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Physiological aging encompasses progressive changes in an organism which results in a decrease in
organ function and an increase in the risk of mortality over time. This innate phenomenon engages
several cellular components including lipids. Determining the influence of different ages on the
amounts of these lipids is a mean to better understanding of their role in physiological aging. Male
wistar rats were utilized to investigate the effect of age on these lipids. The results demonstrated an
increase in free fatty acids, diaceylglicerol, ceramide and sphingomyline and a decrease in
phosphatidylcholine, phosphatidylserine and phosphatidylethanolamine in the liver and/or brain of 24
months old rats when compared to 3 months old. The changes in lipids were possibly due to the
consequence of alteration in metabolic pathways where diaceylglicerol increased as a result of this
precursor's accumulation and lack of its utilization in the de novo synthesis of phosphatidylcholine
and phosphatidylethanolamine. Also, the increase in ceramide and sphingomyline levels was plausibly
due to an increase in degradation of sphingolipids such as glucosylceramide. The results revealed
possible metabolic pathways implicated in diaceylglicerol and ceramide accumulation during different
ages, thus the potential involvement of these lipids in some age related pathologies.
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INTRODUCTION

cells is a characteristic of pathological processes such as
adiposity, insulin resistance, diabetes, and oncogenesis (Unger,

Lipids are important components of biological membranes and
they participate in the regulation of physiological functions of
cells. These functions include proliferation, differentiation,
apoptosis, secretion, and transportation of particulates.
Numerous metabolites of glycerol- and sphingolipids possess
high biological activities and are involved in the processes of
signal transduction and formation of an adequate stimulus
(Abdel-Latif, 1986; Nishizuka, 1992; Wim et al., 2003; Eyster,
2007). A chronic accumulation of diaceylglicerol (DAG) in
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2002, 2003; Stratford et al., 2004). It has been established that
phospholipase-C and phospholipase-D activation under the
influence of hormones and age factors leads to the generation
of DAG (Hannun ef al., 2001). Sphingomyelin (SM) cycle is an
intracellular process which involves the formation of ceramide
(CER) and phosphorylcholine (PC). These metabolites are
formed as a result of SM cleavage by various
sphingomyelinases. Subsequently, CER can be further
consumed by sphingomyelin synthase (SMS) (David and
Hannun, 1988). SMS is one of the most intriguing enzymes that
regulate CER levels. This enzyme transfers the PC group from
PC to CER and thus generates SM and DAG (Ullman and
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Radin, 1974; Hatch and Vance, 1992). SMS can also
potentially be involved in the retrograde regulation of CER and
DAG (Luberto and Hannun, 1998). The sphingolipid CER is
involved in the regulation of many important physiological
processes such as differentiation, proliferation and apoptosis
(Wim et al., 2003; Hannun et al., 2001; David and Hannun,
1988). The increase of the basal level of CER in skeletal
muscle cells inhibits phosphoinositides-3-kinase (PISK)-
mediated insulin signaling. This inhibition has been proven to
be a major contributor to insulin resistance (Unger, 2002, 2003;
Stratford et al., 2004). Furthermore, an increase in the basal
level of CER in hippocampal neurons and other cerebral
structures is a characteristic of age related neurodegenerative
diseases such as Alzheimer's disease (Cutler and Mattson,
2001). Here, the induction of the de novo synthesis of CER in
cortical neurons where macroglia has been linked to the
intensification of amyloidogenesis and hyperphosphorylation
of tau protein (Patil et al., 2007).

Another peptide involved in the process of aging is
phosphatidylserine (PS); It is involved in signal transduction as
a co-factor protein kinase C (Bell and Burns, 1991),
benzodiazepine receptor modulator synaptosomal membrane
(Levi et al., 1989), and activator protein-1 sRaf (Ghosh et al.,
1994). PS is the major acidic phospholipid of nerve cell
membranes and plays an exclusively important role in
supporting neural functions (Mozzi et al., 2003). In the current
study, considering the role of signaling lipids in the regulation
of biologically active glycerol, sphingolipids and the
development of human age-dependent pathologies, thus it is
important to further investigate their age related adaptation.
Moreover, age-related changes in lipid levels in the brain and
liver tissues of male wistar rats have also been studied.
Moreover, lipids were fractionated followed by thin-layer
chromatography (TLC). The identifiaction of compounds has
been done by comparing the Ry values with standards.
Additionally, quantitative determination of the lipid and protein
contents in liver and brain tissues were evaluated. The
metabolism in the liver homogenate SM was also investigated.

Experimental
Reagents and chemicals

Triton X-100, HEPES >99.5%, 0.4% trypan blue solution were
purchased from Serva (Heidelberg, Germany). Dithiothreitol
and Sorbfil TLC plates were purchased from Sorbpolymer,
(Krasnodar, Russia). Palmitic acid (HVA 2.07 /mmol) was
purchased from GE Healthcare (Amersham, UK). Chloroform
(CHCl3), methanol HPLC grade (CH3OH), n-hexane (C4Hi,),
diethyl ether ((C,Hs),0), acetic acid (CH;COOH), sodium
hydroxide (NaOH), formic acid (CH,0,), potassium chloride
(KCl), sodium chloride (NaCl), ninhydrin (CoH¢O4), n-butanol
(C4HyOH), ethyl acetate (C4HgO,), isopropyl alcohol (C3HgO),
iodine (I), ammonium hydroxide solution (NH,OH), sulfuric

acid 99.9% (H,SO,), hydrochloric acid 37% (HCI),
triaminomethane (Tris) (C4H{NOy),
ethylenediaminetetraacetic = acid (EDTA) (C;oH;sN,Oy),

magnesium chloride (MgCl,), magnesium sulfate (MgSO,),
calcium chloride (CaCl,), sodium bicarbonate (NaHCO;),
monopotassium phosphate (KH,PO,), sucrose 0.2% bovine

serum albumin, penicillin, streptomycin, fetal bovine serum,
Eagle's medium, Krebs-Henseleit buffer, 2 nCi / mL of ['*C]
palmitic acid, palmitic acid (1-14C) were all purchased from
Sigma-Aldrich (St. Louis, MO, USA). Water was purified in a
Milli-Q water purification system (Millipore, Bedford, MA,
USA).

Wistar rats

Male wistar rats of 3 and 24 months age (n=20) were used in
the current experiments. They were kept under standard
vivarium conditions in Kharkiv National University, Ukraine
(Ruth, 1935; Andreollo et al., 2012; Pallav, 2013). All animal
studies were carried out in compliance with the international
principles of the European convention for the protection of
vertebrate animals used for experimental and other scientific
purposes (Kehr and Weidner, 1987). Experimental procedures
were approved by the Institutional Animal Care and Use
Committees at the Kharkov Karazin National University. The
rats had a free access to a standard chow diet and drinking
water ad libitum. Animals were divided into groups depending
on the purpose of the experiment where intact animals 3 and 24
months age were sacrificed and their liver, hippocampus and
cerebral cortex were removed and then homogenized and used
to study age-related features and lipid metabolism.

Preparation of tissue homogenates

After anesthesia with diethyl ether, animals were sacrificed via
decapitation. Liver, hippocampus, and cerebral cortex were
homogenized and performed in situ chilled to 4°C in isotonic
solution of NaCl. It was removed from the abdominal cavity
and then pressed through a perforated plate having a pore
diameter of 0.3 mm at 4°C. Hippocampal and cortical tissues
were crushed and washed with chilled to 4°C in isotonic
solution of NaCl. These pieces of tissues homogenized were
used to further study the lipid contents and the inclusion of
[*C]-labeled precursors into lipids. Synthesis of lipids and
lipid extraction of the studied tissues produced as described in
extraction of lipids section.

Preparation of isolated hepatocytes

Native cell membrane of hepatocytes was isolated non-
enzymatically as previously reported by the work of Kanaeva
et al., (Kanaeva et al., 1975). It was evaluated using 0.4%
trypan blue solution. The yield of viable cells was 90 = 5.0%.
Hepatocytes were resuspended (at a concentration of 6-10° cells
in 1 mL) in Eagle's medium, (pH 7.4) containing 25 mM
HERES, penicillin (61 mg / L), streptomycin (100 mg / L),
10% fetal bovine serum and 2 uCi / mL of ['*C] palmitic acid,
and incubated at 37°C for 90 min. After incubation, it was
washed twice with an excess of a buffer containing: 118 mM
NaCl, 5 mM KCl, 1 mM KH,PO,, 1 mM MgSO,, 2 mM CacCl,,
0.2% NaHCO;, 0.1% BSA, 61 mg /L penicillin, 100 mg /L
streptomycin solutions, pH 7.5 (medium A), chilled at 4°C.
Subsequently, hepatocytes were diluted to a final concentration
of 10° cells per 1 mL; then the reaction was stopped by chilling
to 4°C. Chloroform and methanol as a mixture (1:2, v/v) was
used as a medium for lipids extraction as described in section
extraction of lipids section.
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Extraction of lipids

Lipids from the homogenated tissue and isolated hepatocytes
were extracted using mixture of chloroform: methanol (1:2,
v/v) with the aid of shaking as prescribed in the method of
Bligh and Dyer (Bligh and Dyer, 1959). The resulting extract
was centrifuged at 3000 rpm for 10 min. The upper phase was
removed, and the fabric was further extracted with a mixture of
chloroform: methanol: water (1:2:0.8, v/v) and then centrifuged
at 3000 rpm for 10 min. The collected supernatants were
combined and extracted again using the above mentioned
mixture. Samples were centrifuged at 3000 rpm for 10 min.
The upper phase was discarded, and the bottom layer was
evaporated under vacuum at 37°C till dryness. Dried precipitate
was dissolved in chloroform: methanol mixture (2:1, v/v) and
was used in thin layer chromatography (TLC).

Separation of lipids by thin layer chromatography (TLC)

Lipids were fractionated by thin-layer chromatography with the
aid of silica gel plates on a commercial Sorbfil plates. DAG and
FFA were partitioned in the developing solvent system
consisting of n-hexane: diethyl ether: acetic acid (73:25:2, v/v).
To separate SM, PC, PEA, and CER, two solvent systems were
used namely; 1 - diethyl ether, 2 - chloroform: methanol: water
(40:10:1, v/v) (Kates, 1975). For separation of
glucosylceramide (GLC), the evaporated lipid extract was
incubated for 60 min at 37°C in medium consisting of
chloroform: methanol (1:1, v/v) and containing NaOH (0.1 M)
(hydrolysis acetyl glycerol). For separation of PS, chloroform:
methanol: acetic acid: formic acid: water (35:15:6:2:1, v/v) was
used as developing solvent. Lipids were extracted again
according to the work reported by Bligh and Dyer (Bligh and
Dyer, 1959), and used for the division into classes in a solvent
system containing chloroform: ethyl acetate: isopropyl alcohol:
methanol: 0.25% KCI. Spots of DAG, phospholipids and GLC
were developed in iodine vapor, and the spots of SM were
detected using 3% (w/v) solution of ninhydrin in n-butanol.
The identifiaction of compounds has been achieved by
comparing the Ry values with standards.

Elution of lipid fractions

Lipid spots were scraped from the chromatographic plates and
transferred to centrifugation test tubes with the aid of 2 mL of
chloroform: methanol: 14 N ammonium hydroxide solution
(56:42:2, v/v). After that, tubes were incubated in a water bath
at 55°C for 15 min followed by centrifugation at 3000 rpm for
10 min. After that, the eluates were collected in tubes. This step
was repeated twice.

Quantification of lipid fractions

Quantitative determination of the lipid contents was performed
based on the method of March and Weinstein (March and
Weinstein, 1966). 2 mL of concentrated H,SO, was added to
each test tube containing the eluate of interest and then
evaporated and placed into blocks for combustion for 15 min at
200°C. After cooling, 2 mL of water was added to each tube,
and the content was stirred and cooled again. The absorbance
of samples was measured at a wavelength of 375 nm on a

spectrophotometer SF-26 (LOMO, Russia). For the quantitative
determination of the content of CER, tissue stains lipids were
transferred into tubes and then eluted with the aid of
chloroform: methanol (1:1, v/v) followed by elution with
methanol (Sathishkumar ez al., 2005). After that, the eluates
were evaporated in vacuum and then subjected to hydrolysis
using 0.5 M HCI in methanol at 65°C for 15 h. The mass of
CER was determined by the release of long chain base in the
hydrolysis of lipids by the method Trams and Lauter (Trams
and Lauter, 1962).

Determination of protein content in liver tissue

Protein content in the samples was determined by the method
of (Lowry et al., 1951).

Preparation of labeled ['“C] palmitic acid endogenous
sphingolipids

Freshly isolated hepatocytes were resuspended (at a
concentration of 10°cells /mL) in Eagle's medium containing
["c] palmitic acid (370 kBq /mL), 25 mM HERES, penicillin
(61 mg /L), and streptomycin (100 mg /L) 10% fetal bovine
serum and then incubated for 24 h in plastic petri dishes at
37°C, pH 7.5. After incubation , it was washed twice with an
excess of Krebs-Henseleit buffer containing 118 mM NaCl; 5
mM KCI; 1 mM KH,PO,4; 1 mM MgSO,4; 2 mM CaCly; 0.2%
NaHCO;; 0.2% bovine serum albumin; 61 mg /L penicillin,
and 100 mg /L streptomycin (pH 7.5; 4°C), and then lysed. The
extraction of lipids was carried out as described in extraction of
lipids section. The chloroform extracts phase were evaporated
and  sphingolipids were separated by  preparative
chromatography. Elution of SM was performed as described in
section elution of lipid fractions. Determination of radioactivity
of SM was carried out with a BETA-1 counter radioactivity
(Medpribor, Kiev). The extract of ['*C] SM was evaporated
under vacuum before use. The obtained residue was dissolved
in a mixture consisting of 1.5 mL of water and 1.5 mL of a
solution containing 100 mM acetate buffer (pH 5.0), 2 mM
EDTA and 1.75% Triton X-100 ; or 1.5 mL of a solution
containing 100 mM Tris HCI (pH 7.35), 2 mM EDTA, 20 mM
MgCl, and 1.75% Triton X-100.

Determination of metabolic sphingomyline (SM) liver
homogenates

To determine the metabolism in the liver homogenate SM,
labeled [**C] palmitic acid SM was resuspended in a mixture of
50 mM acetate buffer (pH 5.0), 1 mM EDTA and 0.9% Triton
X-100 or in buffer containing 50 mM Tris-HCI1 (pH 7.35), 1
mM EDTA, 10 mM MgCl,, and 0.9% Triton X-100. Samples
were incubated at 37°C for 60 min. The reaction was stopped
by chilling to 4°C. Lipids were extracted using chloroform:
methanol mixture (1:2, v/v) (Bligh and Dyer, 1959). The
extracts were evaporated under vacuum and then acylglycerol
hydrolyzed (Trams and Lauter, 1962). Sphingolipids were
fractionated as described earlier in extraction of lipids section.
The activity of the acid and neutral sphingomyelinase was
judged by the formation of ['"C] CER content, not the
destroyed ['*C]SM. Radioactivity in the samples containing the
labeled ["*C] lipids was determined by the radioactivity meter.
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Statistical data processing

In the study of age-related nature of the content and lipid
metabolism in rat tissues, nonparametric methods (Mann-
Whitney and Kruskal-Wallis) was used to compare the two
groups using the parametric Student's #-test. For multiple
comparisons, the analysis of variance (ANOVA, Turkey
criterion and Fisher LSD - test) was conducted. Differences
between groups were considered statistically significant at p <
0.05.

RESULTS

It is known that there are numerous ways that DAG and CER
are generated in cell (Giusto et al., 2002; Kavok et al., 2003).
The purpose of this experiment was to detect the different types
of lipid metabolism of age rats DAG, CER, and PS synthesized
in liver hippocampal, and cortical tissue of young and old rats.
From the results it can be clearly seen that DAG levels
significantly increased in 24 months old mice in comparison to
3 months old (Fig. 1). This was observed in liver, hippocampal,
and cortical tissue.

Table 1. The contents of phosphatidylserine (PS) in the tissues of rats of different ages (M + SD; n =10)

Age of male wistar rats

Tissue type 3 months 24 months
(nmol /mg protein) (mmol /g tissue) (nmol /mg protein) (mmol /g tissue)
Liver 11.7+1.85 2.28 £0.40 16.2+2.05 2.45+0.42
Hippocampus 102.7 +6.13 542+0.32 56.9 +2.26* 4.06 +0.71
*P<0.05 relative to 3-months-old animals
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Figure 1. The difference in DAG levels between 3 and 24 months old micro DAG levels were estimated in liver, hippocampus and
cerebral cortex. * Indicates significant difference where p<0.05
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Figure 2. The difference in FFA levels between 3 and 24 months old mice. *Indicates significant difference where p<0.05
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Figure 3. The difference in CER levels between 3 and 24 months old mice. CER levels were estimated in liver, hippocampus and
cerebral cortex. *Indicates significant difference where p<0.05
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Figure 4. The difference in SM levels between 3 and 24 months old mice. SM levels were estimated in liver, hippocampus and
cerebral cortex. *Indicates significant difference where p<0.05
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Figure 5. The difference in PC levels between 3 and 24 months old mice. PC levels were estimated in liver and cerebral cortex.
*Indicates significant difference where p<0.05
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The Influence of Aging on
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Figure 6. The difference in cerebral cortex PEA levels between 3 and 24 months old mice.
*Indicates significant difference where p<0.05

This significant increase was also seen when measuring FFA,
CER and SM levels (Fig. 2, 3, and 4), where the liver,
hippocampus and cerebral cortex of 24 months old mice
demonstrated a significant increase in these parameters when
compared to 3 months old mice. Additionally, when studying
the effect of age on tissue levels containing PC and PEA, it was
revealed that PC levels underwent a significant reduction in 24
months old mice when compared to 3 months old (Fig. 5).
Here, both liver and cerebral cortex showed a significant
reduction in these levels. This age related decline was also seen
with cortical PEA levels where 24 months old mice exhibited
reduced levels of cerebral cortex PEA levels when compared to
3 months old mice (Fig. 6). The ratio of GLC: CER; decreased
from 0.60 + 0.09 in the liver of three-months-old mice to 0.38
+ 0.07 (p<0.05) in the liver of 24-months-old animals. At the
same time, the level of PS is dramatically reduced in the
hippocampus of old animals compared with adult rats, and the
content of the PS changed little with age in liver (Table 1).

DISCUSSION

Increased fatty acids in liver, skeletal muscle and adipose
tissue, correlates with the increased synthesis of DAG and
increase in their mass (Schmitz-Pfeiffer, 2002). It is possible
that increased content of fatty acids in the tissues of old rats
compared with adult animals leads to an increase in the basal
level of other signaling lipid — DAG. The content of the newly
synthesized PC in the presence of ['*C] palmitic acid in the
liver and brain of 24-months-old rats was 1.5 - 2 times lower
than in three-months-old rats. We can consider that the increase
of the DAG synthesis due to the increase de novo synthesis
from FFA. Also, is due to the inhibition of its use in the
synthesis of phospholipids (PC and PEA) it is an important
reason of the increase of its content in the liver and brain of old
rats. The reduction of PC can be attributed to the inhibition of
SM synthase catalyzes which transfer of the phosphorylcholine
from one molecule of PC to one molecule of CER. This leads
to the formation of one molecule of SM and DAG (Satoi, et al.,
2005). However, a chronic increase in fatty acids in cells

causes not only DAG accumulation, but also a CER (Schmitz-
Pfeiffer, 2002). Given, this may suggest that the increase in
mass of fatty acids is important reason for the increase of the
content of CER in the liver and studied parts of the brain in
older rats, and also, for their change of the sphingolipids de
novo synthesis begins with the condensation reaction palmityl-
CoA and serine (Perry et al., 2000). Also, it might be due to the
increase of degradation of complex sphingolipids, such as
GLC. Moreover, GLC is converting to the CER during the
reaction which is catalyzed by galactosylceramidase
(Galceramidase) (Mielke ef al., 2013). In the cerebral cortex, it
was found that a simultaneous increase in the content of fatty
acids, CER and SM (Fig. 2, 3 and 4). These data may indicate
increased sphingolipids de novo synthesis in the cerebral cortex
during aging. For instance, it was found that the intensity
increases with age including [14C] serine to SM brain cells,
which correlates with the increasing content of SM in neurons
of the cerebral cortex (Giusto et al., 2002).

The results of this study in accordance with the results obtained
in previous studies that showed the increase of the neutral
membrane connected sphingomyelinase in the hippocampus
and cerebral cortex of 22 months-old rats in comparison with 6
month-old animals serve support the hypothesis (Crivello ef al.,
2005; Murray et al., 2007). PS has the normal functioning of
neurons in the brain. Thus, the induced amyloid beta peptide
(AB1-40) death of cortical neurons and hippocampal preceded
not only the accumulation of SM, but significant changes in
metabolism of endogenous PS (Crivello et al., 2005). It is
established that the content of the PS changes slightly with age
in liver (Table 1). At the same time, the level of PS is
dramatically reduced in the hippocampus of old animals
compared with adult rats. Given this data, we can assume that
the decline in PS in the hippocampus of aged animals is one of
the reasons for increasing the sensitivity of its cells to oxidative
stress and other adverse factors in old age. These data suggest
that the accumulation occurred in tissues in the old aged animal
is attributed to the FFA and SM. Otherwise, in the liver, the
increase in the basal level of DAG, and in the brain structures
of old animals — SM increased and PS reduced significantly.
Accumulation of this neutral lipids and sphingolipids in liver
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cells and various parts of the brain can lead to a violation of the
sensitivity of these cells to regulatory incentives and hormones.

Conclusion

In summary, peculiarities of the terminated regulation of the
metabolism of glycerol- and sphingolipids in target cells under
conditions of the physiological aging have been studied. When
comparing older animals to young ones, an increase of the level
of FFA, DAG, CER, and SM takes place in the liver,
hippocampus, and cerebral cortex. The increase of the content
of DAG in certain tissues of old age animal takes place due to
an increase in their de novo synthesis from FFA and to the
decrease of their use in the synthesis of PC and PEA. In liver,
hippocampus, and brain of 24-months-old rats in comparison
with three-month-old animals, the increase level of CER in old
rats is due to an increase in their sphingolipids de novo
synthesis, which also accompanied by the increase of the
product degradation with the participation of GLC. The data
show the possible metabolic pathways or processes by which
the DAG and CER accumulated in the target cells during aging.
Knowing the mechanisms by which DAG and CER
accumulated in aging tissues, we can use by the impact or
effect of some physiological factors that regulate these two
categories to avoid their accumulation in critical tissues, which
is considered one of the most reasons or precursors for
pathological diseases (Unger, 2002, 2003; Stratford et al.,
2004; Cutler and Mattson, 2001; Satoi ef al., 2005). In our
future studies, consideration of the gene expression of enzymes
involved in the metabolism and synthesis of DAG, CER (CER
Synthase), SM, and PC, as the mice age, will be
investigated. Global gene expression is considered a very
powerful strategy for interpreting new and important issues in
biology and other fields as well. Even several methods are
available nowadays, but investigators must be cautious when
using them, as many technical problems and experimental
biases can influence the obtained results. As this field gets
matures, it will lead to new horizons in understanding its role in
regulating network that correlate gene expression with
changing in lipid levels. Furthermore, these discoveries will
certainly guide future human disease treatment.
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