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The aim of this study was to evaluate both the effect of oxygen fr~e radicals produced by ultrasonic irradiation on 
ublquinone-3 incorporated into egg phosphatldylchellne vesicles and lipid peroxidafion of the same vesicles. Owin 8 to 
water sonolysis, degradation of polyunsaturated fatty acid residues occurred when model membranes were sonicated in 
the absence of ubiquinone, Under these conditions, Hopes buffer, but not formate, was able to protect against HO" 
damage, probably because access to the site of HO" formation is easier for the buffer. Incorporation of quinone 
prevented peroxidation due to HO" radicals, with a concomitant decrease of ubiquinone content. Experiments pedorra*,d 
to evaluate the effects of varying egg phosphatidyleholine concentration on conjugated diene formation and ubiquinone 
stability suggest that the anfioxidant effect of this compound mostly resides in its capacity to act as a 'chain-breaker" 
antioxidant. 

Introduction 

When phospholipids are dispersed in the aqueous 
phase by ultrasonic irradiation, water molecules become 
the main source of the free radicals formed. In the 
sonolysis of water, the principal reactive species are the 
hydrated electron, the hydrogen atom and the hydroxyl 
free radical [ l i  

H20~e~q, H; HO" 

In the presence of oxygen, e~a and H" react at diffusion 
controlled rates to form univalently reduced oxygen, the 
superoxide anion and its protonated form, the perhy- 
droxyl radical, both concurring by different pathways to 
the formation of H 2 0  2 [2]. Owing to the reactive species 
formed, different redox reactions, which are often simi- 
lar to the reactions produced by ionizing radiation [3], 
can occur during vesicle preparation by sonication, de- 
pending on phospholipids, buffers and other com- 
pounds present in the aqueous a v d / o r  lipid phases. In 
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our research on the antioxidant activity of abiquinones, 
we have shown that (i) sonieation allows incorporation 
of comparable amounts of ubiquinone (Q) homologues 
independent of the length of the isoprenoid side chain 
[4]; (if) antioxidant properties from ubiquinonc-2 to 
ubiquinone-10 are similar [5]; (iii) they were already 
exhibited during the preparation of vesicles by sonica- 
tion [61. 

We recently studied the effect of oxygen-reactive 
species generated during ultrasonic irradiation on 
ubiquinones, both in the aqueous medium and in the 
phospholipid bilayer in the presence of Hopes (pH 7.2) 
[7]. The main product obtained after sonlcation of 
ubiquinonc-0 aqueous solution was ubiquinol; some 
degradation also occurred, probably due to addition 
reactions of hydroxyl radicals with the aromatic ring 
structure of the quinone. When ubiquinone-3 (Q3), cho- 
sen for its side-chain length similar to that of a- 
toeopherol, was incorporated into dimyristylpbosphati- 
dylcholine vesicles, hydroxyl radicals did not represent 
any potential danger for the antioxidant. Since Hopes 
was recently reported to be an effective scavenger of 
HO" radicals generated by radiolysis of water [8], it 
became clear that the presence of this buffer could have 
complicated the interpretation of our previous results: 
Hopes, in fact, could have prevented the radical attack 
of Q molecules. The aim of this study was to reinvesti- 
gate the effect of sonolysis on ubiquinone-3 incorpo- 
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rated into dimyristylphosphatidylcholine vesicles in the 
presence or absence of Hepes. We also studied the 
effect of the reactive species formed during ultrasonic 
irradiation on the quinone incorporated into egg phos- 
phatidylcholine vesicles and the peroxidation of the 
same vesicles. The data reported may help clarify 
whether, under these experimental conditions, the 
quinone can behave as an antioxidant, directly reacting 
with ehher oxygen or lipid free radicals or with both. 

Materials and Methods 

Q3 was a kind gift of Eisai, Tokio, Japan. Egg yolk 
phosphatidylcholine (EYPC) was obtained from Lipid 
Products (Redhill, U.K.) and was used without further 
purification. Its oxidation index, determined accordit,g 
to Klein [9], was 0.04. L-a-Dimyfistylphosphatidyleho- 
line (DMPC), 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid (Hepes) were supplied by Sigma Chemical 
Company (St. Louis, MO, U.S.A.). Sodium formate was 
from Merck (Darmstadt, F.R.G.). All other chemicals 
used were of analytical grade. Stock solutions of EYPC 
or DMPC in chloroform and, when present, Q3 in 
chloroform, were dried under nitrogen. The dried mix- 
ture was dispersed with a vortex mixer in 8 ml of 
double-distilled water or 0.01 M Hepes (pH 7.2) to give 
a final concentration of 4.2 mM for phospholipid and 
60-70 #M for Q3- The suspensions were then sonicated 
for different times up to 30 min under a nitrogen 
atmosphere with a Labsor, ic 2000 (B. Braun Melsungen 
AG, F.R.G.), according to a previously used procedure 
[7]. The power flow was 20 .cm -2 as measu;ed b~" a 
calorimetric method. When the absorption spectra of Q3 
incorporated into vesicles was recorded, deoxycholate 
(pH 8.2) was added to vesicles to give a fina~ concentra- 
tion of 15 (w/v). Alternatively Q3 was extracted from 
vesicle preparations according to the procedure de- 
scribed in Ref. 10 and analyzed by HPLC using an 
Altex ODS 5 #m column (15 x 0.46 mm). The column 
was chited with water /methanol  (9:1,  v /v )  containing 
0.25 of 705 perchloric acid, at a flow rate of 1.5 
ml /min .  Detection was at 275 nm. Vesicles peroxida- 
tion was evaluated by different methods: (a) spectra in 
the wavelength range 320-215 nm were recorded and 
the increase in absorbance at 234 nm was taken as an 
indication of the appearance of conjugated dienes [9]. 
Sonicated samples were read against a blank containing 
the same amount of unsonicated vesicles. Deoxycholate 
(pH 8.2) was added before recording and the ab- 
sorbance at 300 n,li was taken as zero; (b) lipid hydro- 
peroxides (LOOH) were measured with the thlocyanate 
method, according to Cavallini et al. [11]; (c) the fatty 
acid composition of phospholipid vesicles before and 
after sonication was determined by gas-liquid chro- 
matography after methanolysis in ac id /methanol  [12]. 

The l ipid phosphorus determination was made accord- 
ing to Marinetti [13]. 

Results 

Firstly we reconsidered the efficiency with which Q3 
could react with oxygen radicals when it was within 
DMPC vesicles. Fig. 1 shows that in this case, contrary 
to what was reported in ReL 6, HO" radicals represented 
a danger for the antioxidant. In fact, after an irradiation 
time of 30 min, 60% degradation occurred for Q in the 
membrane environment. The scavengers, formate and 
Hepes were able to provide about 505 and total protec- 
tion, respectively, against the absorbancd decrease at 
277 nm after a sonication time of 30 zain. We then 
proceeded to investigate whether the ultrasonic effect 
on ubiquinone was different when this molecule was 
incorporated into phospholipid membranes with poly- 
unsaturated fatty acid residues. At  the same time, 
oxidative free radical damage to vesicles was examined. 
The most utilized method to measure the peroxidation 
in these experiments was based on the production of 
conjugated dienes. The ultraviolet spectra in the range 
of 320-215 nm of EYPC vesicles prepared in double- 
distilled water, after different times of sonication are 
shown in Fig. 2. It can be seen that as irradiation 
proceeded at constant ultrasonic intensity the formation 
of conjugated dienes increased considerably in control 
vesicles (Fig. 2A); on the other hand, the 234 nm peak 
was noticeably lower in Q-containing vesicles (Fig. 2B). 
The appearance of conjugated dienes involved, as a 
consequence, the formation of lipid hydroperoxides. 
These lipid pcroxidation products or maionaldehyde 
have also been detected in model membranes subjected 
to different ionizing (3,-rays [14], X-rays [15], a-particles 
[16], electrons [17]) radiations. Fig. 3 shows that, under 
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Fig. I. Effect of the sonication medium on the time course of the 
absorbance change of ubiquinone-3 incorporated into DMPC vesicles: 
( o - -  o) l0 mM Hepes; (n D) 50 mM formate; ( A - - z , )  

double-distilled water. 
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Fig. 2. (A) Sequential spectra of conjugated diene formation in EYPC vesicles exposed to sonication. (B) Sequential spectra of conjugated diene 
formation in Q3-containing EYPC vesicles. The Q3 concentration was 55/~M. The numbers indicate sonication time in minutes. Sonication was 

performed in double*distilled water. 

the  s a m e  exper imenta l  condi t ions ,  L O O H  increased over  
at  least  30 rain sonica t ion  per iod  in control  vesicles, 

whi le  their  fo rma t ion  was  very  low in Q-con ta in ing  

vesicles. In  Tab le  I the  percentage  of  the  or iginal  a m o u n t  
o f  fa t ty  acid  res idues  in  control  vesicles and  Q-conta in-  
ing  vesicles af ter  30 min  sonica t ion  in double-dist i l led 
wa te r  is reported.  I t  can  be  obse rved  that ,  in the  ab-  
sence  of  Q3, the  conten t  o f  the  po lyunsa tura ted  fat ty  
ac ids  wi th  four,  f ive and  six double  bonds  decreases  by  
30%, 49%, and  57%, respectively,  whereas  in the pres-  
ence of  Q3 there was  only  a sl ight  loss of  the  total 
con ten t  of  the  s a m e  po lyunsa tu ra ted  fat ty  acids.  T h e  
d i sappea rance  of  polyenoic  fat ty  acids  led to a sl ight  
increase  in the percent  compos i t ion  of  sa tura ted  and  
m o n o u n s a t u r a t e d  fa t ty  ac ids  in control  membranes .  

The  effect  of  d i f ferent  radical  scavengers  on  the 
peroxidat ion of  E Y P C  vesicles ini t ia ted by ul t rasonic  

i r radia t ion is repor ted in Tab le  II .  It  can  be  observed  
that 30 min  sonicat ion pe r fo rmed  in water  led to  an  
A2j 4 value equal to 0.235, which decreased by  63% in 
Hepes  and  by 58% when ubiquinon¢ was  incorpora ted  
into the lipid bilayer.  The  de te rmina t ion  of  the a m o u n t  
of  Q3 evidenced that  25% of  the qu inone  d i sappeared  
dur ing  the i rradiat ion,  a -Tocopherol ,  the  phenolic  ant i -  
ox idan t  of  choice,  very efficiently prevented  peroxida-  
tion, while the  presence of  fo rmate  was  qui te  ineffect ive  
in p reven t ing  conjuga te  d iene  format ion .  

In o rde r  to assess w.hieh radicals,  H O ' ,  H O P ;  lipid 
or  l ipid peroxyl,  could have  reac ted  wi th  Q3 and  then 
degraded  it, the exper imen t s  repor ted  in Tab le  I I I  were  

TABLE I 

Fatty acid composition of control and Q-containing vesicles before and after sonication 

The egg yolk phosphatidylcholine concentration was 4.2 raM. Vesicles were sonicated for 30 rain in double-distilled water under the conditions 
described in Materials and Methods. Gas chromatographic analysis was performed according to the procedure described in Ref. 8. Data are the 
means of two analyses. The Q3 concentration was 69 pM. 

Fatty acid Before sonication After sonication 

control vesicles control vesicles 

nmol 7o nmol 

Q-containing vesicles 

~g nmoi 

16 : 0 30.58 + 0.79 2569 32.14 ± 0.31 2700 30.78 4. 0.29 2585 
16:1 2.22:f O.O1 186 2.355:0.05 197 2.25±0.01 189 
18: 0 12.41 4- 0.47 1042 12.72 4- 0.51 1068 l 1.96 ± 0.10 1005 
18:1 30.72 4- 0A0 2580 32.70 ± 0.68 2747 31.44 + 0.03 2641 
18:2 13.854-0.28 1163 13.20+0.15 1109 13.95±0.07 1171 
20: 4(  n - 6 )  4 . 1 7 4 -  0.08 350 2.954- 0.02 248 4.05 ± 0.03 340 
22 : 4( n - 6) 0.36 4- 0.09 30 0.194- 0.01 16 0.304- 0.01 25 
22 : 5( n - 6) 1.10 ± 0.17 92 0.60 4- 0.01 50 0.984- 0.0! 82 
22 : 5( n - 3) 0.23 + 0.06 22 0.07 4- 0.0l 6 0.22 + 0.03 l S 
22 : 6( n - 3) 2.69 4- 0.11 226 1.44 ± 0.01 121 2.39 4- 0.06 201 
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Fig. 3. Lipid hydroperoxide formation in EYPC vesicles ( 0 - - o )  
and in Q3-containing EYPC vesicles ( O - - O )  versus irradiation 
time. Sonication was performed in double-distilled water under the 

conditions described in Materials and Methods. 

TABLE n 

Effect of different radical scavengers on the peroxidation of E Y P C  
vesicles induced by sonication 

The egg yolk phosphatidylcholine concentration was 4.2 raM. Vesicles 
were sonieated for 30 min under the conditions described in Materials 
and Methods. Data are the means of three experiments with different 
vesicle preparations. 

Addition to EYPC vesicles A2~ s 

None 0.235 
50 mM formate 0.222 
10 mM Hepes 0.088 
0.06 mM Q3 0.100 
0.06 mM a-tocopherol 0.047 

performed. This table shows the effects of changing the 
EYPC concentrat ion on conjugated diene formation 
and  Q stability in double-distilled water. As expected, 
A234 was enhanced by increasing the EYPC content  in 
the vesicles. The amount  of quinone incorporated into 

TABLE In 

Effect of phospholipid concentration on conjugated diene formation and 
L) ~ stability of E YPC vesicles 

Vesicles were sonicated for 30 rain in double-distilled water under the 
conditions described in Materials and Methods. Ubiquinone con- 
centrations were determined by HPLC. 

Vesicle A2~ s Q3 concentration 
preparation (nmol/ml) 
phospholipid -Q3 +Q3 be[ore after 
(raM) sonication sonication 

0.6 0.080 0.000 66 62 
1.3 0.100 0.030 65 64 
4.2 0.235 0.096 69 52 

10.5 0.380 0.152 69 47 

the lipid leaflets hardly changed when the phospholipid 
concentrations were 0.6 and  1.3 raM, while it decreased 
by 25% and 30% when vesicles were prepared with 4.2 
and 10.5 mM, respectively. 

D i s c u s s i o n  

Our  previous studies [6] to evaluate the direct effect 
of oxygen free radicals produced by ultrasonic irradia- 
tion on ubiquinone were always performed in the pres- 
ence of Hepes, because of its efficient buffering capac-  
ity at  near  physiological pH.  The da ta  reported here 
show that  in the absence of this buffer, H O ' r a d i c a l s  can 
at tack nhiquinone even within the D M P C  bilayer (see 
Fig. 1). In this sytem 10 mM Hepes acts as a scavenger 
more efficiently than 50 m M  formate,  probably  because 
access to the site of HO" formation is, perhaps,  easier 
for the buffer. Dur ing  ultrasonic irradiation, in fact, the 
radicals are produced in oscillating gas bubbles [18] and  
what  is known from chemical studies on  radiat ion in 
homogeneous solutions does not  determine the ef- 
ficiency of a scavenger for hydroxyl  radicals produced 
sonolytically [19]. The rate constants  of  these radicals 
with the two scavengers are not  very different, i.e., 
2 .7 .109  M - 1 .  s -1 with formate [20] and  5 .1 .109  M - t  
• s - t  with Hepes [8]; on the other hand,  Hepes mole- 
cules, being less polar  than formate,  can be  expected to 
enter the oscillating gas bubbles,  where the radicals are 
produced,  and  thus to quench HO" radicals more  effi- 
ciently. 

Experiments reported in Figs. 2 and  3 show that  
partial degradat ion of  unsaturated hydrocarbon  chains 
and formation of lipid hydroperoxides occur  when 
model membranes  are prepared by  ultrasonic irradia- 
tion of polyunsaturated phospholipids.  Peroxidation can  
be completely prevented, as previously shown by K~ning 
[21], by adding a phenolic antioxidant,  like a- tocnpherol  
(see Table II). Also, incorporat ion of the oxidized form 
of ubiquinone into vesicles a t  a l i p i d / q u i n o n e  molar  
rat io of 100 : 1.5, similar to that  reported for phospho-  
lipids to ubiquinone in mitochondria  [22], can  prevent 
this oxidation. Protection is also provided in the pres- 
ence of Hepes (see Table ll),  as expected by  the high 
reaction rate constant  of the buffer  with the HO" radical 
and for the reasons cited above. Thus,  as was recently 
shown [23!. the use of an  appropr ia te  buffer  can  lower 
the extent of peroxidat ion considerably dur ing the pre- 
para t ion of model membranes  by  sonication. We cannot  
explain why formate was able to provide partial protec- 
tion against  the degradat ion of Q3 in D M P C  vesicles 
(see Fig. 1) and was unable to inhibit peroxidat ion of 
egg phosphatidylcholine vesicles (ef. Table II). When 
EYPC vesicles were sonicated in water,  330 nmol  of  
polyunsaturated fatty acid were lost in control vesicles 
(cf. Table I) and  the extent of ubiquinone decomposi-  
tion in Q3-containing vesicles was 25%, corresponding 



to 15 nmol  (cf. Tab le  II1). On  a molar  basis,  it can be 
calculated that  2 0 - 3 0  molecules of  polyunsa tura ted  fat ty 
acids  are effectively protected by one molecule of 
oxidized ubiquinone.  Th i s  ratio, much  higher  than 1, 
indicates  that  the oxidat ion  proceeds  by a free radical 
cha in  mechan ism.  The  da ta  repor ted in Tab le  i i !  can 
also help to de te rmine  whether  Q protects  polyunsatu-  
ra ted  fat ty  acid  residues inhib i t ing  ini t iat ion by scaveng- 
ing  H O "  radicals,  as  Hepes  does, o r  p ropaga t ion  by 

reac t ing  wi th  peroxyl  radicals,  as a- tocopherol  does. 
T h e  H O "  radical  has  to approach  the phosphat idyl-  
chol ine  vesicle in o rde r  for the reaction to occur.  On  
reach ing  these vesicles, there is a compet i t ion  between 
po lyunsa tura ted  fa t ty  acid  and  ubiquinone.  The  eu~,- 
c o m e  of  this compet i t ion  will depend  on the concent ra-  
t ion of  the two species and  on the  rate  c•nstants of  H O "  
radicals  for the two ,pecies.  U n d e r  ou r  exper imenta l  
condi t ions ,  the  coneentrati~.ns most ly  used of  poly- 
unsa tu ra ted  fat ty  acid  and  Q3 were  1 . 7 2 . 1 0  -6  M and  
6 . 1 0  - s  M, respectively.  The  k values  of  H O "  radicals  
for  the  r eac t ion  wi th  l inolea te  ion a n d  9,10- 
an t raquinone-2-su l fonate ,  ob ta ined  f rom pulse radioly- 
sis in homogeneous  solutions,  were  1.1 - 101° M -  i .  s -  t 

[24] and  5 . 6 . 1 0  9 M - 1 .  s - I  [251, respectively.  W e  did  

no t  f ind a value  for  ub iqu inone  in the l i terature.  
H a d  H O "  radicals  a t tacked  Q molecules,  qu inone  

degrada t ion  would  have  increased with  decreas ing  phos-  
phat idylchol ine  concent ra t ion ,  since the k values  are 
no t  very  different .  T h i s  was  not  the  case  (see Tab le  I l l ) :  

a t  low phosphol ip id  concent ra t ion ,  a lmos t  no Q3 deple- 
t ion occurred.  W h e n  the  egg  phosphat idy lchol ine  con- 
cen t ra t ions  were  4.2 and  10.5 raM, a 25% and  30% 
deg rada t i on  of  Q3, respectively,  took place, which corre- 
s p o n d e d  to a 60% inhibi t ion  of  peroxida t ion  in bo th  
cases.  

These  d a t a  and  the  observa t ion  that  one Q3 molecule 
p ro tec t s  abou t  2 0 - 3 0  po lyunsa tu ra t ed  fa t ty  acid  
res idues ,  sugges ts  that  the  an t iox idan t  effect  o f  

ub iqu inone  most ly  resides in i ts  abil i ty to t rap lipid 
peroxyl  radicals,  thus  ac t ing  as a ' cha in  b reaker '  ant i -  
oxidant .  However ,  the molecular  m e c h a n i s m  of  this 
ac t ion  still lacks an  explanat ion,  since ubiquinor.e,  un- 
l ike ubiquinol  and  a- tocopherol ,  canno t  dona te  a phe-  
nolic hydrogen  a t o m  to a free radical ,  p reven t ing  auto-  
cata lyt ic  free radical  reactions.  
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