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A b stra c t

Vitam in A  d e fic ie n c y  is on e o f  the m ost prevalent d efic ien cy  disorders in the w orld . A s show n  

by m any studies plant food  based approaches have a real p o ten tia l on  prevention  o f  vitam in A

d efic ien cy  in a sustainable w ay . C arotenoids are important as precursors o f  vitam in A  as w e ll as

for prevention o f  cancers, coronary heart d iseases, age-related m acular degeneration, cataract etc.

B ioaccessib ility  and b io e ffica cy  o f  carotenoids are know n to  be influenced  b y  num erous factors

including dietary factors such as fat, fiber, dosage o f  carotenoid, location  o f  carotenoid in the

plant tissue, heat treatm ent, particle size  o f  food , carotenoid sp ecies, interactions am ong

carotenoids, isom eric form  and m olecular linkage and subject characteristics. Therefore even

w hen  carotenoids are found in h igh quantities in plant foo d s their utilization  m ay be

unsatisfactory because som e factors are know n to interfere as n egative effectors.

K ey w o rd s: C arotenoids, B ioavailab ility , B ioaccessib ility , B io effica cy , B iocon version
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Introduction

Vitam in A  d efic ien cy  is one o f  the m ost prevalent m icronutrient d efic ien cy  disorders in the 

world. A ccording to the N ational surveys vitam in A  d efic ien cy  prevalence has rem ained high in

pre-school children in m uch o f  the less d evelop ed  world (IV A C G , 2003; IV A C G , 2004).

Vitam in A  p lays a key role in v ision , immunity, ce ll d ifferentiation, m aintenance o f  ce ll

membrane integrity, em bryonic developm ent and grow th & reproduction (G arrow  et al., 2000).

V itam in A  d efic ien cy  is the leading cause for the blindness am ong approxim ately 35 0 ,0 0 0  o f

pre-school children in each  year (Garrow et al., 2 000). A s w ell, more than 2 5 0  m illion  children

suffer from sub-clin ical vitam in A  d efic ien cy  w orldw ide (IV A C G , 2 0 0 3 ). In addition to that

marginal vitam in A  d efic ien cy  has been reported from low -in com e countries and nearly 25%  o f

children affected  from that condition. The prevalence rate is highest in A sian  countries (M ason et

al., 2 004). A ccording to  the docum entary facts vitam in A  d efic ien cy  is a g lobal threat.

Carotenoids are natural plant p igm ents responsible for m ost o f  the y e llo w , orange and red

colours found in all over the natural world including the plant kingdom , g iv in g  those brilliant

colours to fruits, vegetab les and flow ers. D epending on  the structural characteristics carotenoids

can be categorized as pro-vitam in A  carotenoids; eg ., (3-carotene, a-carotene, y-carotene, P-

cryptoxanthin and non pro-vitam in A  carotenoids; eg ., Lutein, zeaxanthin, astaxanthin,

violaxanthin. The necessary structural requirement to have vitam in A  activ ity  is that the

carotenoid m olecu le m ust consist o f  at least one unsubstituted P-ionone m oiety  w ith  a p olyene

chain o f  at least eleven  carbon atom s (R odriguez-A m aya, 1999).

3 ACCEPTED MANUSCRIPT
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In addition to  the pro-vitam in A  carotenoids, non  pro-vitam in A  caotenoids a lso  exert their

antioxidant activ ity  by sin g le t o x y g en  quenching and free radical scaven gin g  effec ts  thereby th ey  

p ossess  a range o f  im portant protective m echanism s for hum an health. T his in vo lves protection

against the p athogenesis o f  degenerative d iseases esp ec ia lly  coronary heart d iseases, cancers and

an array o f  other free radical-m ediated  conditions (K rinsky, 1989; H a lliw ell, 1997; K ritchevsky,

1999).

Lutein and zeaxanthin  u sually  referred to  as ‘m acula p igm en ts’ are k now n  to  provide the  

protection against age-related  m acular degeneration m ediated b y  their ab ility  to  scavenge  

harmful reactive o x y g en  sp ec ies  form ed in the photoreceptors. In addition th ey  can act as blue- 

light filters and m ay protect the m acula from  b lue-w avelength  p hotons (Landrum  and B one, 

2001).

During d igestion , due to  ch ew in g in the m outh partially disrupted food  m atrix enters to the  

stom ach. I n  the stom ach caroteno-protein  com p lexes are d issociated  into carotenoids by the  

action o f  pepsin . Further d igestion  takes p lace in the sm all intestine by proteolytic enzym es. 

O nce the carotenoids are released  in the stom ach th ey  associa te  w ith  the dietary lipids. B ile  

salts em u lsify  the lipid contain ing carotenoids (H edren, 2 0 0 4 ). Carotenoids incorporated into 

m ixed m ice lle s  are then absorbed intact. A bsorption takes p lace in the sm all intestinal m ucosal 

cells by p assive  d iffu sion  a lon g  a concentration gradient. W ithin the intestinal ep ithelium , part 

o f  the pro-vitam in A  carotenoids is converted  into retinal by the en zym e 1 5 -1 5 '-carotenoid  

dioxygenase w h ich  can be subsequently  reduced into retinol (G ood w in , 1986)

F ood  based approaches are know n to  have a long-term  solution  to  vitam in A  d eficien cy  

w orldw ide (T ang e t al., 1999; de P ee et al., 1998; T akyi, 1999; W asantw isut et al., 2000;
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Dram m eh et al., 2 0 0 2 ). Therefore encouragem ents to ingest food s rich in pro-vitam in A

carotenoids is one o f  the intervention strategies in prevention and controlling o f  vitam in A  

deficiency.

W ith regard to carotenoids, “b ioavailab ility” is the fraction o f  ingested  carotenoids available for 

normal p h ysio log ica l functions and storage. “B io accessib ility” is the capacity o f  the d igestive  

process to release carotenoids from the food  matrix. This step assum ed the key step in the 

bioavailability o f  carotenoids. “B iocon version ” is defined as "the proportion that is converted  

into retinol from  the absorbed pro-vitam in A  carotenoids ” and the “b io e ffica cy ” is the effic ien cy  

with w hich  ingested  carotenoids are absorbed and the fraction o f  that w hich  is converted  into 

retinol in the body (van L ieshout et al., 2001; van L ieshout et al., 2003).

B ioaccessib ility  and b ioefficacy  are governed by various factors. Therefore even  w hen  

carotenoids are found in high quantities in the plant food s their consum ption  m ay be 

unsatisfactory to m eet the requirem ent o f  vitam in A  because som e factors are know n to 

interfere as effectors. The factors that influence bioavailability  are grouped in the m nem onic  

‘SL A M E N G H T  and elucidated as, Species o f  carotenoids, m olecular L inkage, A m ount o f  

carotenoids consum ed in a m eal, M atrix in w hich  the carotenoid is incorporated, E ffectors o f  

absorption and b ioconversion , N utrient status o f  the host, G enetic factors, H ost related factors 

and m athem atical Interactions (de Pee and W est, 1996; C astenm iller and W est, 1998). But 

C astenm iller and W est (1 9 9 8 ) reported that different carotenoids seem  to have their ow n  

manner in absorption, plasm a transport and m etabolism , van V liet (1 9 9 6 ) w ho reported that 

absorption occurs in a relatively non-specific  fashion, but absorption k in etics and plasm a  

transport seem  to differ am ong carotenoids depending on polarity.
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H ow ever aw areness on  factors affecting  b ioaccessib ility  and b ioe fficacy  o f  carotenoids is

extrem ely im portant as in the case o f  som e factors necessary precautions cou ld  be taken in 

order to  increase th e b ioavailab ility  o f  carotenoids in the target population.

The effect of dietary factors on bioaccessibility and bioefficacy of carotenoids

1. Dietary effectors

1.1 Fat

A m ong the dietary factors fat is a k ey  p ositive  effector on  b ioaccessib ility  and b ioefficacy  o f  

carotenoids. Fat directs its e ffec t in three different w ays; stim ulating b ile salt secretion , g iv in g  a 

hydrophobic environm ent for the released carotenoids and prom oting m ice lle s  form ation.

Several studies have b een  sh ow n  that the p ositive e ffect o f  fat on  carotenoid  absorption in 

different w ays. B row n  et al., (2 0 0 4 ) observed  that the appearance o f  carotenoids in p lasm a  

chylom icrons had increased w ith  ingestion  o f  salads w ith  reduced-fat salad dressing, com pared  

to ingestion  o f  salads w ith  fat-free salad dressing. A uthors further noticed  that the appearance o f  

carotenoids in p lasm a ch y lom icrons w as higher after the intake o f  salads w ith  fu ll-fat than the  

reduced-fat salad dressing. Prince and Frisoli (1 9 9 3 ) carried out a study on  the e ffec t o f  fat on  

accum ulation o f  P-carotene in serum  and skin. The absence o f  dietary fat resulted in no 

detectable changes in serum  P-carotene levels  w ith  the adm inistration o f  a sin g le  51 m g d ose o f  

P-carotene. B ut the sam e d o se  adm inistered w ith  2 0 0  g  o f  fat had increased serum  p-carotene 

concentration 2 .5 -fo ld  at 40h . R esu lts o f  U nlu  et al., (2 0 0 5 ) revealed  that addition o f  avocado  

(h a lf or w h ole  fruit, equ ivalent to  75 and 150 g  avocado, respectively) sign ificantly  enhanced  

carotenoid absorption from  salsa and salad and th ey  concluded  that the p ositive  e ffec t o f  avocado
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in enhancing carotenoid absorption is due to the presence o f  high am ount o f  lipids in avocado.

The com parison o f  avocado fruit w ith added avocado oil indicated that the lipid com ponent o f  

the avocado fruit is the significant variable enhancing carotenoid absorption and the fruit matrix

has no negative e ffec t on  lipid release. The study included a n ew  v iew  regarding enhancing

carotenoid absorption by sh ow ing the possib ility  o f  using a lipid-rich fruit instead o f  added

fat/oil to increase the absorption o f  carotenoids.

D em ing et al., (2 0 0 0 ) show ed  the e ffects o f  dietary fat level at 10 or 30%  o f  total energy and 

fiber type on P-carotene b ioavailability. R esults indicated increasing dietary fat resulted in higher 

vitam in A  and low er P-carotene stores in the liver. Authors explained that this observation  is due 

to fat enhanced b ioconversion  o f  P carotene into vitam in A. R oodenburg et al. (2 0 0 0 ) show ed  

that the e ffect o f  dietary fat on the bioavailability o f  lutein is different from the effec t on  a- 

carotene and P-carotene. The optim al uptake o f  a-carotene and p-carotene w as sim ilar w hen  

these carotenoids are consum ed w ith a low -fat m eal (=3 g  fat) or a high-fat m eal (~ 3 6  g fat), 

w hile the b ioavailab ility  o f  lutein esters w as considerably low er w hen lutein esters w ere  

consum ed as a part o f  a low -fat m eal. Authors d iscussed this result w as unpredicted as lutein is 

less lipophilic than a-carotene and P-carotene, therefore a great influence o f  the am ount o f  

dietary fat w ould  be expected  for the more lipophilic carotenoids. O n the other hand, the lutein  

used in the above study w as in esterified  form and it is likely that lutein esters are more lipophilic  

than a-carotene and P-carotene. It can thus be assum ed that in the presence o f  on ly  little am ounts 

o f  fat, the em ulsification  o f  lutein esters in the intestine is less than that o f  a-carotene and P- 

carotene. Further w hen lutein is not present as its ester form the quantity o f  fat required for its 

absorption m ay be less than the lutein esters.

7 ACCEPTED MANUSCRIPT
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T he sign ificance o f  dietary fat in b ioaccessib ility  and b io e ffica cy  o f  carotenoid  is clearly

m entioned by m any authors. B ut the quantity o f  dietary fat needed  for optim al b ioavailab ility  o f  

carotenoids is not m uch clear. It is su ggested  that essen tia lly  a m in im um  quantity o f  fat is

required for carotenoid absorption and the m inim um  am ount for optim um  absorption w as 5 g  o f

fat per day (C astenm iller and W est, 1998). This observation  is supported by the study o f

M ercado (2 0 0 2 ). D epending on  serum  retinol or P-carotene response to  m eals including

carotenes and d ifferent am ounts o f  fat, it has been  suggested  that on ly  a sm all quantity o f  fat m ay

be needed to  ensure carotene utilization  in hum ans, 5 g  o f  fat in a m eal contain ing 4 0  g  o f  cooked

spinach (w ith  1.2 m g P-carotene) or 3 g  o f  fat for 8 m g o f  a-carotene and P-carotene supplem ents

consum ed w ith  a m eal. B ut R oodenburg et al., (2 0 0 0 ) proposed  that different carotenoids require

different am ounts o f  fat. A n experim ent carried out on  h om ogen ized  carrot sh ow ed  that addition

o f  20%  o il per gram  dry m atter increased the in-vitro a ccessib le  p-carotene to a sign ificant level.

B ut w h en  increased further up to  60%  there w as on ly  a slight increase (H edren et al., 2 002).

R ock  (1 9 9 7 ) stated in a rev iew  that the level o f  fat d oes not affect tissue carotenoids

concentration, su ggestin g  a threshold e ffec t for fat.

The cpnclusion  on  typ e o f  dietary fat on  b ioaccessib ility  and b ioe fficacy  o f  carotenoids is 

uncertain. H ow ever B orel et al., (1 9 9 8 ) investigated  the e ffec t o f  the ingestion  o f  P-carotene w ith  

m edium -chain trig lycerid es or long-chain  trig lycerides on  the b ioavailab ility  o f  P-carotene in 

hum ans. T he results sh ow ed  ch ylom icron  P-carotene response is o b v io u sly  reduced w h en  P- 

carotene is absorbed w ith  m edium -chain  triglycerides instead o f  long-chain  triglycerides. The 

p ossib le  reason for ab ove observation  is due to the reduced ch ylom icrons secretion  w ith  the
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present o f  m edium -chain triglycerides. Further the results o f  the sam e study show ed  that

m edium -chain trig lycerides had no adverse effect on  b ioconversion  o f  P-carotene.

O utcom es o f  in-vitro studies carried out by Priyadarshani and Chandrika (2 0 0 7 ) indicated that

addition o f  fat (scraped coconut and coconut m ilk) im proved the percentage in-vitro accessib le

P-carotene abut five-fo ld  from carrot salad and about six-fo ld  from carrot curry com pared to the

raw carrot.

A ccording to  N oak es et al., (2 0 0 2 ) consum ption o f  an additional daily  serving o f  a high- 

carotenoid vegetable or fruit w hen  consum ing spreads containing sterol or s ta n d  esters 

facilitates m aintaining o f  plasm a carotenoid concentrations w h ile  low ering L D L -cholesterol 

concentrations significantly.

Zhi et al., (1 9 9 6 ) assessed  the influence o f  orlistat, a lipase inhibitor, on the absorption o f  p- 

carotene. They observed that orlistat treatment had reduced the absorption o f  P-carotene by  

approxim ately one-third.

1.2 Fiber

Soluble dietary fiber has a negative effect on absorption o f  carotenoids in hum ans. R ock  and 

Sw endseid  (1 9 9 2 ) dem onstrated that pectin has an inhibitory e ffec t on  plasm a P-carotene 

response to a single d ose o f  purified P-carotene adm inistered w ith a m eal. T hese data clearly  

indicated that the occurrence o f  dietary fiber in the food  is the reason for decrease in plasm a P- 

carotene response that has been observed after adm inistration o f  carotenoid-rich  food s com pared  

to the purified P-carotene supplem ents. T hey further noticed  that in the presence o f  pectin  there 

w as a 42%  reduction in plasm a p-carotene concentration in hum ans com pared to control group.
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There are tw o p ossib le  exp lanations for this inhibition. O ne e ffec t occurs due to so lub le fibers

dim inishing m ice lle  form ation by increasing faecal excretion  o f  b ile acids. T his is believed  to  be 

due to interaction o f  so lub le fibers w ith  b ile acids (Y eu m  and R u ssell, 2 0 0 2 ). Other role is that

soluble dietary fiber can  interfere the contact o f  m ice lle  w ith  intestinal m ucosal ce lls  by

increasing the v isco s ity  o f  the intestinal contents (van den B erg  et al., 2 0 0 0 ).

W ater-soluble dietary fiber typ es (pectin , guar and alginate) sign ificantly  reduced the absorption

o f  P-carotene com pared to  the w ater-insoluble fibers. T he sam e e ffec t w as observed  for

canthaxanthin a lso . T hough  both  w ater-soluble and w ater-insolub le typ es o f  fiber reduce the

absorption o f  lycop en e and lutein there w as no distinct d ifference in absorption o f  lycop en e and

lutein by both typ es o f  fiber (R ied l et al., 1999).

D em ing et al., (2 0 0 0 ) found that the e ffec t o f  so luble fiber on  hepatic vitam in A  storage is 

based on  fiber type. T h ey  sh ow ed  consum ption  o f  citrus p ectin  decreases hepatic vitam in A  

stores and increases hepatic P-carotene stores. Authors explained that the above observation  is 

due to less con version  o f  P carotene into vitam in A . In contrast, consum ption  o f  oat gum  

resulted in increased hepatic vitam in A  and decreased  P-carotene stores com pared to  citrus 

pectin. T he study confirm ed  that citrus pectin  has a n egative e ffec t on  P carotene 

bioavailab ility  but oat gum  d oes not have such adverse a ffect on  above p rocess. T his study  

further revealed  that the lev el o f  dietary fat consum ed w ith  so lub le fiber had no interactive 

effects on  hepatic vitam in A , P-carotene or a-carotene stores but p-carotene b ioavailab ility  is 

independently affected  by dietary fat level and type o f  so lub le fiber.

Contrary to the m ost o f  the other studied carried out on  e ffec t o f  dietary fiber on  absorption o f  

carotenoids U nlu  et al., (2 0 0 5 ) dem onstrated that no inhibitory e ffec t on  absorption o f
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carotenoids from the dietary fiber present in avocado fruit though avocado is a good  source o f

dietary fiber (6 .8  g  fiber/100 g  ed ible portion) and 72%  o f  these are insoluble fibers such as 

cellu lose, pectin, and h em icellu loses. Authors d iscussed it is d ifficu lt to com pare this e ffect w ith

other studies as different studies have been used various types o f  dietary fibers. In addition to

that, in this study intact carotenoid content has been quantified in the p lasm a triacylglycerol-rich

lipoprotein (T R L ) fraction during the 9.5 h after consum ption o f  the test m eal. Authors further

discussed  dietary fibers m ight show  a marked negative effect on absorption o f  carotenoids as

measured in plasm a during long-term  absorption studies com pared to the TRL responses due to

increased fecal excretion  o f  carotenoids.

H ow ever C astenm iller et al., (19 9 9 ) reported that there w as no inhibition o f  carotenoid  

absorption w hen dietary fiber w as added to liquefied spinach. Authors su ggested  that this m ay be 

due to on ce the ce ll w all com ponents are disrupted, addition o f  dietary fiber in quantities 

previously present in the food , has no effect on absorption o f  carotenoids.

1.3 Dosage of carotenoid

Serum P-carotene concentration depends on the am ount o f  P-carotene in the m eal. In general, 

less efficien t absorption w as noted with the adm inistration o f  higher d oses, w h ich  w ere not 

specified  by authors (C astenm iller and W est, 1998). Prince and Frisoli (1 9 9 3 ) sh ow ed  that 

administration o f  p-carotene daily in three d ivided d oses w ith  m eals raised the serum  P-carotene 

concentration three tim es as high com pared w ith the sam e total d ose adm inistered on ce a day. 

Authors further m entioned that P-carotene has a therapeutic application but it’s d ifficu lt to  

predict the optim al d ose and regim en for each o f  its potential applications, van het H o f et al.,

11 ACCEPTED MANUSCRIPT
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(1999a) concluded  that there is a marked d ifference in the b ioavailab ility  o f  p-carotene and lutein

am ong d ifferent vegetab les. In addition to that, the sam e study revealed  that even  though the 

spinach contains 10-fo ld  higher P-carotene content com pared to  broccoli or green peas the total

increase in p lasm a P-carotene lev e ls  w ere sh ow n  w ith  the consum ption  o f  broccoli and green

peas and not by the spinach. A uthors d iscussed  that the reason for above observation  is due to

the considerable d ifference am ong the different vegetab le typ es in their e ffica cy  to increase

plasm a levels  o f  P-carotene and the effectiv en ess  o f  absorption o f  P-carotene and b ioconversion

o f  P-carotene into retinol m ay decrease w ith  increasing intake. It w as ev ident that w hen the

carotenoid content o f  d igested  fruits or vegetab les is higher, the transferring o f  carotenoids into

the m ice lle s  b ecom es low er. R ed grapefruit w h ich  contained the h igh est contents o f  lycopene

and P-carotene sh ow ed  o n ly  4.9%  and 2.1%  transferred to  the m ice lle s , respectively . Spinach

w hich  had the h igh est content o f  lutein had the lo w est b ioaccessib ility  (18 .9% ) (O ’C onnell et al.,

2 0 0 7 ).

D aily  adm inistration o f  15 or 45 m g p-carotene sign ificantly  increased the p lasm a p-carotene 

levels. The degree o f  increase and the pattern o f  p lasm a P-carotene lev e ls  sh ow ed  ex ten sive  inter 

individual variation (D im itrov  et al., 1988).

2. Food matrix

The first step o f  carotenoid  b ioavailab ility  is the m echanical and ch em ica l disruption o f  the 

food  matrix and the release o f  the carotenoids from the m atrix w here th ey  w ere em bedded and 

from  protein co m p lex es (Britton, 1995).
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2.1 Location of carotenoids in plant tissue

C arotenoids exist in various form s w ithin ce ll. W hen they are located in chrom oplast they can  

exist in different w ays such as crystalline form e .g ., carrot and tom ato, d isso lved  in o il droplets

e .g ., pumpkin. In such cases carotenoids are far more b ioaccessib le  during d igestion  than w hen

they are com plexed  to proteins in chloroplasts such as green leafy vegetab les (de P ee et al., 1995;

C astenm iller and W est, 1998).

de Pee et al., (1 9 9 5 ) carried out a study in order to find out that the e ffect o f  an extra daily  

portion o f  dark-green leafy  vegetab les on vitam in A  and iron status in w om en  w ith  low  

haem oglobin  concentrations (< 1 3 0  g/L) w ho w ere breastfeeding a child  o f  3 -17  m onths. The  

study population w as g iven  an additional daily  portion o f  dark-green leafy  vegetab les. Authors 

noted that there w as no im provem ent in vitam in A  status, but a sim ilar quantity o f  p-carotene 

from a sim pler matrix sh ow ed  a strong im provem ent o f  vitam in A  status.

A n intervention study w as conducted on healthy men and they w ere adm inistered four lutein  

d oses including lutein supplem ent, lutein ester supplem ent, spinach and lutein-enriched eg g  for 9 

days. A ll lutein d oses contained 6 m g lutein except for the lutein ester d ose , w hich contained 5.5  

m g lutein equivalents. The results indicated that on day 10 baseline and dose-adjusted  lutein  

response in serum  w as significantly  higher w ith the consum ption  o f  eg g  than other lutein 

treatments. T his observation is due to the presence o f  cholesterol in the eg g  yolk  w here in egg  

yolk , lutein is located in the d igestib le lipid matrix, w hich  con sists  o f  ch olesterol, triglycerides  

and phospholip ids (C hung et al., 2004).
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A ccording to  an in-vitro study carried out by O ’C onnell e t al., (2 0 0 7 ) transferring o f

xanthophylls to  the m ice lle s  from  fruits w as higher than that o f  dark green  lea fy  vegetab les and 

therefore has a greater p ossib ility  for intestinal absorption.

2.2 Heat treatment

R aw  plant food s are su ggested  to  be less b ioaccessib le  com pared to  therm ally p rocessed  foods. 

H eat treatment cau ses soften in g  and disrupting o f  the ce ll m em branes and plant ce ll w a lls , also  

suggested  to disrupt further the protein-carotenoid com p lexes (Erdm an et al., 1988). A s  a result 

d igestive en zym es can  be m ore effec tiv e  during the d igestion  process.

C onsum ption o f  therm ally p rocessed  and pureed carrot and spinach on  each  day over a four 

w eek  period produced a three-fold  increase in plasm a P-carotene concentration  com pared to  the 

consum ption o f  the sam e quantity o f  p-carotene from the sam e vegetab les but in raw form  

(R ock  et al., 1998). A ccord ing  to the H edren et al., (2 0 0 2 ) in-vitro accessib le  P-carotene 

content released from  h om ogen ized  carrot pulp w as 21%  and co ok in g  the pulp increased the 

accessib ility  to 27% . T he sim ilar trend w as observed  for a-carotene as w ell.

A ccording to  the in-vitro study carried out on  raw and boiled  carrot sh ow ed  that heat treatment 

im proved the release o f  P-carotene from  boil carrot about s ix -fo ld  com pared to  raw carrot 

(Priyadarshani and Chandrika, 2 0 0 7 ).

Contrary to  the above stud ies a study in ferrets sh ow ed  that no sign ificant increase in P-carotene 

level after consum ption  o f  therm ally processed  carrot. H ow ever consum ption  o f  therm ally  

processed  carrot ju ice  and therm ally unprocessed  carrot ju ice  &  isolated  carrot chrom oplasts  

show ed  no sign ificant d ifference in p-carotene responses. T hese results im ply that pectin-like
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fibers in the food  matrix and the crystalline form o f  carotenoids in carrot chrom oplast reduce the 

bioavailability  o f  carotenoids from carrot ju ice. (Zhou et al., 1996).

2.3 Particle size

M echanical and chem ical disruptions are important as resulting reduced particle size  im proves 

b ioaccessib ility  o f  carotenoids by increasing the surface area available for en zym es to  act and 

thereby to release the carotenoids from food matrix. T his has been  evident in several studies 

(Torronen et al., 1996; Gartner et al., 1997; Furr and Clark, 1997; H edren et al., 2 0 0 2 ).

The study carried out by C astenm iller et al., (19 9 9 ) show ed that the b ioavailab ility  o f  p- 

carotene from liquefied  spinach w as higher than that o f  the w h ole  lea f or m inced spinach. 

Authors concluded that the bioavailability  o f  P-carotene and to a lesser extent o f  lutein, w as  

affected  by the food  matrix as processed spinach had an effect on the matrix and thereby on  the 

bioavailability o f  P-carotene from spinach. The reason w hy lutein b ioavailab ility  w as less  

affected by the food  matrix from  spinach, lutein is a dihydroxycarotenoid , is about 0.1%  as 

lipophylic as P-carotene and the matrix in w hich  lutein is em bedded in spinach d oes not decrease 

lutein absorption as it d oes the absorption o f  P-carotene.

On the other hand increased plasm a response to lutein is observed w ith  the disruption o f  the 

matrix o f  spinach but this m echanical disruption did not affect the plasm a response to  P-carotene. 

The possib le reason is lutein is more hydrophilic than P-carotene and this assists in im proving  

the release o f  lutein from  the chloroplasts in the cy toso l during the disruption o f  the ce ll structure 

(van het H o f et al., 1999a).
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O m elas-P az e t al., (2 0 0 8 ) investigated  the im pact o f  stage o f  ripening o f  m ango on

b ioaccessib ility  o f  p-carotene. T hey used pulp from  “slightly  ripe”, “m oderately ripe” and 

“fu lly  ripe” m an goes and th ey  w ere d igested  in-vitro in the ab sen ce and p resence o f  processed

ch icken  w h ich  w as u sed  as the source o f  exogen ou s fat and protein. T he am ount o f  p-carotene

transferred to  the m ice lle  portion  during sim ulated  d igestion  greatly increased as the fruit

ripened and w hen  ch ick en  w a s m ixed  w ith  m ango before d igestion .

van het H o f  (2 0 0 0 ), concluded  that b ioavailab ility  o f  carotenoids is determ ined by the intactness  

o f  the cellu lar m atrix o f  tom atoes. A ccord ing to  this study it is ev id en t that food  processing has 

an ob v iou s p o sitiv e  e ffec t  on  both in the carotenoid response in trig lyceride-rich  lipoproteins 

(TR L) after sin g le  consum ption  and in fasting p lasm a after 4  days consum ption  o f  the tom ato  

products. H om ogen ization  had im proved the lycopene lev e ls  sign ifican tly  both in TR L and in 

plasm a. Extra heat treatm ents are likely  to  increase the lycop en e responses in TRL and plasm a. 

Sim ilar trend has been  noted  in the case o f  p-carotene as w ell. T his study further sh ow ed  that 

com pared to  h om ogen ization  at norm al pressure, h om ogen ization  at h igh  pressure is m ore 

effective  in releasing carotenoids from  the food  matrix. T he h igh-pressure destroys a greater part 

o f  the ce ll structures w h ich  rem ained intact after m ild  hom ogen ization .

3. Carotenoid type 

3.1 Species

M ovin g o f  carotenoids from  em u lsified  lipid to m ice lles is dependent on  hydrophobicity o f  the 

carotenoid. Polar carotenoids are m ore easily  absorbed than less polar carotenoids as form er are 

incorporated into the outer parts o f  lipid droplets w h ile  the latter are in the core. Therefore
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polar carotenoids transfer into m ixed m icelles is easier (B orel et al., 1996; T yssiander et al., 

2001; Tyssiander et al., 2 0 0 2 ). Chitchum roonchokchai et al., (2 0 0 4 ) in an in-vitro study  

show ed that m icellarization o f  lutein and zeaxanthin in C aco-2  human intestinal ce lls  exceed ed  

that o f  p-carotene.

A ccording to the findings o f  K hachik et al., (19 9 2 ) ep oxy  carotenoids such as neoxanthin, 

violaxanthin, lutein ep ox ide and carotenol fatty acid esters are show n to be m issing in the non

polar so lvent extractions from  human plasm a even  though their concentrations are high in the 

diets. A uthors put forwarded that though the pathw ays o f  m etabolism  are unknow n, absorption  

and m etabolism  o f  these ep oxy  carotenoids are different from the other routinely found  

carotenoids such as hydroxy and hydrocarbon carotenoids in plasm a. The parent com pounds o f  

carotenol fatty acid esters have been found in the plasm a and assum ption w as m ade that they  

undergo enzym atic hydrolysis. A ccording to the observations o f  A sai et al. (2 0 0 4 ) dietary 

neoxanthin is converted  into stereoisom ers (R /S ) o f  neochrom e by intra-gastric acid ity  before  

absorption.

H ow ever the b ioavailab ility  o f  more hydrophilic lutein is five tim es greater than that o f  P- 

carotene. But the d ifference in relative plasm a response betw een  these tw o  carotenoids m ay not 

reflect the true d ifferences in absorbability. This is due to b ioconversion  o f  part o f  the absorbed  

P-carotene and this phenom enon d oes not occur in lutein, as it is not a pro-vitam in A  carotenoid  

(van het H o f et al., 1999b).
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3.2 Interactions among carotenoids

C onclusions o f  som e supplem ent trials have indicated that unfavorable interactions am ong  

carotenoids. K ostic  et al., (1 9 9 5 ) observed a turn d ow n in p lasm a lutein concentration  w ith  p-

carotene supplem entation. O n the other hand van den B erg  and van V lie t (1 9 9 8 ) sh ow ed  that

lutein but not lycop en e adversely  influence P-carotene absorption but it appears that no effect on

P-carotene cleavage w h en  adm inistrated at the sam e tim e. B ut results o f  van V lie t et al., (1 9 9 6 )

indicated that according to the in-vitro study, lutein but not lycopene m ay m eddle adversely  w ith

cleavage activity. In addition  C astenm iller and W est (1 9 9 8 ) rev iew ed  the decrease in plasm a

levels o f  lycopene and canthaxanthin w ith  P-carotene supplem entation  but an increase in plasm a

concentration o f  a-carotene. T his observation  w as supported by the investigation  o f  van het H o f

et al., (1999b); th ey  sh ow ed  consum ption  o f  pure p-carotene and lutein  supplem ents induced a

significant reduction in p lasm a lycop en e concentration. A uthors su ggest that th is m ay be due to

carotenoid supplem ents com pete w ith  lycopene for absorption or transport in plasm a.

3.3 Isomeric form

A ccording to  the p lasm a response all-Zraira-P-carotene w as sh ow n  to  be absorbed preferentially  

w ith a higher am ount incorporated into chylom icrons com pared to  9-cis-P-carotene (G aziano et 

al., 1995; Stahl et al., 1995). B ut lycop en e from  tom ato ju ice  sh ow ed  cis isom ers w ere better
i

absorbed than all-tram  form  (Stahl and S ies , 1992). T he p ossib le  reason m ay be due to better 

solubility  o f  cis isom ers from  lycopene. T his observation  w as supported by the findings o f  

B oileau  et al., (2 0 0 2 ). In plant food s, about 90%  o f  lycop en e present as all-trans isom er form, 

but according to  the research ev id en ces the m ain isom er form  found in hum an tissu e is cis
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isom ers. There are several clarifications for this observation; cis isom eric form o f  lycopene  

exhibits a better absorption than all-trans form as a result o f  the shorter length o f  cis isom er, 

better solubility  o f  cis isom ers in m ixed m ice lles than trans isom ers and the low er tendency o f  

cis isom ers to aggregate. A  study carried out with ferrets show ed  that after a d ose o f  lycopene the 

stom ach and intestinal contents contained 6-18%  c/s-lycop en e, w hereas the m esenteric lym ph  

secretions contained 77%  cis isom ers. T his result clearly indicates that cis isom ers are far more 

bioavailable then all-trans lycopene. A ccording to the in-vitro studies carried out cis isom ers are 

more soluble in b ile acid m ice lles in the intestine and therefore more b ioavailab le than a\\-trans 

isom ers.

Data o f  D em ing et al., (2 0 0 2 ) concluded that the value o f  isom eric form o f  P-carotene in 

assessing the vitam in A  value o f  foods. Authors suggested  that both 9 -cis and 13-cz's isom eric  

form s o f  P-carotene have low er vitam in A  b iopotencies than all-tam s-P -carotene and these  

isom ers assigned  vitam in A  value o f  38 and 62%  respectively, relative to  all-rrarw-P-carotene. 

Authors d iscussed  that the low er value could be due to destruction or slow er absorption in the 

intestine.

3.4 Molecular linkage

Castenm iller and W est (1 9 9 8 ) review ed that human intestinal tract has a high e ffic ien cy  o f  

cleaving ester bonds from  lutein diesters. Therefore lutein esters w ou ld  have sim ilar or better 

bioavailability than lutein. R ichelle et al., (20 0 4 ) dem onstrated that supplem entation w ith  plant 

sterols, either free or ester form can reduce the b ioavailab ility  o f  P-carotene by -5 0 %  in
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norm ocholesterolem ic m en. T he reduction o f  P-carotene b ioavailab ility  w a s sign ificantly  less

w ith plant free sterols com pared to plant sterol esters.

The effect of subject characteristics on bioavailability of carotenoids

B ioava ilab ility  is prim arily determ ined by the nutrient status o f  the subject. In hum ans vitam in  

A  lev e l can be increased by ingestion  o f  P-carotene rich foo d s on ly  w h en  vitam in A  status is 

in itially  low  (C haroenkiatkul et al., 1985). The d istinct d ifferen ces in b ioavailab ility  and 

b ioconversion  o f  carotenoids w ere observed am ong the individuals w ith  the adm inistration o f  

identical d oses  o f  carotenoids (M ico zz i et al. 1992; Parker 1996).

Z inc a ffects b ioavailab ility  o f  carotenoids w h ile  synthesizing retinol-b inding protein as w e ll  

converting P-carotene into vitam in A  by influencing en zym e retinal reductase (C astenm iller  

and W est, 1998). Intestinal parasites, fat m ald igestion  and m alabsorption w ere reported to be 

impaired carotenoid absorption (C astenm iller and W est, 1998; R ock , 1997). T he d iscrepancies  

in b ioavailab ility  cou ld  be attributed to  genetic factor, season, sex , age, a lcoh o l intake and 

sm oking habits o f  the subject (C astenm iller and W est, 1998).

A n in-vitro study carried out by G oni et al., (2 0 0 6 ) sh ow ed  that co lon ic  ferm entation is a 

significant factor in availab ility  o f  carotenoid in the gastro-intestinal tract. In the sm all intestine, 

bioaccessib ility  lev e ls  o f  o f  lutein, p-carotene and lycop en e w ere 7 9 ,2 7  and 40%  respectively . In 

the large intestine, sam e am ounts o f  lycop en e and P-carotene had released  from  the food  matrix 

(57% ), w ith  the sm a lla m o u n t o f  lutein (17% ). The results sign ified  that a larger portion o f  P- 

carotene, lutein and lycop en e present in plant foods is available in the gut after the com pletion  o f
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digestion  process as the release o f  carotenoids from the food  matrix is first done by d igestive  

enzym es and afterward by enzym atic activ ity  from intestinal m icrobiota.

Conclusion

A m ongst the dietary factors fat, heat treatment and reduced particle size  have a noticeable  

positive effect w hereas dietary fibers have a negative effect on b ioaccessib ility  and b ioefficacy  o f  

carotenoids. It seem s that higher carotenoid d oses reduce the absorption o f  carotenoids. L ocation  

o f  carotenoid is extrem e o f  important in releasing o f  carotenoids from  the matrix. C arotenoids 

located in the chrom oplasts can more easily  released from the matrix com pared to the 

chloroplasts. Polarity o f  carotenoid is im perative in transferring o f  carotenoids from em ulsified  

lipid to m icelles. K\\-trans P-carotene has a greater b iopotency than cis isom eric form. But cis 

isom ers from lycopene show ed  a greater absorption than the trans form. H ow ever different 

carotenoids seem  to have their individual behaviors in absorption and m etabolism .
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