injury [22], diabetic

nephropathy [23], and coronary artery disease [24].

However, very little is known about the effect of

ozone on age-associated changes in various tissues. Two

very recent studies conducted in our laboratory have

investigated the effect of ozone on reversing certain bio-

chemical alterations associated with ageing in rat cerebral

cortex [25] and rat hippocampus and heart [26].

Nevertheless, the effect of ozone on biochemical changes

related to ageing in rat liver and kidneys, to the best of our

knowledge, has not been studied. Consequently, the pres-

ent study was carried out to explore the possible anti-age-

ing effect of ozone administration in neutralizing chronic

oxidative stress that accompanies ageing in rat liver and

kidneys using two experimental models. In the pre-ageing

model, ozone was administered prior to the onset of age-

ing at adulthood and continued after the start of the age-

ing process (3-month-old rats until the age of 15

months). In the post-ageing model, ozone was adminis-

tered after ageing has begun and lasted for one month

(14-month-old rats until the age of 15 months). While

designing this work, we tried to avoid age-related

extremes via comparing between 3- and 15-month-old rat

groups. These selected ages exemplify the transition from

full maturity to early ageing as it has been proposed that

the differences, which emerge during this period, may

create the grounds for future senescence [25, 27].

MATERIALS AND METHODS

Ozone generation and administration. Ozone was

generated from medical-grade oxygen using an ozone

generator system (EXT 120-T; Longevity Resources Inc.,

Canada). It is a high-quality oxygen-fed ozone generator

for ultra-pure medical applications. The ozone concen-

tration is precisely measured by using a built-in UV spec-

trophotometer set at 254 nm. The ozone obtained by this

generator was administered to rats, immediately as gener-

ated, by rectal insufflation, performed with a suitable

polyethylene cannula connected to a syringe. This route

of ozone administration is considered as the most useful

and the easiest procedure in rats [28]. The selected ozone

dose in the present study was 0.6 mg/kg body weight [29].

In order to produce this concentration, the oxygen flow

rate was adjusted to 125 ml/min and the voltage of the

ozone generator was adjusted to 2 V.

Experimental animals. Adult male albino rats of

Wistar strain (age – 3 months and weight – 180-220 g)

were obtained from the animal facility of the National

Institute for Vaccination, Helwan, Egypt. The animals

were housed under controlled environmental conditions

at constant temperature (25 ± 2°C) and a 12/12 h

light/dark cycle. The rats were acclimatized to the facili-

ty for one week before any experimental procedures and

were allowed standard rat chow diet and water ad libitum

throughout the experimental period. Animal care was

supervised and approved by the Ethical Committee for

Animal Experimentation at the Faculty of Pharmacy,

Cairo University.

Experimental design. Sixty rats were randomly divid-

ed into five experimental groups (n = 12, each). Group 1:

aged control group was kept without any treatment until

the age of 15 months. Group 2: pre-ageing ozone-treated

group in which rats were treated with ozone/oxygen mix-

ture at an ozone dose of 0.6 mg/kg body weight twice

weekly for the first three months, then once per week till

the age of 15 months. The volume of insufflated mixture

was approximately 5 ml. Since the ozone/oxygen mixture

consists of 5% ozone and 95% oxygen, it was necessary to

test the effect of the oxygen vehicle on the experimental

animals. Group 3: pre-ageing oxygen control group

received only oxygen in the same manner as in group 2.

Group 4: post-ageing ozone-treated group, animals were

kept untreated until the age of 14 months, and then they

were treated with ozone/oxygen mixture at an ozone dose

of 0.6 mg/kg body weight three times weekly for four

weeks. Group 5: post-ageing oxygen control group rats
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were subjected to the same treatment as in group 4, but

using oxygen only instead of ozone/oxygen mixture.

Additionally, group 6: adult control group consisted of a

group of normal rats (n = 12, age – 3 months, average

weight – 180-220 g) that were recruited one week before

sacrifice and served as a control group for the aforemen-

tioned aged groups.

At the end of the experimental period, the animals

were sacrificed under ether anesthesia. The liver and both

kidneys were rapidly isolated, washed with ice-cold

saline, then blotted between filter papers, weighed, and

homogenized in ice-cold saline to make 20% and 10%

homogenates for liver and kidney, respectively. The

resultant homogenates were appropriately prepared and

used for determination of hepatic and renal oxidative

stress markers: malondialdehyde (MDA), protein car-

bonyls (pCO), lipofuscin, and glutathione (GSH) levels

as well as glutathione peroxidase (GPx) activity.

Determination of lipid peroxidation and protein oxida-

tion markers. Aliquots of liver and kidney homogenates

were mixed with ice-cold 2.3% KCl (1 : 1), centrifuged at

600g at 4°C for 15 min, and the supernatants were used for

estimation of MDA levels formed as an end product of the

peroxidation of lipids according to the method of Mihara

and Uchiyama [30]. The method is based on the measure-

ment of the pink-colored complex produced by the reac-

tion of MDA with thiobarbituric acid in acidic medium.

Another portion of each homogenate was mixed with

an equal volume of ice-cold 100 mM phosphate buffer,

pH 7.4, and centrifuged at 11,000g at 4°C for 20 min

using a DuPont Sorvall Combi Plus ultracentrifuge

(DuPont Company, USA). Protein carbonyls (markers of

protein oxidation) were measured in the resultant super-

natants using the 2,4-dinitrophenylhydrazine (DNPH)

method of Reznick and Packer [31] as modified by Liu et

al. [32]. This method depends on the interaction of car-

bonyl groups of proteins with DNPH to form the corre-

sponding protein hydrazones, which are measured spec-

trophotometrically at 375 nm. The protein carbonyl con-

tent was expressed as nmol/mg of protein. Since about

10-15% of proteins are lost in the reaction procedure, the

protein levels were quantified in the final pellets by read-

ing the absorption at 280 nm. The amount of proteins was

calculated from a bovine serum albumin standard treated

in the same way [33].

Assessment of lipofuscin pigment. Lipofuscin pig-

ment was determined according to the method of Tappel

et al. [34]. This assay is based on the spectrofluorometric

measurement of lipofuscin in the organic phase of chlo-

roform–methanol extracts of crude liver and kidney

homogenates at maximum excitation and emission wave-

lengths of 350 and 435 nm, respectively, using a Shimadzu

spectroflourometer and quinine sulfate as a standard

solution (1 µg quinine sulfate/ml 0.1 N H2SO4). The

results were expressed as relative fluorescence units

(RFU).

Estimation of GSH contents and cytosolic GPx activ-

ity. Suitable portions of liver and kidney homogenates

were mixed with ice-cold 5% sulfosalicylic acid (1 : 2) and

centrifuged at 1800g at 4°C for 15 min. The glutathione

content was measured using 5,5′-dithiobis-(2-nitroben-

zoic acid) (Ellman’s reagent), which produces a stable

yellow color that can be measured colorimetrically [35].

For preparation of cytosolic fractions, an aliquot of

each homogenate was mixed with an equal volume of an

ice-cold Tris-EDTA buffer (100 mM Tris and 0.2 mM

EDTA, pH 7.6) and ultracentrifuged at 105,000g at 4°C

for 20 min. Cytosolic GPx (EC 1.11.1.9) activity was

determined according to the method of Paglia and

Valentine [36] by following the rate of NADPH oxidation

in the presence of hydrogen peroxide, GSH, and glu-

tathione reductase as a decrease in absorbance at 340 nm.

Enzyme activity was expressed as units per milligram pro-

tein, where one unit is defined as the amount of enzyme

that oxidizes 1 µmol NADPH per minute at 25°C.

Assay of protein in cytosolic fractions. The protein

content of the cytosolic fractions used for GPx assay was

determined according to the method of Lowry et al. [37]

using Folin–Ciocalteu reagent with bovine serum albu-

min as a standard.

Statistical analysis. The results were expressed as

mean ± S.E. Statistical analysis was performed with

INSTAT II statistical software (Instat, USA). The mini-

mal level of statistical significance was taken at p < 0.05

using one-way analysis of variance (ANOVA) followed by

Tukey–Kramer multiple comparison test to judge the dif-

ference between various groups.

RESULTS

Effect of ozone administration on lipid peroxidation

and protein oxidation products. The effect of oxidative

stress burden on lipids and proteins was evaluated by

determining their oxidation products – MDA and protein

carbonyls. Ageing caused a substantial increase (p <

0.001) in liver MDA (about 4-fold) and kidney MDA (2-

fold) as compared to the adult control group. Pre-ageing

administration of ozone efficiently decreased the level of

hepatic MDA by 71% and renal MDA by 61% (p < 0.001)

as compared to the aged control group, thereby restoring

their levels to the adult control values. On the other hand,

the post-ageing use of ozone significantly reduced (p <

0.001) the level of MDA in the liver and kidney by 55 and

18%, respectively, relative to the aged control group. It is

worth mentioning that the pre-ageing use of oxygen as a

vehicle for ozone caused a significant decline (p < 0.001)

in liver and kidney MDA levels relative to the aged con-

trol values, while the post-ageing use of oxygen signifi-

cantly lowered the level (p < 0.001) of MDA in the liver

only. However, the reductions of hepatic and renal MDA

caused by both pre- and post-ageing ozone interventions
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were significantly higher than the effects of their respec-

tive control pre- and post-ageing oxygen vehicle adminis-

tration (Fig. 1, A and B).

The protein carbonyls content was remarkably elevat-

ed by ageing (p < 0.001) reaching 231% in the liver and

321% in the kidney compared with the adult control val-

ues. The pre-ageing administration of ozone was effective

in ameliorating the elevated level of protein carbonyls (p <

0.001) reaching 47% in the liver and 55% in the kidney of

the aged control values. Similarly, post-ageing ozone

administration caused a significant reduction (p < 0.001)

in the level of protein carbonyls mounting to 40 and 21%

in the liver and kidney, respectively, in comparison to the

aged group. On the other hand, the pre-ageing adminis-

tration of oxygen vehicle evoked a significant but milder

decrease in carbonyl level reaching 36% in the liver (p <

0.001) and 19% in the kidney (p < 0.05) as compared to

the aged group. Post-ageing oxygen administration

reduced significantly (p < 0.001) the level of liver protein

carbonyls by 22% relative to aged control rats. Both the

pre- and post-ageing effects of ozone administration on

hepatic and renal protein carbonyls content exceed signif-

icantly the effects of the oxygen vehicle (Fig. 2, A and B).

Effect of ozone administration on the ageing pigment

lipofuscin. Ageing induced a marked increment (p <

0.001) in the content of lipofuscin pigment in the liver

and kidney of aged rats to reach 191 and 233% of the

adult control values, respectively. The pre-ageing admin-

istration of ozone successfully maintained the liver and

kidney lipofuscin levels at the corresponding adult con-

trol values (p < 0.001). On the contrary, the post-ageing

ozone administration failed to exert any significant effect

on the level of liver and kidney lipofuscin. Furthermore,

the pre-ageing oxygen administration exhibited a

decrease in lipofuscin level by 23% (p < 0.01) and 50%

(p < 0.001) in the liver and kidney, respectively, as com-

pared to the aged control group. Nonetheless, the pre-

ageing ozone administration exhibited a greater reduction

of lipofuscin content than the oxygen control in both the

liver and kidney (Fig. 3, A and B).

Effect of ozone administration on GSH contents and

cytosolic GPx activity. Ageing elicited a significant

decrease in liver and kidney GSH contents amounting to

75% (p < 0.01) and 56% (p < 0.001) of the adult control

values, respectively. Pre-ageing use of ozone markedly

elevated (p < 0.001) the level of GSH in both tissues

reaching about 179 and 200% of the aged control values

in the liver and kidney, respectively. The post-ageing

administration of ozone induced a significant elevation

(p < 0.001) of hepatic GSH; about 143% of the aged con-

trol group, while it failed to counteract significantly the

age-associated GSH depletion in the kidney. On the other

hand, the pre-ageing use of oxygen was efficient only in

increasing liver GSH content (p < 0.001) by 146%, as

compared to the aged group. Both pre- and post-ageing

ozone administration induced a greater augmentation of

liver GSH level than the oxygen control (Fig. 4, A and B).

The activity of GPx enzyme in rat liver was signifi-

cantly elevated (p < 0.001) in the aged group, while kid-

ney GPx activity remained unaffected by ageing.

Moreover, the pre-ageing use of ozone significantly

reduced (p < 0.05) the activity of GPx enzyme in the liver

by 13% of the aged group, thereby restoring its activity to

the value of the adult control group. Meanwhile the pre-

ageing use of ozone did not alter the renal GPx activity,

which was already unchanged by ageing. Post-ageing

Fig. 1. Effects of pre- and post-ageing ozone administration on the level of MDA in liver (A) and kidney (B) of 15-month-old rats. Each value

represents the mean of 8-10 experiments ± S.E.; a p < 0.001(**) vs adult control, b p < 0.001(**) vs aged control; c p < 0.001(**), 0.05 vs pre-

ageing oxygen control; d p < 0.001(**) vs post-ageing oxygen control.
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administration of both ozone and oxygen significantly

restored (p < 0.001) the activity of liver GPx to the value

of the adult control (Fig. 5, A and B).

DISCUSSION

The present study may be the first to demonstrate

significant effects of ozone administration in neutralizing

chronic oxidative stress associated with ageing in rat liver

and kidneys using two experimental models. The pre-age-

ing ozone administration effectively reduced lipid and

protein oxidation products and decreased lipofuscin dep-

osition in both tissues. Moreover, it was efficient in ele-

vating the reduced hepatic and renal GSH contents as

well as in normalizing hepatic GPx activity of aged rats.

On the other hand, the post-ageing ozone administration

succeeded in attenuating the elevated hepatic and renal

Fig. 2. Effects of pre- and post-ageing ozone administration on the level of protein carbonyls in the liver (A) and kidney (B) of 15-month-old

rats. Each value represents the mean of 8-10 experiments ± S.E.; a p < 0.001(**), 0.01(*), 0.05 vs adult control; b p < 0.001(**), 0.05 vs aged con-

trol; c p < 0.01(*), 0.05 vs pre-ageing oxygen control; d p < 0.01(*), 0.05 vs post-ageing oxygen control.
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MDA and protein carbonyls levels, in addition to raising

the hepatic GSH contents.

The ageing process is undoubtedly accompanied by

an increase in the production of free radicals and other

reactive species resulting in a chronic state of oxidative

stress in different organs [38]. Oxidative stress is responsi-

ble for cumulative tissue damage paralleled by alterations

in the function of the genetic apparatus and modulation

of various signal transduction pathways, which ultimately

leads to cell death [39, 40]. Polyunsaturated fatty acids of

the cell membrane are most likely to be oxidized by ROS,

thus bringing about the accumulation of MDA and other

lipid peroxidation products [41, 42]. In the current study,

age-related changes in the oxidant status were evidenced

by the substantial increase in the levels of lipid peroxida-

tion and protein oxidation markers in the liver and kid-

neys of aged rats. The elevation in hepatic and renal pro-

tein carbonyl contents may be in part a consequence of

Fig. 4. Effects of pre- and post-ageing ozone administration on the level of GSH in the liver (A) and kidney (B) of 15-month-old rats. Each

value represents the mean of 8-10 experiments ± S.E.; a p < 0.001(**), 0.01(*) vs adult control; b p < 0.001(**) vs aged control; c p < 0.001(**),

0.01(*) vs pre-ageing oxygen control; d p < 0.05 vs post-ageing oxygen control.
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increased lipid peroxidation, since molecules like MDA

and 4-HNE can react with proteins and introduce car-

bonyl groups to their structures by non-oxidative mecha-

nisms [43-45]. Another factor that might lead to age-

associated accumulation of oxidatively modified proteins

is the impairment of the proteasomal system with ageing

[46, 47].

Oxidatively modified protein and lipid peroxidation

products constitute the bulk of lipofuscin granules. In the

present study, the age-associated increase in liver and kid-

ney lipofuscin is in line with the results of Kumar et al.

[48] and Uribarri et al. [49], respectively. Such an

increase could be the long term result of a decreased

degradation of oxidized proteins, increased deposition of

lipid peroxidation products, and an increase in intracellu-

lar free radical formation [50, 51].

Likewise, the significant reduction of hepatic and

renal GSH levels in our study might be ascribed to

increased consumption of GSH and its conversion into

GSSG due to enhanced oxidative burden [52].

Furthermore, the ageing process is known to compromise

GSH biosynthesis by affecting the catalytic activity of the

rate-limiting enzyme – γ-glutamylcysteine synthetase (γ-

GCS) [53].

In conformity with the presence of oxidative events,

our results showed an enhancement of hepatic GPx activ-

ity in aged rats, which could be regarded as an adaptive

response to counterbalance the increased oxidative stress

[54, 55]. Renal GPx enzyme activity was not affected by

ageing in the current study, which is in agreement with

the results of Tian et al. [56]. On the contrary, Alabarse et

al. [57] reported an enhancement in renal GPx activity

with ageing, while Ramesh et al. [58] documented a

decline in its activity. Such discrepancy might be

explained by the variation in experimental conditions

such as the duration of the study, the animal species, and

the environmental conditions.

The widespread use of medical ozone at well-defined

and safe protocols proved to be efficient in preventing the

damage caused by ROS generated in various animal mod-

els. This was supported by the reported beneficial effects

of ozone on the parameters of oxidative stress [21-24, 59].

In the current study, the favorable effects of ozone

administration in counteracting the state of chronic

oxidative stress associated with ageing in rat liver and kid-

neys could be ascribed to the phenomenon of “ozone

oxidative preconditioning”. It is a state obtained through

judicious and controlled use of ozone that could trigger

an acute and precisely calculated oxidative stress able to

activate several biological processes leading to therapeu-

tic benefits [60]. After its administration, ozone dissolves

immediately in the plasma and reacts with biomolecules

producing ROS and lipid peroxidation products (LOPs)

[61]. ROS are the early and short-acting messengers,

while LOPs are late and long-lasting messengers. LOPs

diffuse into all cells and inform them of a minimal oxida-

tive stress, thus activating a number of redox-sensitive sig-

nal transduction cascades that lead to the increased

expression of antioxidant enzymes [19]. The repeated

exposure to this minimal oxidative stress is the critical

stimulus for inducing the adaptive response against a pro-

longed and severe stress [60]. Indeed this was reflected in

the present study as a marked reduction in hepatic and

renal MDA levels. Moreover, ozone-induced decrement

in lipid peroxidation might have contributed to the

decreased protein carbonyl levels, since the latter may be

produced by reactions of proteins with aldehydes such as

MDA or 4-HNE [62]. A further explanation for the

observed effect of ozone on elevated protein carbonyl lev-

els could be via the upregulation of heat shock protein 90

(HSP90), with its ability to activate the proteasome

degradation pathway, thus reducing the accumulation of

oxidized proteins [63]. Furthermore, the decreased accu-

mulation of lipofuscin induced by ozone may well be a

consequence of its ability to protect proteins and lipids

against oxidative alterations [26].

In the present work, the preserving effect of pre-age-

ing ozone administration on hepatic and renal GSH con-

tents could be attributed to the fact that ROS, produced

by ozone therapy, are capable of activating the cysteine

transport system [64] and inducing the expression of γ-

GCS [65]. In addition, the preserved ATP/ADP ratio by

ozone therapy might enhance the energy-requiring de

novo GSH synthesis [25, 26]. Meanwhile, the restoration

of hepatic GPx activity by pre-ageing ozone administra-

tion is in harmony with the results of El-Sawalhi et al.

[26] on GPx activity in aged rat heart. It seems that ozone

oxidative preconditioning was capable of improving the

antioxidant/prooxidant balance and consequently spar-

ing the compensatory increase in this vital antioxidant

enzyme.

In the current study, post-ageing ozone administra-

tion exerted less pronounced effects on the elevated levels

of liver and kidney MDA and protein carbonyls in com-

parison to the pre-ageing ozone-treated rats.

Furthermore, the post-ageing ozone administration

failed to counteract the age-associated increase in hepat-

ic and renal lipofuscin levels and was incapable of elevat-

ing renal GSH contents. More so, the elevation of liver

GSH content by post-ageing ozone administration was

found to be lower than the pre-ageing one.

The inability of post-ageing ozone administration to

reduce liver and kidney lipofuscin levels might be ascribed

to the nature of lipofuscin formation and accumulation.

Initial aggregates are formed from unfolded proteins,

interweaved but potentially still degradable [66]. Over

time the single peptide chains are more and more cova-

lently cross-linked [67], resulting in an intracellular clus-

ter that can be neither exocytosed nor degraded [66].

Hence, it might be concluded that early and pre-ageing

intervention would be more effective in decreasing lipo-

fuscin levels.
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Finally, it is worth mentioning that certain favorable

effects were observed in the oxygen vehicle-treated group,

which might be attributed to the role of oxygen in

enhancing organ oxygenation and regeneration, as well as

the reduction of organ injury and apoptosis. Ijichi et al.

[68] and He et al. [69] have demonstrated the beneficial

effect of oxygen on lipid peroxidation and the antioxidant

system.

In conclusion, the present study provides evidences

for the promising effects of ozone therapy in neutralizing

chronic oxidative stress associated with ageing in rat liver

and kidneys. It also indicates that the pre-ageing ozone

administration is more efficient than the post-ageing

administration of ozone to aged rats. Consequently, the

study warrants further studies and clinical trials to support

the use of ozone as a new strategy that can delay or even

reverse age-related impairments.
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