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 It is generally accepted that sedentary lifestyle is associ-
ated with increased risk of coronary heart disease and 
stroke and that the relative risk of physical inactivity is sim-
ilar in magnitude to that of hypertension, hypercholester-
olemia, and smoking. In contrast, regular physical activity 
has been identifi ed as a protective factor against the occur-
rence and progression of coronary heart disease; it is as-
sociated with reduced blood pressure, maintenance of 
ideal body weight, improvement of lipid profi le, and de-
crease in incidence of type II diabetes ( 1–3 ). 

 Evidence suggests that sustained physical activity has 
benefi cial effects on lipoprotein metabolism, including a 
decrease in plasma triglyceride levels and an increase in 
HDL-cholesterol concentration, which bears antioxidant 
properties and protective effects in the prevention of coro-
nary artery disease ( 4 ). HDLs are well known to be anti-
atherogenic and to protect LDL against oxidation ( 5 ). 
The antioxidant properties of HDLs are due in part to se-
rum paraoxonases (PONs), which are able to degrade a 
number of biologically active oxidized phospholipids ( 6 ). 

 Most of our present knowledge is limited to PON1 and 
an emerging body of evidence indicates that this enzyme 
possesses important antiatherogenic roles. Failure to ex-
press PON1 has been implicated as a risk factor in athero-
sclerosis ( 7 ). PON1’s protective role against atherosclerosis 
development was also demonstrated in studies using 
PON1-defi cient mice ( 6, 8 ), or mice overexpressing PON1 
( 9, 10 ). 

       Abstract   Paraoxonases (PONs) are a small family of anti-
oxidant enzymes whose antiatherogenic activity is well 
known. The aim of the present study was the evaluation of 
the effects of moderate aerobic training on their expression 
using a rat model. In order to discriminate between PON1 
and PON3 enzymatic activity, we took advantage of some 
differences in their substrate preferences. PON1 and PON3 
enzymatic activities and their protein levels were analyzed in 
plasma and in liver microsomes, and their mRNA levels in 
the liver. Exercise training did not affect PON1 expression 
or enzymatic activity but increased PON3 mRNA, protein 
levels, and enzymatic activity. Training also induced varia-
tions in plasma membrane composition, including an in-
crease in polyunsaturated and a decrease in mono- and 
di-unsaturated fatty acids. On the other hand, acute exer-
cise inhibited PON activities while increasing PON3 protein 
content in liver microsomes and reversing the relative com-
position in mono-, di-, and poly-unsaturated fatty acids, 
suggesting that physical stress, by altering membrane com-
position, may impair PON release from liver membranes.   
In conclusion, we documented, for the fi rst time, the pres-
ence of PON3 in rat serum and, notably, found that the 
upregulation of PON3, rather than PON1, appears to be 
associated with physical training. —Romani, R., G. E. De 
Medio, S. di Tullio, R. Lapalombella, I. Pirisinu, V. Margonato, 
A. Veicsteinas, M. Marini, and G. Rosi.  Modulation of 
paraoxonase 1 and 3 expression after moderate exercise 
training in the rat.  J. Lipid Res.  2009.  50:  2036–2045.  
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procedures. In order to discriminate between the effects 
of chronic and acute exercise on PON activities and ex-
pression, subgroups of untrained and trained rats were 
subjected to a physically stressing exercise 24 h and again 
30 min before euthanization. PON1 and PON3 activities 
and their protein expression were analyzed in rat plasma 
as well as in liver microsomes, because PON1 and PON3 
are liver microsomal enzymes associated with vesicles de-
rived from the endoplasmatic reticulum ( 30 ). 

 Moreover, the composition of both phospholipids and 
fatty acids in liver membranes was analyzed, in order to 
check for possible changes as a consequence of training. 
In fact, plasma membrane composition may infl uence 
PON secretion to the extracellular space, either alone or 
in association with HDL ( 31, 32 ). 

 MATERIALS AND METHODS 

 Chemicals 
 All chemicals were purchased from Sigma-Aldrich S.r.l. 

(Milano, Italy) unless otherwise indicated. All solutions were 
made using twice-distilled water. 

 Animals and experimental design 
 Male albino Sprague-Dawley rats aged 8 weeks were purchased 

from Charles River Labs. (Italy), placed in individual cages, and 
fed a standard diet without limitations; room temperature was 
kept at 21 ± 2°C; 12 h of light were automatically alternated with 
12 h of dark. Food consumption and body weight were evalu-
ated three times a week. After one week of acclimatization, 10 
animals were randomly chosen for moderate aerobic exercise 
training and 10 others assigned to the control groups. Among 
the trained animals, a subgroup (T) was euthanized after 10 
(n = 5) weeks of exercise training, 48 h after the last training 
session; a second subgroup was chosen for stress exercise (TS) 
after 10 weeks of exercise training (n = 5). The sedentary con-
trols were assigned to stress (US, n = 5) or nonstress (U, n = 5) 
protocols before euthanization. All the animals were euthanized 
at 19 weeks of age. 

 Training protocol 
 Rats to be trained (n = 10) ran 1 h a day on a specifi c treadmill 

for rats, 3 times a week at 10% incline at increasing speed. The 
training protocol required a gradually increasing effort for 3 
weeks to reach 65% VO2max ( 29 ), then maintained constant for 
a further 7 weeks. Control animals (n = 10) were placed on a 
nonmoving treadmill during the training sessions. Animal han-
dling, training protocol, and mode of euthanization were ap-
proved by the Ethical Committee on the Use of Laboratory 
Animals of the Health Authority of Milan (Italy) according to the 
86/609/CEE guidelines. Training was carried out according to 
the American Physiological Society guidelines for exercising ro-
dents on treadmills ( 33 ). 

 Stress exercise 
 Trained and control rats were randomly chosen for stress exer-

cise. Twenty-four h before the day of euthanization and again 30 
min before euthanization itself, they were individually placed for 
30 min in a deep basin fi lled with lukewarm water and devoid of 
holding devices, so that they were compelled to swim. They were 
constantly watched and forced to resume swimming in case they 
managed to fl oat remaining motionless. 

 PON1 belongs to a family of calcium-dependent es-
terases that includes PON1, PON2, and PON3 ( 11 ). These 
enzymes catalyze the hydrolysis of a broad spectrum of 
substrates including organophosphates and aryl esters. 
PON1 activity has been traditionally measured by employ-
ing two different substrates: paraoxon (paraoxonase activ-
ity) and phenylacetate (arylesterase activity) ( 12 ). However, 
it recently became apparent that PON1 is also a lactonase 
with lipophylic lactones as its primary substrates ( 13 ). Also, 
PON2 and PON3 have high lactonase activity but low aryl-
esterase activity and no paraoxonase activity ( 14–16 ). Lac-
tones derived from fatty acid oxidation products may 
constitute the native substrates of PONs ( 13, 17 ). Pla et al. 
( 18 ) showed quantitative differences in the sensitivity of 
purifi ed PON1 and PON3 to inhibition by cobalt and cop-
per, providing a tool for the development of quicker and 
easier enzymatic assays capable of separately detecting 
PON1 and PON3 in a serum sample. 

 The three members of the PON family have different 
cell and tissue distributions and their expression is differ-
entially regulated. Although this may suggest distinct phys-
iological roles for each of them ( 19 ), much remains 
unknown. All members of the PON family display antioxi-
dant properties ( 20 ) and are mainly synthesized by the 
liver; however, at least in rabbits and humans, only PON1 
and PON3 are found in the serum in association with 
HDL, where they prevent the oxidative modifi cation of 
LDL. Their synthesis in the liver provides a location for 
their insertion into nascent HDL particles ( 14, 21 ). How-
ever, mouse HDL may not be a good acceptor for both 
human and mouse PON3; therefore, PON3 remains cell-
bound in mouse ( 22 ). Microsomal localization for PON3 
has been demonstrated in rat liver ( 23 ). 

 James et al. ( 24 ) proposed a “desorption” mechanism 
whereby PON1, inserted into the external membrane layer 
by its  N -terminal hydrophobic signal peptide, may be trans-
ferred to HDL during its transient association with the cell 
membrane. More recently, Shih et al. ( 22 ) postulated that 
PON3 may be released to HDL in humans by a mechanism 
similar to that of PON1. 

 The effects of physical exercise on PON activities are far 
from having been established. Tomás et al. ( 25 ) assessed 
in humans, for the fi rst time, the effects of a single bout of 
exercise on PON1 activity. The authors showed that train-
ing was not associated with a permanent increase in the 
basal level of PON1 activity, because an increase in PON1 
activity could be observed immediately after a single bout 
of exercise but was followed by a decrease in the next 2 h 
and a recovery of basal levels in the following 24 h. An-
other study performed in rats showed a similar effect ( 26 ). 
These data support the idea that acute exercise induces 
oxidative stress by increasing lipid peroxidation, which in 
turn decreases PON1 activity ( 27, 28 ). 

 The main aim of the present study was to assess the ef-
fect of moderate aerobic training on PON activities and 
expressions. The rats were subjected to a training pattern 
similar to that previously described by Marini et al. ( 29 ), 
which was found to protect hearts against ischemia-reper-
fusion injury as already shown with more intense training 
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 Assay methods 
 Protein concentrations were measured according to Lowry 

et al. ( 36 ) using BSA as a standard. Paraoxonase activity was deter-
mined according to Gan et al. ( 37 ), by using as substrate 1.0 mM 
paraoxon in 50 mM glycine/NaOH (pH 8.0), 1 mM CaCl 2 , and 
1 M NaCl. The generation of  p -nitrophenol at 25°C was moni-
tored at 412 nm in a continuously recording spectrophotometer. 
Enzyme activity was calculated with a molar extinction coeffi cient 
of 18,290 M  � 1  cm  � 1 . One unit of paraoxonase activity produced 
1 nM of  p -nitrophenol per minute. 

 Arlyesterase activity was measured by using as substrate phenyl 
acetate in 20 mM Tris-HCl (pH 8.0) containing 1 mM CaCl 2 . The 
rate of hydrolysis was determined spectrophotometrically at 270 
nm. Enzyme activity was calculated with a molar extinction coef-
fi cient of 1,310M  � 1  cm  � 1  ( 37 ). One unit of arylesterase activity 
corresponded to 1 µM of phenyl acetate hydrolyzed per minute. 

 Lactonase activity was monitored by the increase in UV absor-
bance at 270 nm and 274 nm, using dihydrocoumarin (DHC) 
and 2-coumaranone as subtrates, respectively. In a typical experi-
ment, a cuvette contained 1 mM substrate (from a 100 mM stock, 
dissolved in methanol) in 50 mM Tris/HCl (pH 8.0), 1 mM 
CaCl 2 , and 5–20 µl of enzyme in a total volume of 1 ml. The dif-
ferences in molar extinction coeffi cients (the difference between 
the absorption coeffi cients of the acid formed in the reaction 
and the lactone) that were used to calculate the rate of hydrolysis 
were 1295 and 876, M   � 1   cm  � 1  for DHC and 2-coumaranone, re-
spectively ( 38 ). One unit is defi ned as 1  � M of each substrate 
hydrolyzed per milliliter per minute. 

 It should be noted that phenyl acetate and the two aromatic 
lactones can be hydrolyzed not only by PONs, but also by CEs, 
known to be present in rodent plasma. Because PONs are not 
inhibited by the serine esterase inhibitor PMSF ( 17 ), studies in 
the plasma were performed by incubating the samples at room 
temperature for 2 hr with PMSF (2 mM fi nal concentration) be-
fore the assays. However, CEs that may interfere with PON activ-
ity were not present in our preparation of liver microsomes 
because preliminary experiments, carried out both in the pres-
ence and in the absence of PMSF (not shown), demonstrated 
that they had been effi ciently removed during the experimental 
procedures. 

 Western blot analysis 
 Western blot analysis was performed using SDS-PAGE, 12% 

bis-acrylamide gels. From the plasma and liver microsome frac-
tions, 40  � g were loaded on the gel. After electrophoresis, pro-
teins were transferred for 1 h to nitrocellulose membrane 
(PIERCE, Rockford, IL) in a mini trans-blot cell (Bio-Rad Italy, 
Milano, Italy), using transfer buffer pH 7.2. After blotting, the 
nitrocellulose membranes were treated with specifi c chromoge-
nic western blot immunodetection kits (Invitrogen Corp., Carls-
bad, CA). Blots were blocked for 45 min with concentrated casein 
solution in buffered saline solution and then incubated with the 
diluted primary specifi c antibody for 1 h. Mouse anti-PON1-
monoclonal antibody (Abcam, Cambridge, UK) was diluted 
1:500, and mouse anti-PON3 polyclonal antibody (Santa Cruz 
Biotechonology, Inc., Santa Cruz, CA) was diluted 1:200. Mem-
branes were washed with an antibody wash solution and incu-
bated for 45 min with alkaline phosphatase-conjugated anti-mouse 
secondary antibody. 

 Blots were then visualized using a chromogenic substrate 
containing 5-bromo-4-chloro-3-indolyl-1-phosphate and nitro 
blue tetrazolium. Immunopositive bands were semi-quantifi ed 
by Scion Image for Windows and results were expressed in arbi-
trary units. Because there is no consensus about which proteins 
could be considered unchanged following physical exercise, 

 Euthanization 
 Trained rats were euthanized 48 h after the last training ses-

sion, stressed rats 30 min after the end of the swimming exercise. 
In order to avoid diurnal variations in gene expression, all eutha-
nizations were carried out between 10 AM and 12 AM. The eutha-
nization of control rats was alternated with that of trained ones in 
a one-by-one fashion. All treatments were carried out exactly with 
the same procedure and timing in the control and in the trained 
animals, so that any difference in gene expression between the 
two groups cannot be attributed to differences in animal han-
dling. Rats were anesthetized (100 mg/kg heparinized sodium 
thiopental); blood was drawn by acupuncture with a heparinized 
syringe; plasma was separated by centrifugation and immediately 
frozen; the livers were removed and immediately frozen in liquid 
nitrogen and stored at  � 80°C. 

 Activity gel electrophoresis 
 Nondenaturing PAGE was performed running 5 µl samples on 

gradient gels (4% to 30% polyacrylamide gel, 0.75 mm thick) in 
a vertical slab-gel apparatus (20mA current, 0.025 M Tris/0.192 
M glycine 0.5% Triton-X100 running buffer, pH 8.3, 5°C). In or-
der to distinguish between carboxylesterase (CE) and PON activi-
ties, serum samples were preincubated 2 h at room temperature 
with 2.0 mM phenylmethylsulfonyl fl uoride (PMSF), a CE inhibi-
tor ( 17 ), or with 5 mM EDTA, which inhibits PON. In order to 
distinguish between PON1 and PON3, plasma samples were pre-
incubated for 15 min at 37°C with 0.1 mM Co(NO 3 ) 2 , which in-
hibits PON1 (IC 50  = 0.08 mM), or 0.06 mM CuSO 4 , which inhibits 
PON3 (IC 50  = 0.036 mM) ( 18 ). Differential recognition of either 
CE or PON activity took advantage of the differential ability 
of the enzymes to cleave either  � -naphtylacetate (CE alone) or 
 � -naphtylacetate (both CE and PON). Staining of the gel was per-
formed as described by Li et al. ( 34 ). In particular,  � -naphtylacetate 
(50 mg dissolved in 1 ml ethanol added to 100 ml of 50 mM Tris–
HCl pH 8 buffer containing 50 mg of solid Fast Blue RR) was 
used to visualize CE activity without PON activity, whereas stain-
ing with  � -naphthylacetate (50 mg dissolved in 1 ml ethanol 
added to 100 ml of 50 mM Tris–HCl pH 8, 10 mM calcium chlo-
ride buffer containing 50 mg of solid Fast Blue RR) revealed both 
PON1 and CE activity. Excess dye was washed out with 50% meth-
anol and 10% acetic acid. 

 Preparation and solubilization of the microsomal fraction 
 Microsomal fractions were prepared as previously described 

( 35 ). Briefl y, frozen rat livers (1 g), placed in beakers on ice, were 
rinsed with ice-cold homogenization buffer (5 mM Tris/HCl (pH 
7.4) and 0.25 M sucrose), minced with scissors, and placed in 4 
vol. of ice-cold buffer. They were then homogenized (6 strokes at 
1100 rev/min) using a mechanically driven Tefl on pestle in a 
glass homogenizer (Potter–Elvehjem-type homogenizer) with 
1.02 mm clearance. The homogenate was transferred to a power-
driven close-fi tting (0.045 mm clearance) Perspex [poly(methyl 
methacrylate)]/glass homogenizer and homogenized as before. 
After diluting the homogenate to 10% (w/v) with the homogeni-
zation buffer, nuclei and mitochondria were removed by step 
centrifugation at 460  g  for 10 min and at 12,500  g  for 10 min in a 
Beckman J2–21 refrigerated centrifuge. The postmitochondrial 
supernatant fraction was then centrifuged at 105,000  g  for 60 min 
in a Beckman 55.2 Ti rotor operated in a Beckman L8–55 refrig-
erated centrifuge. The microsomal pellet derived from liver tis-
sue was suspended in 2 ml of buffer [5 mM Tris/HCl (pH 7.4)]. 
PONs were extracted by the addition of Triton X-100. The mi-
crosomal fraction was adjusted to 0.75% Triton X-100, disrupted 
by a glass-glass homogenizer potter, stored at 4°C for 30 min and 
then centrifuged at 105,000  g  for 60 min. 
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by the two-step thin layer chromatography according to Binaglia 
et al. ( 41 ). The phospholipid fatty acid constitution was deter-
mined by scraping into test tubes the spots obtained and extract-
ing them twice with n-hexane; the eluate was evaporated and 
then methanolyzed at 80°C for 1 h with 1 ml of solution contain-
ing 3% H 2 SO 4  in methanol. The tubes were cooled, the content 
extracted two times with n-hexane, concentrated in N 2  and then 
analyzed by gas chromatography carried out with a gas chromato-
graph (Carlo Erba HRGC mod. MFC500, Milano, Italy) equipped 
with a polyalkylenglycol column (35 mt × 0.25mm) and a fl ame 
ionization detector. The column temperature was programmed 
from 170°C to 210°C at 3°C min  � 1 . The carrier gas was helium at 
a fl ow rate of 1 ml min  � 1 . This technique allows the separation of 
fatty acids with a carbon content of 16 to 22 atoms, and the lon-
ger chain fatty acids (>22 atoms) are evaluated as a bulk. 

 Statistical analysis 
 Data were analyzed using one-way ANOVA and Fisher’s least 

signifi cant difference (LSD) test. Signifi cance was defi ned as 
 P  < 0.05. 

 RESULTS 

 Animals 
 The rats were periodically examined by a veterinarian. 

Their internal organs, examined by a pathologist on the 
day of euthanization, appeared to be normal and disease-
free. 

 Activity gels 
   Figure 1   shows the presence of PONs in rat plasma and 

their absence in EDTA-treated plasma. CE activity stains 
equally well with alfa- ( Fig.1A ) and  � -naphthylacetate 
( Fig.1B ), whereas PON activities are revealed only in gels 
developed with  � -naphthylacetate ( Fig.1B ). The CE bands 
( Fig. 1A ) were identifi ed by their resistance to EDTA inhi-
bition (lane 5), and their sensitivity to PMSF inhibition 
(lane 2). The two bands of PON activities, evidenced with 
 � -naphthylacetate ( Fig. 1B ), were identifi ed by their sensi-
tivity to EDTA inhibition (lane 5) and their resistance to 
PMSF inhibition (lane 2).  Figure 1  compares the staining 
pattern of Co(NO 3 ) 2  (lane 3) and CuSO 4  (lane 4)-treated 
plasma. In particular, the preincubation with Co 2+  or Cu 2+ , 
followed by  � -naphthylacetate staining (i.e., staining of 
CEs only) ( Fig. 1A ), shows that neither Co 2+  or Cu 2+  affects 

we addressed the problem by always loading the same amount of 
protein in all lanes and by repeating the Western blots at least 
three times; the results of repeats were averaged and reported in 
the Results. 

 RNA preparation, quality control, and reverse 
transcription 

 RNA was prepared and quality controlled as previously de-
scribed ( 29 ). Briefl y, TRIZOL™ (Invitrogen s.r.l., Milano, Italy) 
extraction was followed by controls that assessed the absence of 
degradation and of contaminating genomic DNA. RNA was then 
reverse transcripted using an Omniscript Reverse Transcription 
Kit (Qiagen GmbH, Hilden, Germany), then cDNA was spectro-
phometrically quantifi ed. 

 Real-time PCR 
 The primer sequences for the two genes studied and for the 

housekeeping gene are given in   Table 1  , along with the size of 
their amplifi cation products. Primers were chosen in the 3 ′  re-
gion with the help of the  AMPLIFY  free software and controlled 
by melting curve analysis. Real-time PCR was performed in an 
ABI PRISM 5700 real-time thermal cycler using the SYBR Green 
kit (Qiagen), as prevously described ( 29 ). Relative gene expres-
sion was analyzed by the - �  �  C T   method described by Livak and 
Schmittgen ( 39 ).The housekeeping gene used for normalization 
purposes was RPL13a. Data were expressed in arbitrary units, set-
ting to 100 the amount of the housekeeping gene RPL13a in 12 
ng of cDNA to 100. 

 Lipid membrane analysis 
 Lipids were extracted from each liver tissue according to Gaiti 

et al. ( 40 ) and dissolved in chloroform-methanol (2:1, v/v). Frac-
tionation of intact lipid classes was performed by spotting small 
amounts of the fi nal chloroform-methanol solution on a silica gel 
layer (300 µm thickness) and developing a two-step thin layer 
chromatography. The phosphorous content was determined on 
the total lipid fraction and on the phospholipid classes separated 

 TABLE 1. Primer sequence and length of the amplicons of the 
genes studied with real-time RT-PCR 

UniGene
Gene Name 

(symbol)
Left Primer Sequence

Right Primer Sequence
Amplicon 

Length (nt)

Rn 92211 RPL13a GATGAACACCAACCCGTCT
CCACCATCCGCTTTTTCTTG

175

Rn 20732 PON-1 CATCGGTCTTCCTATCAAA
CAAGTCTTCAGCACCCGTCTC

108

Rn 16469 PON-3 CTCTCGTCCACCTGAAAAC
CGAAGTCCAGTGAGGGTCCAA

159

  Fig. 1.  Activity gel electrophoresis. Nondenaturing 
gels stained for CE activity with  � -naphthylacetate (A) 
and for PON and CE activities with  � -naphthylacetate 
(B). Five  � l of rat plasma were loaded per lane. In 
order to distinguish between CE and PON activities, 
plasma samples were preincubated 2 h at room tem-
perature with 2.0 mM PMFS, a CE inhibitor (A, B 
Lane 2) or with 5 mM EDTA, which inhibits PON 
(A, B Lane 5). In order to distinguish between PON1 
and PON3, plasma samples were preincubated 15 
min at 37°C with 0.1 mM Co(NO 3 ) 2  (A, B Lane 3), 
which inhibits PON1 (IC 50  = 0.08 mM) or 0.06 mM 
CuSO 4  (A, B Lane 4), which inhibits PON3 (IC 50  = 
0.036 mM). Lane 1 (A, B) was loaded with untreated 
plasma.   
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PON3 in rat plasma. As expected, both PON activities are 
inhibited by EDTA (lane 5). 

 PON expression in plasma 
 Specifi c activities.   Activity assays were performed with four 

different substrates, utilizing plasma from the four experi-
mental groups of animals as a source of PONs (  Fig. 2A–D  ). 

CE activity. An extra band is present in lanes 3 of both 
 Figs. 1A and 1B , which may be a CE activity that shows up 
only in the presence of Co 2+ . In  Fig. 1B , where both PON 
and CE activities are stained, preincubation with Co 2+  at-
tenuates the upper band intensity (PON3), whereas prein-
cubation with Cu 2+  attenuates the lower band intensity 
(PON1). This unequivocally demonstrates the presence of 

  Fig. 2.  PON expression in plasma. Activity assays were performed in quadruplicate with four different substrates. All samples were incu-
bated at room temperature for 2 hr with PMSF (2 mM fi nal concentration) before the assays, in order to inhibit CEs. (A: phenyl acetate; B: 
DHC; C: 2-coumaranone; D: paraoxon). The specifi c activity is given as mean value ± SD. Western blotting analysis was performed in trip-
licate (E). Data represent the mean value ± SD of multiple evaluations expressed in arbitrary units after analysis by Scion Image for Win-
dows. Panel inserts show immunostaining image for PON1 or PON3. Statistical analysis was performed using one-way ANOVA and Fisher’s 
LSD Test. *  P   �  0.05 versus the other groups are reported in each insert.   
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animals ( Fig. 2E ). Data represent the mean value ± SD of 
three western blots (WBs) analyzed by Scion Image for 
Windows and expressed in arbitrary units. Plasma PON1 
levels were found to be signifi cantly lower in the two 
groups of stressed rats (US and TS) than in U controls; on 
the other hand, PON3 levels were signifi cantly higher in 
the two groups of trained rats (T and TS) than in U con-
trols. However, the TS rats displayed a signifi cant decrease 
(30%) in PON3 protein when compared with T rats. 

 PON expression in liver microsomes 
 Specifi c activities.   Activity assays were performed with four 

different substrates, utilizing liver microsomes from the 

The specifi c activity is given as mean value ± SD of four as-
says. Signifi cant increase in arylesteratic activity was found 
in T rats with respect to the U, US, and TS rats ( Fig. 2A ). 
Using DHC and 2-cumaranone as substrates, a signifi cant 
increase in PON activity was found in T and TS rats with 
respect to the U and US rats ( Fig. 2B, 2C , respectively). In 
particular, the activity in T and TS rats was higher with the 
former substrate. In contrast, no signifi cant differences 
were found among T, U, US, and UT rats using paraoxon 
as substrate ( Fig. 2D ). 

 Western blotting.   Western blotting analyses were per-
formed in order to evaluate the amount of plasma PON1 
and PON3 proteins from the four experimental groups of 

  Fig. 3.  PON expression in liver microsomes. Activity assays were performed in quadruplicate with four different substrates (A: phenyl 
acetate; B: DHC; C: 2-coumaranone; D: paraoxon). The specifi c activity is given as mean value ± SD. Western blotting analysis was per-
formed in triplicate (E). Data represent the mean value ± SD of multiple evaluations expressed in arbitrary units after analysis by Scion 
Image for Windows. Panel inserts show immunostaining image for PON1 or PON3. Statistical analysis was performed using one-way ANOVA 
andFisher’s LSD Test. *  P  < 0.05 versus the other groups are reported in each insert.   
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 Lipid composition of liver membranes 
   Table 2   shows liver membrane phospholipid content. 

Four independent determinations were performed for 
each group. Data represent the mean values ± SD of to-
tal phospholipid content percentage. Phosphatidyletha-
nolamine (PE) and phosphatidylcholine (PC) were found 
to be the more abundant liver membrane phospholipids, 
making up 78% of all phospholipids found in control 
group liver cells. Phosphatidylinositol (PI) was signifi cantly 
increased in the T group, phosphatidylserine (PS) in the 
US group and sphingomyelin (SF) in the TS group. The 
composition of fatty acids linked to PE and PC, the most 
abundant phospholipids in liver membranes, is shown 
in   Table 3   and is expressed as a percentage of the 
total amount of fatty acids linked to the correspondent 
phospholipid head. Each value is the mean ± SD of four 
independent determinations for each animal of each ex-
perimental group. Data show that mono-diunsaturated 
fatty acids decreased and polyunsaturated fatty acids in-
creased, independently of the phospholipid heads, in T 
rats when compared with U rats. On the other hand, acute 
exercise had the opposite effect, as mono-diunsaturated 
fatty acids increased and polyunsaturated fatty acids de-
creased in both untrained and trained groups. The in-
crease of mono- and di-unsaturated fatty acids observed in 
the stressed groups is higher than the corresponding de-
crease of polyunsaturated fatty acids and may be accounted 
for by a decrease of long chain fatty acids, which were not 
analyzed in detail. This is not surprising, because stress is 
known to cause the oxidative breakdown of longer and 
polyunsaturated hydrocarbon chains. 

 DISCUSSION 

 The aim of this study was to provide evidence that mod-
erate aerobic physical exercise could be benefi cial for 
organisms by modulation of PON expressions. While ac-
cumulating data that confi rmed our hypothesis, we also 
unexpectedly documented for the fi rst time the presence 
of PON3 in rat plasma by also fi nding that the upregula-
tion of PON3 rather than PON1 appears to be associated 
with physical training. PON expression was studied in the 

four experimental groups of animals as a source of PONs 
(  Fig. 3A–D  ). The specifi c activity is given as mean value ± 
SD of four assays. The arylesteratic activity ( Fig. 3A ) was 
found to signifi cantly decrease in all experimental groups 
when compared with the U group, whereas the paraoxo-
nase activity and all lactonase activities signifi cantly de-
creased in the stressed groups (TS and US) ( Fig. 3B–D ). 

 Western blotting.   Western blotting analyses were per-
formed in order to evaluate the amount of PON1 and 
PON3 proteins in the liver microsomal fraction from the 
four experimental groups of animals ( Fig. 3E ). Data repre-
sent the mean value ± SD of three WBs analyzed by Scion 
Image for Windows and expressed in arbitrary units. Mi-
crosomal PON1 levels did not show signifi cant differences 
among groups; on the other hand, PON3 levels were sig-
nifi cantly higher in all experimental groups when com-
pared with the U (control) group, the increase being more 
relevant in the TS group. 

 PON mRNA expression in liver 
 Levels of liver PON mRNAs obtained by real-time quan-

titative-PCR are shown in   Fig. 4  . PON1 mRNA levels did 
not show signifi cant differences among groups ( Fig. 4A ) 
PON3 mRNA levels were signifi cantly higher in the T 
group and signifi cantly lower in the US group when com-
pared with the U group ( Fig. 4B ). 

  Fig. 4.  PON mRNA expression. Levels of liver PON mRNAs were 
obtained by real time quantitative-PCR. Values are mean value ± SD 
and are expressed in arbitrary units, after background subtraction 
and normalization by a housekeeping gene (RPL13a). Statistical 
analysis was performed using one-way ANOVA and Fisher’s LSD 
Test. *  P  < 0.05 versus the other groups are reported in each 
insert.   

 TABLE 2. Liver membrane phospholipid composition 
(total phospholipid weight %) 

PL U T US TS

Signifi cant 
Comparison 

 P  < 0.005  a  

PE 27.58 ± 2.1 32.74 ± 1.58 24.40 ± 2.2 28.46 ± 2.45
PS 6.04 ± 1.5 4.47 ± 1.8 9.76 ± 1.4 5.82 ± 1.34 U vs US
PC 49.18 ± 2.3 49.53 ± 2.1 47.64 ± 1.98 45.56 ± 2.33
SF 6.84 ± 0.63 5.56 ± 0.45 7.14 ± 0.98 10.21 ± 0.89 U vs TS
PI 8.26 ± 0.8 10.66 ± 0.6 9.99 ± 0.9 7.33 ± 1.1 U vs T

PL, phospholipid; PE, phosphatidylethanolamine; PS, phos-
phatidylserine; PC, phosphatidylcholine; SF, sphingomyelin; PI, phosphati-
dylinositol; U, sedentary controls; T, trained animals; US, sedentary 
controls assigned to Stress; TS, trained animals assigned to Stress. 
Values are means ± SD of four independent determinations.

  a   Statistical analysis was determined using one-way ANOVA and 
Fisher’s LSD Test.
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training; acute exercise did not affect protein levels and 
enzymatic activity of sedentary controls (US), whereas it 
decreased both protein levels (30%) and enzymatic activ-
ity (40%) of trained subjects (TS). 

 When enzymatic activities were evaluated in liver mi-
crosomes, all activities were found to decrease in both 
groups of stressed rats (TS and US). As for protein levels, 
PON1 levels were unchanged in all conditions, whereas 
PON3 protein levels increased. In particular, acute exer-
cise upregulated PON3 in both sedentary and trained 
rats but the increase was more pronounced in the TS 
group (six times the U group). The interpretation of 
these results is somewhat puzzling and requires some 
speculation. 

 Help may come from liver membranes phospholipids 
and their fatty acid composition, which were evaluated in 
the present study, because they might infl uence PON ex-
pression in plasma (PONs being of hepatic origin). In fact, 
release of PON from the cell membrane is increased by 
HDL, which also stabilizes the enzyme. It can be hypothe-
sized that phospholipids (as well as apolipoprotein A-I, the 
structural peptide of HDL) may also play a role in the re-
lease and in the regulation of activity and stability of the 
enzyme ( 45 ). Although the contribution of membrane 
phospholipids and fatty acid in the release of PONs from 
liver membranes to HDL requires further study, we sug-
gest that changes in the composition of liver membranes 
might affect the mechanism involved in PON release and 
in PON plasmatic expression. In fact, we found that train-
ing modifi es phospholipid fatty acid composition, increas-
ing the polyunsaturated fraction, whereas acute exercise 
neutralizes such effect. Thus, the training-associated in-
crease in plasma membrane fl uidity, brought about by the 
increase in polyunsaturated fatty acids, might facilitate 
PON release to HDL. If PON3, rather than PON1, is up-
regulated by training, a higher PON3 plasma protein level 
and activity and a higher liver mRNA and protein concen-
tration will be observed. On the other hand, stress, by 
reversing the effect on fatty acid composition, might con-
tribute to the retention of PON in the liver membranes. 
This will result in increased concentration of liver membrane-
bound PON3, it being the upregulated enzyme. The ob-
served decrease in all microsomal enzymatic activities 

rat model of aerobic exercise training because, at least in 
humans, PONs are HDL-associated proteins capable of 
preventing LDL oxidation, which suggests a role for PON 
proteins as antiatherogenic agents ( 42 ). PON1 is the most 
widely studied member of the family of mammalian en-
zymes; plasma PON1 has been extensively explored in re-
lation to cardiovascular diseases, whereas few data are 
present on the hepatic enzyme. PON1 activity has been 
observed in rat (2 3, 43 ) hepatic microsomes; a portion of 
this enzyme is secreted into the circulation ( 23 ), and an-
other portion is stored in the liver ( 43 ), where it seems to 
provide hepatic protection against oxidative stress ( 44 ). 
The presence and the physiological role of PON3 have 
been recently addressed ( 12 ); it was thought that the en-
zyme is absent in rat plasma, in analogy with the mouse, 
where PON3 remains cell-bound ( 22 ). 

 We assayed PON enzymatic activities by using four dif-
ferent substrates, because PON1 has paraoxonase and aryl-
esterase activity, whereas its lactonase activity is restricted 
to lipophylic lactones; on the other hand, PON3 has no 
paraoxonase activity, low arylesterase activity, and high lac-
tonase activity (higher with DHC than with 2-coumaranone 
as substrate) ( 12, 13 ). Thus, differences between the two 
enzymes can be appreciated by comparing  Figs. 2D and 
3D  (mainly PON1 activity), on one hand, and  Figs. 2B and 
3B  (mainly PON3 activity), on the other. In fact, should 
the physical exercise-related variations in enzymatic activ-
ity be due to only one PON activity, different substrates 
would not give differential results. Moreover, the differen-
tial inhibition of PON1 and PON3 activity shown in non-
denaturing electrophoresis after exposure of extracts to 
Co 2+  and Cu 2+ , as well as the differential reactivity with 
monoclonal anti-PON1 or anti-PON3 antibodies in WB 
provides an independent demonstration of the presence 
of PON3 in the rat plasma. Because the enzymatic assays 
performed in plasma samples were carried out in the pres-
ence of PMFS, a CE inhibitor, we were also able to distin-
guish between PONs and CEs, known to be present in the 
rodent plasma ( 17 ). 

 As a whole, our results suggest that PON1 expression 
did not change with moderate exercise training, whereas it 
was downregulated by acute exercise. On the other hand, 
plasma PON3 protein levels signifi cantly increased after 

 TABLE 3. Composition of the fatty acids extracted from liver membranes as % of total amount of fatty acids linked to the correspondent 
phospholipid head 

PL Fatty Acid U T US TS
Signifi cant Comparison

 P  < 0.005  a  

PC Saturated 29.4 ± 6.70 31.033 ± 7.11 33.88 ± 7.11 33.28 ± 4.45
Mono-unsaturated

and di-unsaturated
34.92 ± 6.40 20.13 ± 3.57 46.20 ± 8.61 49.21 ± 8.90 U vs T, US, TS

T vs US, TS
Polyunsaturated 19.5 ± 2.21 28.87 ± 2.50 16.04 ± 3.12 11.1 ± 2.71 U vs T, US, TS

T vs TS
PE Saturated 29.32 ± 4.22 30.33 ± 2.51 33.29 ± 3.44 33.28 ± 3.32

Mono-unsaturated
and di-unsaturated

37.24 ± 4.99 22.27 ± 2.49 50.10 ± 8.15 48.92 ± 4.87 U vs T, US, TS
T vs US, TS

Polyunsaturated 21.88 ± 3.81 33.67 ± 4.92 13.90 ± 2.53 15.32 ± 1.65 U vs T
T vs US, TS

PL, phospholipid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; U, sedentary controls; T, trained animals; US, sedentary controls 
assigned to Stress; TS, trained animals assigned to Stress. Values are means ± SD of four independent determinations.

  a   Statistical analysis was determined using one-way ANOVA and Fisher’s LSD Test .
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may be due to additional effects of stress on the liver. We 
are aware that some data do not completely fi t in this 
model, however what we have hypothesized is not contra-
dicted by what we observed at the mRNA level. In fact, 
training did not affect PON1 mRNA synthesis and resulted 
in PON3 mRNA upregulation. Acute exercise resulted in 
the decrease of PON3 mRNA, although such decrease did 
not reach the level of signifi cance in TS subjects. 

 It is generally accepted that physical activity plays a ben-
efi cial role in the prevention of cardiovascular disease ( 1, 
29 ) and some evidence suggests that sustained physical ac-
tivity affects lipoprotein metabolism, decreases plasma 
triglyceride levels, and increases HDL concentration ( 2 ) 
and HDL-associated enzymes such as PON ( 46 ). Although 
PON3 is still largely less studied than PON1, recent reports 
suggest that PON3 may also possess antiatherogenic ca-
pacities. PON3 has been reported to associate with HDL in 
circulation ( 25, 30 ) and to protect against LDL oxidation 
in vitro ( 14, 21, 47 ). Ng et al. ( 48 ) demonstrated, for the 
fi rst time, that elevated levels of human PON3 enhance 
the cholesterol effl ux potential of serum, decrease LDL 
oxidation, increase the antioxidant properties of HDL, 
and protect against the progression of atheromatous le-
sion formation in vivo. Shih et al. ( 22 ) generated and char-
acterized transgenic mice overexpressing human PON3 
and demonstrated that elevated PON3 expression may 
play an important role in protection against obesity and 
atherosclerosis in male mice. The authors concluded that 
PON3 is an attractive candidate for further studies regard-
ing its involvement in cardiovascular disease and obesity. 

 In light of these recent fi ndings, we would like to 
emphasize that the benefi cial effects of mild physical activ-
ity on the lipid profi le (lower total cholesterol, LDL-
cholesterol, and triglyceride concentrations and higher 
concentrations of anti-infl ammatory, cholesterol-removing 
HDL particles) may also be related to the overexpression 
of PON3 and that PON3, due to its antiatherogenic prop-
erties, could play a benefi cial role in the prevention of 
some diseases. The current study is the fi rst demonstration 
of the presence of PON3 in the rat plasma and of a novel 
relationship between PON3 overexpression and mild 
physical activity.  

 The authors are grateful to Francesco Fabi, Gianluca Andrielli, 
and Giuliana Marinacci for their technical assistance. A.V., 
M.M., and G.R. are heads of their operative units and share the 
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