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The objective of this study was to evaluate the effect of a-ketoglutarate on redox state parameters and arterial elasticity
in elderly mice. Mice in the control group were fed with standard diet, while the experimental animals received the diet
supplemented either with calcium (Ca-AKG) or sodium salt of a-ketoglutarate (Na-AKG). The experimental animals
were divided into 4 groups with 10 individuals in each: control I (12 months old), control II (2 months old), experimental
group I fed with Ca-AKG (12 months old) and experimental group II fed with Na-AKG (12 months old). Mice treated
with Ca-AKG as well as the control Il animals demonstrated significantly higher level of total antioxidant status (TAS),
comparing to the control I animals and those treated with Ca-AKG. Thiobarbituric acid reactive substances (TBARS)
level in blood plasma was found significantly lower in young and Ca-AKG treated mice. TBARS liver concentration
was significantly different in each examined group. The study also demonstrates the decrease in TBARS level in Ca-
AKG treated animals. Treatment with Na-AKG significantly increased glutathione peroxidase activity and decreased the
activity of superoxide dismutase. The presented results suggest that Ca-AKG protects the organism against the free
radicals related elderly processes. The study presents also the effect of Ca-AKG treatment on arterial elastic
characteristics in elderly mice. The beneficial effect of Ca-AKG on ageing organisms was confirmed via redox state
stabilization and blood vessel elasticity improvement.
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INTRODUCTION

a-ketoglutarate (AKG), an intermediate of the Krebs cycle,
is a common scavenger of amino groups. Binding amino groups
AKG transforms the ammonia to non toxic aminoacids like
glutamate or glutamine. AKG plays also important role in non-
enzymatic oxidative decarboxylation during hydrogen peroxide
(H,0,) decomposition. Combined, these effects lead to
suppressed oxygen radical generation and prevention of lipids
peroxidative damage (1). It was also presented that AKG inhibits
oxidative stress induced by H,O, in erythrocytes and cultured
neurons (2, 3). Moreover AKG is also plays an important role in
the inhibition of mtDNA damage induced by hydrox radical
(OH*) in mice brain (4). In addition to its protective activity on
redox homeostasis, AKG also possesses the prooxidative
characteristics, forming the active complexes with iron in brain
homogenates (5). Nevertheless, the precise organism
mechanisms activated by AKG still remain poorly understood.

Deficiency of antioxidant molecules leads to the oxidative
stress, which can be defined as a redox homeostasis aberration
related to the oxidation process. The presence of antioxidant
enzymes, like superoxide dismutase (SOD) or glutathione
peroxidase (GPx) prevents the oxidative damage in cells. SOD
catalyzes the conversion of superoxide to H,0, and O,, reducing
its dangerous activity (6). The function of SOD as a cell
molecule protector is well established. Only a few studies
demonstrated SOD toxic characteristics (7). Glutathione
peroxidase (GPx) reduces hydrogen peroxide and lipid
peroxides to H,O and lipid alcohols and oxidizes glutathione to
glutathione disulfide (8, 9).

There are many conflicting reports on the age associated
alterations in antioxidant enzyme activity. Inconsistent results
may arise from the differences in strains, age of the investigated
animals as well as the difference in animal maintenance
conditions and experimental procedures. Previous studies
showed that the activity of antioxidant enzymes (SOD, GPx)
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decline with age in liver, kidney and heart (10-12). However,
other studies show that the activity of antioxidant enzymes either
increases or remains unchanged with age (13-15).

Peroxidation of cell membrane lipids caused by reactive
oxygen species (ROS) leads to malonyldialdehyde production
(MDA). Lipid peroxidation products are the well-established
lipid markers of oxidative stress and tissue damage (16).
Estimation of MDA levels bases on its chemical reactivity with
thiobarbituric acid (TBARS) (17). Number of studies present
that lipid peroxidation increases with age in different tissues (12,
18). Total antioxidant status (TAS) is the commonly used marker
of oxidative stress, presenting the antioxidant defense state. The
redox state is not only determined by the activity or
concentration of particular antioxidants but also by their
synergistic effects (19).

The experimental evidences suggest that oral administration
of AKG may reverse or prevent arterial stiffening in aged
animals (20). Arterial hardness associated with cardiovascular
(CV) risk factors, is considered to be the independent predictor
of cardiovascular disease and mortality in ageing organisms
(21). However it was already shown that ROS plays the pivotal
role in the mechanism of vascular damage (22, 23). Indeed, an
imbalance between free radicals and antioxidant levels
contributes to an oxidative stress, which is believed to be an
important mechanism in the development of atherosclerosis and
ageing processes (24). Atherosclerotic lesions increase the
production of ROS, they induce the lipids molecules oxidation,
participate in inflammation and reduce the bioavailability of
nitric oxide. Furthermore, other studies indicate that oxidized
low-density lipoprotein (LDL) is associated with the coronary
artery disease (25), while the oxidative modification of lipids
and proteins and their precipitation to the arterial sub-endothelial
space, leads to the reduction of arterial stiffening (26, 27).

Harisson et al. (20) proposed different mechanisms of AKG
related blood vessels flexibility. It is well known that the AKG
induces proline synthesis. As blood vessels stiffening is associated
with the abnormal accumulation of collage type I and III in their
walls, proline plays the key role in the synthesis of collagen. Slow
turnover of collagen reduces arterial elasticity. Therefore the
compound that increases cellular metabolism and improves
collagen synthesis, may be beneficial in maintaining the youthful
characteristics of blood vessel in the older organisms.

Therefore, the objective of this study was to evaluate the
effect of oral treatment with a-ketoglutarate on blood redox state
in mice and to estimate the association between age-dependent
oxidative stress and altered arterial elasticity.

MATERIALS AND METHODS

Animals

The experiments were conducted on mice derived from the
Department of Animal Breeding and Genetics, Warsaw University
of Life Sciences and selected for body weight. The mice featured
the shortened lifespan. When compared with the ‘light’ mice from
the same outbred stock, ‘heavy’ mice lived 100 days shorter on
average. The selection for body weight was not associated with
the mice skin fat level (28). Mice with the initial body weight of
36,043 g and final body weight of 38.444 g, were housed
individually under standard conditions; 12/12 hour light-dark
cycle, temperature of 22+1°C and humidity of 60+1%. Mice in the
control group were fed ad libidum with the standard diet
(Labofeed H, Kcynia, Poland) prepared according to
Pastuszewska et al. (29). Mice in the experimental groups were
fed with the standard diet supplemented with either Ca-AKG or
Na-AKG (2%), delivered by Feeds and Concentrates Production

Plant in Kcynia (Poland). Mice were provided with free access to
drinking water. Mice were divided into 4 groups with 10
individuals in each group: control I (12 months old), control II (2
months old), experimental group I fed with Ca-AKG (12 months
old) and experimental group II fed with Na-AKG (12 months old).
The feed and water intake was controlled on everyday bases. Body
weight was controlled on weekly basis. After 1 (control II) or 6
(other groups) months the animals were terminated and tissues
were collected for analysis. At the end of the experiment the
number of animals in each group was subsequently: Ca-AKG — 10
animals, Na-AKG — 8 animals and control I — 8 animals. Each
investigated animal died naturally (ageing), what was confirmed
by pathological examination. The experimental procedures used in
this study were approved by the local ethics committee.

Preparation of blood plasma, erythrocytes and liver

Venous blood was collected to heparinized tubes and
centrifuged at 2000 g for 15 min at 4°C to facilitate blood plasma
and erythrocyte separation. Erythrocytes were washed with
0.9% NaCl and immediately used for the measurement of
activity of SOD and GPx. Plasma was aliquoted into Eppendorf
tubes and liver tissue was frozen and stored at 80°C for the TAS
and TBARS analysis.

Measurement of total antioxidant capacity

ABTS (2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid) was incubated with a peroxidase (metmyoglobin) and H,O,
for ABTS** production. The color of the species was detected at
a wavelength of 600 nm. Antioxidants inhibit the color change
what is directly proportional to their concentration (30) (TAS
NX 2332, Randox, Crumlin, UK). A Tecan Infinite M200
analyzer was used for the measurements. The procedure
accuracy was controlled using the respective control specimens
of the same manufacturer (TAS NX 2331).

Measurement of antioxidant enzymes

SOD was detected by spectrophotometric method, using the
Ransod® kits. This method employs xanthine and its oxidase
(XOD) to generate superoxide radicals. The radicals react with
2-(4-iodophenyl)-3-(4-nitrophenol)-5-phenyltetrazolium
chloride (I.N.T.) and form a red formazan dye. SOD activity was
measured via reaction inhibition and detected at wavelength of
505 nm (Ransod SD 125, Randox, Crumlin, UK) (31).

GPx activity was measured by the modified Kraus and
Gather method (32). In the presence of glutathione reductase
(GR) and NADPH, the oxidized glutathione (GSSG) is
converted to the reduced form with a concomitant oxidation of
NADPH to NADP*. The absorbance was measured at
wavelength 340 nm (Ransel RS 505, Randox, Crumlin, UK).

Measurement of lipid peroxidation indices

Malondialdehyde, the most abundant product of all lipid
peroxidation products, was measured using thiobarbituric acid
(TBA) according to Uchiyama and Mihara technique (33). The
absorbance at wavelength 535 nm was measured with a Tecan
Infinite M200 analyzer. The results represent the concentration
of thiobarbituric acid reactive substances (TBARS) in samples.
The liver tissue was homogenized in 1% potassium chloride and
centrifuged at 2000 g for 15 min at 4°C. The supernatant was
used for the analysis and the tissues were placed in the reaction
solution (1% phosphoric acid, 2% butylated hydroxytoluene, 1%
potassium chloride and 0.4% TBA). The solution was stored at
95°C for 60 min prior to the analysis.



Aorta preparation

Mice were anaesthetized by exposure to 95% CO, and
terminated by cervical dislocation. The dissected portion of
the abdominal aorta, prior to the right and left common iliac
arteries, was carefully cleaned to remove adhering tissues. The
aorta was cut into 4 mm pieces and each piece was attached at
one end to a force transducer and metal pin on a mounting
block (34, 35). The average weight of each aorta piece was
2.75 mg. Aorta sections were immersed into oxygenated and
thermostatically controlled chambers (37°C), having an
internal depth of 5.5 cm and diameter of 3.2 cm. The sections
were stored in phosphate buffered saline (0.15 M PBS, pH
7.4) consisting of NaCl, KCI, Na,HPO, and NaH,PO,. Force
was measured using a FTO3 force displacement transducer
(Grass Instrument, West Warwick, RI) connected to a home-
built bridge amplifier, which was interfaced with 8S
PowerLab A/D Converter (ADInstruments, Chalgrove,
Oxfordshire, UK). The transducer had a functional range from
0 to 50 g, with a reliable force of 2 mg (equivalent to 0.004%
of the functional range). The PowerLab 8S A/D converter was
connected to an iBook G4 running Chart v. 5.4 Software (AD
Instruments, Australia). The data recording was performed at
a sampling speed of 40,000 data samples per second (40 KHz)
and the input impedance of the amplifier was 200 M
differential (20).

Force measurements

Aorta sections were suspended vertically, in duplicates. The
recorded signal was adjusted to zero for aorta sections with no
tension with the aid of an offset dial mounted on the pre-
amplifier unit. Each aorta section was exposed to a step-wise
increase in tension (0.09 N or 10 g), measured using the FT03
Grass Force transducer. The aorta sections were then allowed to
relax before being exposed to repeat step-wise increasing in
tension. Aorta sections were subsequently removed and
weighed. Immediately after a step-wise tension increase, the
recording trace was observed to fall as the aorta tissue exerted
the degree of elastic recoil. This fall in the recording trace was
measured over the time using the Average Slope calculation
available as part of Chart v. 5.4 Software (AD Instruments,
Australia). Average Slope (g ms™') is a time derivative of the data
points in a trace selection and it was calculated from the least-
square line of best fit (20).
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Fig. 1. The effect of Na-AKG and Ca-AKG treatment on TAS
level in mice blood plasma. *p<0.05 vs. control 1. **p<0,05 vs.
Ca-AKG
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Elastic recoil calculations

It was assumed that the tension of the aorta wall is the
equivalent of the recorded force transducer as the result of a
manual stretch. The fall in the recording trace that was observed
immediately after a step-wise increase in tension was then
measured as a degree of elastic recoil in the aorta sections. The
measurement of average slope (g ms™') obtained for each aorta
sample was subsequently converted into Newtons (N ms')
before being adjusted for sample weight to give a final elastic
recoil value of N ms' mg' wet wt (20).

Statistical analyses

Data are presented as the mean +S.E.M. The results were
analyzed by one-way analysis of variance using StatGraphics 4.1
Plus (StatPoint, Inc., USA) and were tested for Gaussian Normal
Distribution. Data were found to be normally distributed with
the equal variance. A difference of p<0.05 between means was
considered to be significant.

RESULTS

Redox state analysis

Based on the conducted analysis we found that the old mice
in control I had the significantly lower antioxidant potential then
the young animals of in control II. Nevertheless the addition of
Ca-AKG increased TAS level in the blood plasma comparing to
the control 1. This effect was not observed after the addition of
Na-AKG (Fig. 1). The old mice from control I showed the
significantly lower erythrocyte SOD activity comparing to the
young animals from control II. SOD activity in mice fed with
AKG was significantly lower then in control I group. With Na-
AKG intake, SOD activity was reduced comparing to the Ca-
AKG group (Fig. 2). GPx activity in young mice was the lowest
comparing to the other control groups. Furthermore, Na-AKG
had the significant effect on GPx activity, having the highest
activity recorded among the investigated groups (Fig. 3). Mice
fed with Ca-AKG presented lower GPx activity than the other
AKG treated groups. As it was expected young mice had the
significantly lower TBARS in blood serum comparing to the old
mice. Similarly animals fed with AKG also demonstrated lower
TBARS concentration comparing to the control I, however only
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Fig. 2. The effect of Na-AKG and Ca-AKG treatment on SOD
activity in mice erythrocytes. *p<0.01 vs. control I. **p<0.05 vs.
AKG treatment groups,***p<0.01 vs. Ca-AKG.



40

3,5 1 *k

GPx U/ml

CONTROLII  CONTROLI Na-AKG Ca-AKG

Fig. 3. The effect of Na-AKG and Ca-AKG treatment on SOD
activity in mice erythrocytes. *p<0.01 vs. control I. **p<0.05 vs.
AKG treatment groups, ***p<0.01 vs. Ca-AKG.
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Fig. 5. The effect of Na-AKG and Ca-AKG treatment on
TBARS level in mice liver.

*p<0.01 vs. control I. **p<0,01 vs. AKG treatment groups.
***P<0,01 vs. Ca-AKG.
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Fig. 4. The effect of Na-AKG and Ca-AKG treatment on
TBARS level in the mice blood plasma. *p<0.01 vs. control I.
**p<0.05 vs. Ca-AKG.

the animals fed with Ca-AKG showed significant difference
(Fig. 4). Also in the liver of young animals TBARS
concentration was statistically lower then in the control I group.
AKG significantly decreased lipid peroxydation in liver
comparing to the old mice received feed without the supplement.
Ca-AKG appeared to be the most efficient in lipid peroxidation
inhibition, decreasing TBARS concentration almost to the 50%
of the value of control I (Fig. 5).

Tension measurements

An average manual step increases in tension generating 0.09
Nor 10 g (4.95x 10 N mg'! wet wt.). Aorta sections were found
to recoil by 0.015 N or 1.5 g, which is the value that represents
approximately 15-16% of the manually applied tension.

Old control mice versus the animal treated with Na-AKG
and Ca-AKG.

The aorta elasticity in the mice of the control group I was
2.91+0.32 x 10° N ms' mg' wet wt. After Na-AKG intake, the
elasticity of aorta sections increased by almost 32% to 3.84+0.61
x 10°N ms! mg! wet wt., although the value was not significantly
higher then the control. After Ca-AKG treatment, the elasticity of
aorta sections increased by 91% to 5.57+1.31 x 10 N ms™' mg
wet wt. Furthermore, Ca-AKG intake had a significant effect on
arterial elasticity compared to the control I mice (Fig. 6).
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Fig. 6. Elastic recoil recordings from aorta sections from Control
I, Na-AKG and Ca-AKG treated old mice. Recordings were
made via force transducer attached to A/D converter at the
sampling rate of 40,000 samples/s. Each point represents the
mean +S.E.M. of 11, 12 and 19 aorta replicate samples,
respectively.

Stretch series and arterial robustness. In all studied arteries,
the initial stretch series (e.g. application of tension followed by
relaxation) lead to the decrease in elasticity with subsequent
applications of tension.

DISCUSSION

The process of ageing is commonly known to be associated
with high ROS level, the decreased antioxidative cell abilities and
affected redox homeostasis (36, 37). The elevated amount of free
radicals is considered to be the main cause of cellular metabolism
impairment at the state when the antioxidant defense system is no
longer capable to remove free radicals (38). The recent studies
show that antioxidant enzymes and antioxidant molecules may
decrease in the consequence of ageing (12, 39, 40). These
observations lead to the hypothesis that the ageing process is
associated with both the decrease of the antioxidant status and the
age dependent increase in lipid peroxidation (the consequence of
diminished antioxidant protection). Oxidative processes in ageing
organism may be not only the reason of the disease but also the
effect of alteration arising from the organism physiological
disturbance. Reactive oxygen forms creation in older organism was
shown to be the effect of high ammonia concentration. This may
arise from insufficient hepatocytes activity, hyperphosphatemia



after kidney dysfunction or improper phosphor balance (41). AKG
as a strongly ammonia and phosphate binding factor may indirectly
stabilize redox state in organism (1, 42). The results of the
presented study show the beneficial effect of a-ketoglutarate
treatment on the antioxidant potential in mice, what appear to be
dependent on AKG chemical structure. Old mice treated with Ca-
AKG showed the significantly higher TAS level than the control
and Na-AKG treated animals. TAS determines the synergistic
effect of all antioxidants. Such a deficiency in any of the
antioxidants may result in the reduction of TAS. Thereby, it is not
surprising that previous studies reported TAS as an important
diagnostic indicator of redox state related diseases (43, 44).

We observed that TBARS concentration in young mice and
those fed with Ca-AKG was significantly lower compared to the
control and Na-AKG treated animals. The study also shows that
the liver TBARS concentration was elevated in aged animals. This
result stays in the agreement with the findings of Sverko ef al. who
observed that liver TBARS concentration in 3 months old mice
was 0.68 nmol/mg comparing to 1.21 nmol/mg in 12 months old
animals (45). Velvizhi investigated the effect of AKG on TBARS
level in liver in rats treated with alcohol or ammonia (1, 2). The
beneficial influence of AKG was shown in both cases, what
supports the result of the presented experiments conducted on
ageing mice. Sokolowska et al. (2) suggested that o-ketoglutarate
inhibits oxidative stress when it is induced by hydrogen peroxide
in human erythrocytes. In the present study, the analysis of redox
state markers (TAS and TBARS) suggests that o-ketoglutarate
improves serum redox homeostastis and most probably protects
arteries from vascular damage caused by free radicals. Indeed, the
decreased TBARS concentration in blood plasma and liver,
confirms proper antioxidative state. The presented AKG activity,
associated with the elimination of potential environmental
oxidants, supports non-enzymatic mechanism of ageing.

A number of studies present the age related high oxidative
damage accompanied by decreased activity of antioxidant
enzymes such as SOD or GPx (10-12). However, different studies
demonstrated that the activity of antioxidant enzymes increases or
stays on the same level independently on age (13-15). Thus the
importance of SOD in the organism response to free radicals
remains controversial. The high level of SOD or low level GPx
activity in erythrocytes are considered to be the valuable risk
predictors in diseases like pneumonia (46). An increase in SOD
activity facilitates the conversion of the superoxide anion to
hydrogen peroxide. However, Loo et al. presented that the
inhibition of SOD does not necessarily affect O, generation (47).
Despite of this, the decreased SOD activity may impact
carcinogenesis (45). Moreover, it was also shown that the activity
of the antioxidant enzymes Cu/Zn-superoxide dismutase (SOD)
declines in aged animals (14). Other study shows that level of
superoxide dismutase activity may change dependently on
species. Expression of SOD is comparably low in rats (48). While
the increase in SOD activity is most probably the result of high
ROS level (49), the present study compares the decreased SOD in
each group of aged mice with young mice. The high SOD activity
in young mice most probably elevates H,O, production what
stimulates cell proliferation (50). Moreover, while the animal and
human studies show the opposite changes in SOD activity values,
we conclude that the presented results should be evaluated also by
additional redox markers (51, 52). The antioxidant status in
animals fed with AKG, decreased lipid peroxidation and lower
SOD activity are interpreted as a beneficial change in redox
homeostasis stabilization. Thus, the presented positive effect of
AKG treatment on arterial elasticity, along with the observed
elevated SOD and GPx activity, remain in agreement with the
previous studies (53). GPx relies on reduced glutathione (GSH) to
convert hydrogen peroxide to water. In the present study we
noticed the increased GPx level in each of the old mice groups.
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Guo et al. (14) shows elevated activity of GPx in the aortas of old
mice, fed ad libitum. The mechanism responsible for elevation of
GPx level still needs to be investigated. We assume that the high
GPx activity in rats receiving Na-AKG was the result of a high
concentration of GSH (AKG is involved in GSH synthesis).
Decreased level of glutathione reduces activity of GPx and GR
(54). Indeed, we expect that dependently on type of AKG salt and
its availability in the alimentary tract, the level of intermediate
available for glutathione aminoacid synthesis may be affected.

Tension of the artery wall depends on the amount of fibers and
muscle layer thickness. Traditional antihypertensive factors were
reported to reduce arterial stiffness, mostly via lowering blood
pressure. The relative resistance of peripheral arteries to stiffening
in ageing animals is considered to be the effect of decreased ratio
of elastin to smooth muscle or collagen. It was also suggested that
the different stiffening blood vessels characteristics reflects self-
remodeling ability of arteries (55). AKG has recently been
identified as the natural ligand for a G-protein-coupled-receptor
(GPR99), expressed in a kidney, testis and smooth muscles (56).
As the receptor ligand, AKG may form a link between TCA-cycle
intermediates and it may influence both metabolic status and
protein/collagen synthesis. This may be a reason of the beneficial
effect of AKG on aorta wall elasticity, reported in the study.
Discrepancies in redox homeostasis in ageing animals may be the
critical mechanism responsible for processes of tissue
degeneration. Reactive oxygen species can modify aminoacid
chains, form protein aggregates, cleave peptide bonds and make
proteins more susceptible for the proteolytic degradation (57).
Thus, the increase in oxidative stress in arterial wall with
increasing age, may lead to the elevated level of particular
cytokines production. Such compounds are known to stimulate the
activity of elasteases responsible for elastin production. In this
way, changes in elastic fiber composition within the ageing
arterial wall may be associated with high tendency to calcification
(58). Thus, with increasing age, aortic wall may become stiffer
and harder as a direct result of high oxidative stress what induces
changes in blood vessel wall composition. In support of which, a
recent study indicates that AKG may improve blood vessel
elasticity through the alteration in its composition (20). Based on
the presented results, we hypothesize that the increased arteries
elasticity of elderly mice after AKG treatment is not only the
consequence of redox state stabilization and but also the result of
protection of connective tissue from oxidation processes.

The presented results of redox state analysis stay in
consistence with the observations of blood vessel elasticity. In
both cases the most beneficial results were observed after Ca-
AKG treatment. We hypothesize that the inhibition of ROS level
decreases elastin degradation and it may improve aminoacid
absorption. In our studies AKG administration caused the
enhancement of redox homeostasis in ageing animals.

As in the alimentary tract Ca-AKG dissolves slower then
Na-AKG, consequently it remains available for the longer period
of time. This improves the efficiency of absorption. Even though
the presented hypothesis requires further investigations, the
presented study supports the following conclusions; 1) AKG
dependently of its salt may contribute to different pathways of
the organism redox state stimulation 2) Ca-AKG reduces lipid
peroxidation and it enhances organism potential 3) AKG (mainly
as Na-AKG) modulates activity of antioxidant enzymes and
stabilizes redox homestasis in older mice to the level observed in
young animals, 4) AKG facilitates the arterial elasticity.
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