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Quantitative structure activity relationships (QSARs) 
are described for the antioxidant activity of series of all- 
trans carotenoids. The antioxidant activity of the 
carotenoids is characterised by literature data for 
(i) their relative ability to scavenge the ABTS °+ radical 
cation, reflected by the so-called trolox equivalent 
antioxidant capacity (TEAC) value, (ii) their relative 
rate of oxidation by a range of free radicals, or (iii) their 
capacity to inhibit lipid peroxidation in multilamellar 
liposomes, leading to a decrease in formation of thio- 
barbituric acid reactive substances (TBARS). All these 
antioxidant values for radical scavenging action cor- 
relate quantitatively with computer-calculated ionisa- 
tion potentials of the carotenoids. These correlations 
are observed both when the ionisation potential is 
calculated as the negative of the energy of the 
highest occupied molecular orbital (-E(HOMO)) of 
the molecule, or as the relative change in heat of for- 
mation (A AHF) upon the one-electron oxidation of the 
carotenoids. 

The calculations provide a theoretical assay able to 
characterise the intrinsic electron donating capacity of 
an antioxidant, in hydrophilic, hydrophobic or artificial 
membrane environment. 

Keywords: Carotenoids, antioxidant activity, 
lipid peroxidation, calculated ionisation potential, 
quantitative structure activity relationship 

Abbrevations: QSAR, quantitative structure activity 
relationship; PM3, Parametrization Method 3; 
E(HOMO), energy of the highest occupied molecular 
orbital; HF, heat of formation; IP, ionisation potential; 
TEAC, trolox equivalent antioxidant capacity; ABTS, 
2,2 I-azinobis(3-ethylbenzothiozoline-6-sulphonic acid) 
diammonitm~ salt; Trolox, 6-hydroxy-2,5,7,8- 
tetramethylchroman-2-carboxylic acid; TBARS, 
thiobarbituric acid reactive substances 

I N T R O D U C T I O N  

Caro teno ids  are an t iox idants  p resen t  in food 

and  are sugges ted  to be  invo lved  in the protec t ive  

effects of fruits and  vegetab les  aga ins t  cardio-  

vascu la r  disease,  certain fo rms  of  cancer  a n d / o r  
photosens i t iv i ty  diseases.  El-71 The  radical  scav- 

eng ing  capaci ty  of  caro tenoids ,  and  especial ly  

of  fl-carotene, has  been  d o c u m e n t e d  in in vitro 

*Corresponding author. Tel;: 31031 7 482868. Fax: 310317484801. E-mail: ivonne.rietjens@P450.BC.WAUNL. 

233 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



234 A.E.M.F. 

studies. I8-111 Based on studies on the reactivity of 
carotenoids with nitrogen dioxide, thiyl, sulpho- 
nyl, alkyl, alkoxyl and peroxyl radicals, mechan- 
isms for the radical scavenging activity of 
carotenoids have been suggested. I12-Isl These 
mechanisms include electron donation resulting 
in formation of a relatively stable carotenoid 
cation radical, the formation of a relatively stable 
carotenoid radical cation adduct, and/or  scav- 
enging of singlet 02 (102) . [7 -10 ]  

For mechanisms including radical scavenging 
antioxidant action, resonance stabilisation of the 
radical species formed is provided by the ex- 
tended conjugated 7c-system of the carotenoid and 
provides the basis for the protective radical 
scavenging effect. This implies that the radical 
scavenging antioxidant activity of the carotenoids 
will be related to their electron donating capacity, 
which is influenced by the extent of resonance 
stabilisation of their radical cation. Therefore, a 
direct correlation between the structure of the 
carotenoid and its radical scavenging antioxidant 
capacity can be expected. Qualitative structure 
activity relationships for the radical scavenging or 
antioxidant activity of carotenoids have been 
reported. [5,11,16-19] 

Quantum mechanical calculations should 
allow the description of quantitative structure 
activity relationships (QSARs) for the anti- 
oxidant activity of carotenoids. Here various 
radical scavenging antioxidant values, reported 
previously for series of carotenoids, [u'17-191 are 
taken as the experimental values describing the 
antioxidant radical scavenging activity, and are 
quantitatively correlated to quantum mechani- 
cally calculated parameters. 

MATERIALS AND METHODS 

Carotenoid Model Compounds 

Figure 1 presents the structural formulas of 
the carotenoids included in the present study. 
These are the all-trans carotenoid structures, for 
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c a r o t e n o i d  

lycopene 

8-carotene 

~ - c a r o t e n e  

4 .o~l ~ - ~ J ~ ~ ~ - ~  
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HO- v ~. 

zeaxanth in  

HO- v ~. 
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o 
e c h i n e n o n e  

8 ~ o .  
o 

astaxanthin 

o 
canthaxanthin 

FIGURE 1 S t ruc tu ra l  f o rmu la s ,  a n d  n u m b e r i n g  of the  al l-  
trans c a r o t e n o i d s  of the  p r e s e n t  s tudy.  

which various antioxidant parameter values are 
reported in the literature. [11"17-19] With respect to 
literature data selection, it is important to point 
out that some data sets from the literature are not 
included in this study, because (i) they did not 
contain enough data points, I2°1 (ii) the mechanism 
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QSARs FOR CAROTENOID ANTIOXIDANTS 235 

of ant ioxidant  action by  the carotenoids has been 
defined to be  different f rom radical  scaveng- 
ing, [21"221 or (iii) they result from exper imenta l  

p rocedures  of low sensitivity, leading to data sets 
in which  the difference be tween  the highest  and  
lowest  va lue  is less than a factor 3, be ing  thus too 
much  influenced by  exper imenta l  errors. I17"2°'21l 

v a c u u m  can thus be used  as an approach  to s tudy  

relative differences wi th in  a series of related 
c o m p o u n d s  124-271 or wi th in  one molecule,  t28! 

When  the a s sumpt ion  of similar influence of 
solvation a n d / o r  m e m b r a n e  incorporat ion is not 
valid in a specific assay, the correlation will be lost, 

but  this will p rov ide  mechanist ic  insight. 

Definition of Starting Geometries for the 
Calculations 

The three-dimensional  s t ructure of all-trans fl- 
carotene was  taken f rom the Cambr idge  Structur- 
al Database  at the C A O S / C A M  Centre in Nijme- 
gen (The Nether lands) .  Structures of the other all- 
trans carotenoids were  built  f rom the crystal 
s t ructure of all-trans fl-carotene us ing  the bui lder  
option in Insight  II vers ion 97.0 (Molecular 

Simulat ions Inc. Cambr idge ,  United Kingdom).  

Quantum Mechanical Calculations 

Q u a n t u m  mechanical  calculations were  carried 
out  on a Silicon Graphics  Indigo 2 us ing Spartan 

5.0 (Wavefunction Inc., CA, USA). Semi-empir ical  
molecular  orbital calculations were  pe r fo rmed  
using the PM31231 Hamil tonian.  

In this study, the ou tcomes  of q u a n t u m  mec- 
hanical calculations on carotenoids in v a c u u m  are 

related to the electronic characteristics and ex- 
per imenta l  data  of the carotenoids in solution or 
e m b e d d e d  in a l iposomal  membrane .  Due to 

solvation effects and  a different dielectric con- 

stant, the intrinsic proper t ies  of the c o m p o u n d s  
might  be influenced upon  solvation a n d / o r  
m e m b r a n e  incorporat ion.  When these influences 

are a s sumed  to be similar  over  the whole  series, 
this p h e n o m e n o n  will not have  a substantial  
influence on the 
pa ramete r s  for a 
pounds ,  because  
an absolute way, 
tive order  wi thin  

of the compute r  

RESULTS 

Quantum Chemical Calculation of the 
Ionisation Potentials 

Two strategies are used to obtain the computer -  
calculated pa ramete r  represent ing the ease of 
electron donat ion  by the carotenoids.  Following 
Koopmans  theorem I291 the ease of electron dona-  

tion by  a molecule,  i.e. its ionisation potential  (IP), 

equals the negat ive  of the energy  of the so-called 
highest  occupied molecular  orbital, E(HOMO). 
Table I presents  the - E ( H O M O )  values of the 

different carotenoids of the present  s tudy  calcu- 
lated using the semi-empir ical  PM3 Hamil tonian.  

In a second approach,  the relative differences in 

heat  of format ion  (AAHF)  for convers ion of the 
parent  carotenoid into its one electron oxidised 
radical cation is calculated as the pa ramete r  
reflecting the relative ease of electron donat ion 
by  the ant ioxidant  molecule,  i.e. its ionisation 

TABLE 1 Ionisation potential (IP) of the carotenoids calcu- 
lated by the selni-empirical PM3 method as - E(HOMO) and 
as the relative AHF between the parent compound and its 
radical cation, AHF = HF(carotenoid ° + ) - HF(carotenoid). 
AAHF values are calculated relative to the lowest AHF 
value which was set at 0 

Carotenoid -E(HOMO) (eV) AAHF (kcal/mol) 

I Lycopene 
2 fl-carotene 

relative differences be tween 3 c~-carotene 
4 fl-cryptoxanthin 

series of closely related corn- 5 Zeaxanthin 
it will affect the outcomes  in 6 Lutein 
wi thout  dis turbing the rela- 7 Echinenone 

the series.  I24-281 The outcomes  8 Astaxanthin 
9 Canthaxanthin 

calculations on molecules in 

7.776 0.000 
7.833 5.928 
7.815 6.739 
7.824 5.768 
7.855 6.50O 
7.871 6.820 
7.886 6.115 
8.028 10.930 
7.985 10.087 
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236 A.E.M.E SOFFERS et al. 

potential.  In this case, the relative differences in 
free energy  for the reaction (AG) are represented 

by  differences in the calculated reaction enthalpy 
in v a c u u m  (AHF). This implies  that it is a s sumed  

that  relative changes  in the reaction en t ropy  (AS) 
are s imilar  for the different carotenoids and  that 
effects of  solvent  on the AHF values are also 
similar for the series of c o m p o u n d s  compared .  
As a result, the calculated AHF values do not  

represent  the actual energy  requirements  of the 
reaction, but  can be a s sumed  to reflect the dif- 
ferences be tween  the reactions wi th  different 
carotenoids on a relative scale. The advan tage  of 
this second approach  over  the approach  using 
- E ( H O M O )  is that  n o w  the radical delocalisation 

and  its effect on energy  stabilisation of the caro- 
tenoid radical  cation are also taken into account. 
Table I presents  the relative AHF (=AAHF) values 

calculated for the one-electron oxidation of the 
different carotenoid molecules.  

Quantitative Structure Activity 
Relationships for Antioxidant Activity 

First, the exper imenta l  ant ioxidant  activity of the 
var ious  carotenoids can be quantif ied by  the so- 
called TEAC values,  taken f rom the l i terature Illl 

(Table II). The TEAC value  is based on the ability 
of the carotenoid to scavenge the blue coloured 
ABTS °+ (2,2 I-azinobis(3-ethylbenzothiozoline-6 - 

sulphonic  acid) d i a m m o n i u m  salt) radical  cation. 
The TEAC value  represents  the ratio be tween  the 

extent of scavenging of ABTS °+ by  the ant ioxidant  
under  investigation, compa red  to the extent of 
ABTS °+ scavenging by  the water  soluble v i tamin  E 
analogue Trolox (6-hydroxy-2,5,7,8-tetramethyl- 
chroman-2-carboxylic  acid). The TEAC values 
repor ted  for the carotenoids were  obtained in 
a so-called decolourisat ion assay. [111TEAC values 

thus obtained are repor ted  to include the extent 
and not the rate of reduct ion of the ABTS °+ radical 
cation. I3°1 This implies that, f rom a theoretical 

point  of view, the TEAC value and  not its natural  
logar i thm should be plot ted against  the calcu- 
lated ionisation potential. Figure 2(a) presents  the 
TEAC values plot ted against  the ionisation 
potential  calculated as - E ( H O M O )  of the carote- 
noids. A quanti tat ive correlation ( r=0.914)  is 
obtained. The plot  presented  in Figure 2(a) 

illustrates that  when  the calculated ionisation 
potential  of the carotenoid increases, its TEAC 
value decreases. The TEAC values also correlate 
with the calculated relative differences in heats of 
format ion  for one-electron oxidation of the car- 
otenoids (AAHF) (r = 0.914) (figure not shown).  

Besides the TEAC assay, pe r fo rmed  in hydro-  

philic envi ronment ,  there are m a n y  other  assays 
described in the li terature used  to define the ex- 
per imenta l  ant ioxidant  efficiency of series of caro- 

tenoids. Thus,  once obtaining the quant i ta t ive 

TABLE II (Antioxidant parameters for carotenoids taken from the literature (nd = not determined) 

Carotenoid TEAC [~11 Rate of carotenoid degradation by TBARS I191 
mM % 

Fenton Peroxyl Phenoxyl 
radicals t17~ radicals 1171 radicals t18~ 
I~M rain 1 gM min -1 krelative 

1 Lycopene 2.90 12.95 0.582 1.66 75 
2 t-Carotene 1.90 3.346 0.421 1.00 27 
3 ~-Carotene 1.30 nd nd nd 49 
4 ~3-cryptoxanthin 2.00 nd nd nd 45 
5 Zeaxanthin 1.40 4.070 0.310 0.79 27 
6 Lutein 1.50 2.571 nd 0.70 23 
7 Echinenone 0.70 2.257 0.294 0.68 nd 
8 Astaxanthin 0.03 0.813 0.177 nd nd 
9 Canthaxanthin 0.02 0.581 0.152 nd nd 
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FIGURE 2 Relat ionships between the ant ioxidant  activity of  the  carotenoids and  their ionisation potentials  calculated by  the 
PM3 m e t h o d  as - E ( H O M O ) .  Experimental  parameters  used  are: (a) TEAC value  In] (r=0.914),  the na tura l  logar i thm of 
carotenoid degradat ion  b y  (b) Fenton radicals t171 (r=0.947) ,  (c) peroxyl  radicals I171 (r=0.960),  (d) phenoxy l  radicals I18) 
(r = 0.992) and  (e) the % of T]BARS formed u p o n  lipid peroxidat ion (rg| (r = 0.947). 

structure activity relationships for the data 
derived from the TEAC assay (Figure 2(a)) it is 
also of interest to investigate whether  similar 
quantitative correlations can be obtained when  
antioxidant activity of the carotenoids is quanti- 
fied in lipophilic systems or even in artificial 
membranes.  

To this end data reported for the relative rates of 
carotenoid oxidation in organic solvents upon 
their exposure to different types of radicals are 
available I17"lal (Table II). Figure 2(b)-(d) presents 
the natural logarithm of the initial rate of carote- 
noid oxidation by respectively a mixture of 

Fenton-type radicals, peroxyl radicals and phe- 
noxyl radicals, plotted against the calculated ioni- 
sation potential -E(HOMO).  In all cases excellent 
correlations are obtained (r = 0.947, r = 0.960 and 
r = 0.992 respectively). When AAHF is used as the 
x-axis descriptor similar quantitative structure 
activity relationships are obtained (r=0.955, 
r = 0.940 and r = 0.933 respectively) (figures not 
shown). In line with theory, the plots show that an 
increased ionisation potential decreases the rate of 
radical scavenging by the carotenoids. 

Finally, data published recently for the anti- 
oxidant activity of a series of carotenoids in 
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238 A.E.M.F. SOFFERS et al. 

an artificial membrane system were used I191 
(Table II). In this assay carotenoids are embedded 
within liposomal membranes and their ability to 
prevent lipid peroxidation is quantified by mea- 
suring their inhibition on formation of thiobarbi- 
turic acid reactive substances (TBARS). When the 
percentage of TBARS formation is plotted against 
the calculated -E(HOMO) (Figure 2(e)) also for 
this membrane type assay a quantitative correla- 
tion between experimental and calculated data is 
obtained (r = 0.947). Using the calculated AAHF 
values the correlation obtained equals 0.847 (fig- 
ure not shown). The plot presented in Figure 2(e) 
shows that the amount of TBARS formed de- 
creases when the carotenoid becomes a better anti- 
oxidant, reflected by a lower ionisation potential. 

DISCUSSION 

Quantitative structure activity relationships 
(QSARs) for the radical scavenging antioxidant 
activity of series of all-trans carotenoids are de- 
scribed. Most carotenoids occur in nature pre- 
dominantly or entirely in the all-trans form, I5] 
although 9-cis-, 13-cis- and 15-cis-carotenoids 
have been described and purified from specific 
biological samples. I5'31! However, the synthe- 
tic analogues for which the various antioxi- 
dant reactivities are reported [u'17-19] are in the 
all-trans form. Although the antioxidant activity 
of carotenoids can include their effect as sca- 
vengers of 102,[7-10] the experimental literature 
values used were based on their activity as radical 
scavengers. [11,17-191 

The QSARs presented here are based on quan- 
tum mechanically calculated ionisation poten- 
tials and experimental antioxidant activities of 
the carotenoids reported in the literature on 
the basis of different types of antioxidant as- 
says. [11"17-19] Thus, instead of giving a qualitative 

description of the effect of functional groups and 
the number of conjugated double bonds on the 
capacity of the carotenoid molecule to donate 
electrons, Is'~1'16-~91 computer-calculation-based 

quantitative structure activity relationships are 
defined. 

The correlations obtained refer to different 
type of experimental assays to describe the radi- 
cal scavenging antioxidant activity of the carote- 
noids. These include the TEAC value obtained in 
an assay performed in water surroundings, 
for which the carotenoids are difficult substrates 
due to their low solubility. However, the results 
of the present study show that antioxidant 
values obtained in assays performed in organic 
solvents, using the rate and not the extent of 
radical scavenging by the carotenoids, [17"181 pro- 
vide quantitative structure activity relation- 
ships of the same quality as obtained for the 
TEAC values. Finally, the fact that correlations 
are still observed when the carotenoids are em- 
bedded within a multilamellar liposomal mem- 
brane supports the conclusion that in this artificial 
membrane the relative effectiveness of the car- 
otenoids is still mainly determined by their 
chemical radical scavenging ability and not much 
affected by their local environment. 

Generally, the more related to an in vivo 
situation, the more complicated and mechanisti- 
cally difficult it will become to describe the system 
used for quantification of the antioxidant activity. 
As a result, parameters additional to the ease of 
electron donation and stabilisation of the anti- 
oxidant radical cation may become of influence, 
leading to changes in the order of antioxidant 
activity, and, as a result loss of the correlation with 
calculated ionisation potentials as observed in 
the present study. Nevertheless, the theoretical 
approach of the present study may be especially 
of value to characterise the intrinsic chemical 
characteristics of the antioxidants and to quantify 
the effect of structural features on the electron- 
donating capacity of the molecules. Once this 
intrinsic electron-donating capacity has been 
established and validated with experimental 
data, deviations from linear relationships bet- 
ween experimental antioxidant parameters and 
the calculated reactivity parameter may point at 
a mechanism of antioxidant action in which 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



QSARs FOR CAROTENOID ANTIOXIDANTS 239 

p a r a m e t e r s  a d d i t i o n a l  to t he  i n t r i n s i c  c h e m i c a l  

r e a c t i v i t y  of the  a n t i o x i d a n t  for  e l ec t ron  d o n a t i o n ,  

d e t e r m i n e  i ts  b i o l o g i c a l  effect.  W o o d a l l  et al. I221 

i l l u s t r a t e  th is  a p p r o a c h  p r o v i d i n g  d a t a  w h i c h  

s u g g e s t  t ha t  i n  t he i r  tes t  s y s t e m  the  c h e m i c a l  

r e a c t i v i t y  of  a c a r o t e n o i d  is n o  l o n g e r  t he  o n l y  

fac to r  d e t e r m i n i n g  i ts  ab i l i t y  to p r o t e c t  m e m -  

b r a n e s  a g a i n s t  o x i d a t i o n .  In  t he se  s t u d i e s  the  

p o s i t i o n  a n d  o r i e n t a t i o n  of  t he  c a r o t e n o i d  in  t he  

m e m b r a n e  w a s  r e p o r t e d  to b e  a n  i m p o r t a n t  
a d d i t i o n a l  factor.  1221 
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