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Abstract 

Lycopene in red tomatoes is mainly in the poorly bioavailable all- trans- isomeric form, while “Moonglow,” an orange heirloom tomato, 
contains mor e bioav aila b le cis- l ycopene isomers. Consuming ar ound 1.5 kg of r ed tomatoes dail y is needed to achiev e effecti v e plasma 
l ycopene lev els ( > 0.45 μmol/L). This study hypothesized that small dail y doses of “Moonglow” tomatoes could achiev e beneficial 
l ycopene lev els in r ats. Female Spr ague-Da wle y r ats w ere supplemented with “Moonglo w” tomato po wder. In Stud y 1, rats r ecei v ed 

lycopene at 0, 0.05, 0.35, or 2.6 mg/kg body weight daily for five days. Plasma and liver lycopene concentrations increased dose- 
de pendentl y. In Study 2, rats gi v en 0.35 mg/kg daily showed dose- and time-dependent increases in lycopene. Plasma lycopene reached 

0.42 μmol/L after 4 days, similar to beneficial human levels. These findings suggest that a r easona b le dail y intake of “Moonglow”
tomatoes can achieve effective plasma lycopene concentrations. 

Ke yw ords: lycopene, cis- isomers, “Moonglow” tomato, plasma and li v er l ycopene concentration 

Gr aphical abstr act 

Changes in plasma and li v er l ycopene after supplementation with or ange heirloom (“Moonglow”) tomatoes in female r ats. 
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ycopene is a lipid-soluble carotenoid produced by plants and
ome micr oor ganisms (Rao and Ali 2007 ; Viuda-Martos et al. 2014 ).
he molecule exists in all- trans- and a variety of cis -configurations

n natur e (Ric helle et al. 2012 ). Ho w e v er, cis -l ycopene isomers hav e
een reported to be more bioavailable than all- trans- lycopene (Sri-
 astav a and Sriv astav a 2015 ). Lycopene in raw red tomatoes pre-
ominantly exists in all- trans- configurations. Further, lycopene in
ed tomatoes exists in large crystalline aggregates showing poor
olubility in micelles during absorption (Cooperstone et al. 2015 ).
ompared to all- trans- , cis -lycopene is dissolved in lipid droplets,
ather than in crystalline form, and is thus highly bioavailable
Ishida et al. 2007 ; Unlu et al. 2007 ). Cis- isomers of lycopene pos-
ess smaller chain lengths and an overall chemical structure that
acilitates its solubility. Cis - isomers of lycopene are estimated to
e 8.5 times more bioavailable than all- trans- lycopene (Unlu 2007 ;
ooperstone 2015 ). 
ecei v ed: 19 September 2024; Accepted: 6 Mar c h 2025 
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Man y dietary interv ention studies in humans have used daily
oses up to 25-30 mg of lycopene as a physiologically relevant
ose for the reduction of certain noncommunicable disorders

Bo w en et al. 2002 ; Grainger et al. 2008 ; Mackinnon et al. 2011 ; Ried
nd Fakler 2011 ). Based on the r eported le v els of lycopene in red
omatoes and the percentage absorption in the body, a daily dose
f 25 mg lycopene would equate to an adult eating 1.5 kg of fresh
ed tomatoes or 600 gm of tomato sauce (ketchup) daily (Shi and
aguer 2000 ; Rao and Shen 2002 ; Rao and Rao 2007 ; Story et al.

010 ), neither of which would be easil y ac hie v able . T his r equir e-
ent is lar gel y due to the poor absorption of lycopene in the body

Anese et al. 2013 ). 
Recent r esearc h highlights that cis -l ycopene not onl y exhibits

igher bioavailability but may also possess enhanced biological
ctivities compared to the all-trans isomer. Higher plasma levels
f cis -l ycopene hav e been associated with impr ov ed endothelial
ety for Bioscience , Biotec hnology, and Agroc hemistry. This is an Open Access 
ttps://cr eati v ecommons.org/licenses/by/4.0/ ), which permits unrestricted 
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Table 1. Ingredients of lycopene containing treats.a 

Lycopene dose (mg/kg BW) 

Ingredient (per rat) Control (0) Low (0.05) Mid (0.35) High (2.6) 
“Moonglo w” tomato po wder (mg) 0 25 175 1 301 
Peanut butter + honey (2:1; mg) 600 575 625 699 
Total weight of a treat mixture per day (g) 0.6 0.6 0.8 2 

a Ingr edients wer e mixed dail y to pr epar e the a ppr opriate dose in mg/kg BW of r ats . T he amount of peanut butter + honey increased with increasing tomato powder 
to make it more palatable to rats and to ensure even mixing of tomato powder. 
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function and a reduced risk of cardiovascular diseases (Gajendra- 
gadkar et al. 2014 ). Ad ditionally, the antio xidant properties of cis - 
lycopene may contribute to a lo w er cancer risk, including inhi- 
bition of prostate cancer cell pr olifer ation (Holza pfel et al. 2013 ) 
and superior UV pr otection, whic h can help reducing the risk of 
sunburn (Stahl and Sies 2012 ). 

Almost 90% of lycopene in red tomatoes is present in all- trans- 
isomeric form, whereas 90% of lycopene in orange heirloom toma- 
toes is in a cis- form, mainly in tetra- cis- form, which is also 
known as pr ol ycopene (Unlu et al. 2007 ; Cooperstone, Fr ancis and 

Schw artz 2016 ). Ho w ever, rat studies have only been conducted 

using lycopene from conventional red tomatoes or synthetic ly- 
copene in all trans- isomeric forms. We hypothesized that con- 
sumption of “Moonglow” tomatoes in small doses could be effec- 
tive in producing beneficial levels of plasma lycopene while in- 
cr easing l ycopene accum ulation in the liv er, in r ats . T her efor e,
the main objectives of the present study were to identify the daily 
dose of lycopene from “Moonglow” tomatoes, and the time period 

r equir ed to ac hie v e a physiologicall y r ele v ant le v el of l ycopene in
the plasma and to determine whether the cis- and trans- isomer 
r atios wer e alter ed after digestion, absor ption, and metabolism in 

rats. 

Materials and methods 

Tomatoes 

Fresh ripe “Moonglow” tomatoes were provided by Mark Chris- 
tensen, Heritage Food Crops Research Trust, Whanganui, New 

Zealand. Upon r eceipt, fr esh tomatoes wer e cut into medium- 
sized pieces and stored at −20 ◦C prior to freeze-drying.
Frozen tomatoes were freeze-dried (Cuddon FD18, Blenheim, New 

Zealand). Tomatoes wer e gr ound using a food processor (Kenwood 

800 W, Havant, UK) into a fine powder and separ atel y pac ked in 

zip-loc k ba gs with inert nitrogen gas and a gain cov er ed with alu- 
minum resealable bags to protect from the light and k e pt at −20 
◦C until use. 

Lycopene dose 

“Moonglo w” tomato po wder in the a ppr opriate dose and pow- 
der ed commercial r at c ho w w er e mixed dail y with smooth peanut 
butter (Sanitarium; New World, Palmerston North, New Zealand) 
and raw honey (provided by Horowhenua apiary H5206) to in- 
crease palatability and to form a solid treat that could be easily 
given to the rats for voluntary consumption. The control group 

r eceiv ed peanut butter and honey without tomato powder. Rats 
wer e tr ained to eat contr ol tr eats for 2 days prior to the tomato 
treats. Low, mid, and high doses would equate to humans’ intake 
of 0.5, 3, and 25 mg lycopene/day or 3, 24, and 180 g/day of fresh 

“Moonglow” tomatoes ( Table S1 ). 

Animals and diet 
All animal pr ocedur es wer e carried out under the ethical a p- 
pr ov al obtained fr om Masse y Uni versity Animal Ethics Committee 
(Pr otocol No: 18/40). Twenty-se v en 8-week-old female Spr a gue- 
awley rats were obtained from Animal Resource Centre, Aus- 
r alia. Following importation, r ats wer e quar antined for 1 month
t the Small Animal Production Unit, Masse y Uni v ersity (P almer-
ton North, New Zealand) according to the requirements of the
inistry of Primary Industries (MPI, New Zealand). Rats were 
eighed and tr ansferr ed to clean standard plastic shoe-box cages
ith wood bedding upon arriv al. Temper atur e and humidity were

et at 22 ◦C and 45%-50%, r espectiv el y, with a 12-12 h light-dark
ycle. All rats had ad libitum access to standard chow pellets and
istilled water . T eklad Global 18% Rodent Diet, whic h is form u-

ated to AIN 93 M specifications, was purc hased thr ough Fort
ic hards, Auc kland, Ne w Zealand. This diet contains 18.5% crude
r otein fr om wheat, corn, and soybean, and 6.2% fat from soy-
ean oil, with an energy density of 13.0 kJ/g. A full list of ingre-
ients is available via the Envigo.com website (Teklad 2018 ), al-
hough the full commercial form ulation r emains pr oprietary. Rats
er e monitor ed for their health and beha viors . A po w er anal-
sis was carried out using PS (Power and Sample Size; Vander-
ilt) based on published data for lycopene bioavailability studies 
or different species (Sicilia et al. 2005 ; Mills, Simon and Tanumi-
ardjo 2007 ; Faisal, O’Driscoll and Griffin 2010 ). A sample size of
-4 was necessary for a power of 0.8 to detect significant differ-
nces between groups when P = .05. T herefore , we selected n = 3
 ats per gr oup as we assessed 3 doses at a single time point, plus
ne dose at 6 time points. At the end of the quarantine period,
2 rats were individually housed in separate metabolic cages for
tudy #1 (dose-response) and 15 rats were individually housed 

n shoe-box cages for study #2 (time-course). Rats wer e giv en a
-day adaptation period in their cages with ad libitum chow diet
nd w ater. Follo wing this period, “Moonglo w” tomato feeding w as
nitiated. 

nimal trial 1 (dose-response) 
welve ( n = 12) 8-week-old female Spr a gue-Dawley r ats wer e r an-
omly assigned into 4 experimental groups ( n = 3). Eac h r at was
oused separ atel y in a metabolic ca ge to facilitate a daily collec-
ion of urine and feces, which w ere w eighed, placed into labeled
ubes and stored at −20 ◦C until analysis. Four different groups
er e fed tr eats with “Moonglo w” tomato po wder containing total

ycopene at a concentration of 0 (no dose), 0.05 (low dose), 0.35
mid-dose), and 2.6 (high dose) mg/kg BW over 5 days (Table 1 ).
ats r eceiv ed one tr eat per da y on da ys 1, 2, 3, 4, and 5 between 9
.m. and 10 a.m. and feces and urine of the pr e vious day wer e
ollected between 9 a.m. and 10 a.m. on the following day. On
ay 6, all r ats wer e deepl y anaesthetized between 9 a.m. and 11
.m. with an intr a peritoneal injection of 0.12 mL/100 g BW of ace-
romazine (2 mg/mL): ketamine (100 mg/mL): xylazine (10%): and 

terile water = 2:5:1:2. Blood was collected from each rat by car-
iac puncture into heparin sulphate-containing vacutainers. Eu- 
hanasia from exsanguination was confirmed with pneumothorax 
nd the livers dissected, weighed, snap frozen and k e pt at −80 ◦C
ntil further analysis. Blood samples were centrifuged at 3500 g

or 10 min at 20 ◦C (Allegra 64R, Beckman Coulter, Australia) to
btain the plasma. 

https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf027#supplementary-data
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nimal trial 2 (time-course) 
ifteen ( n = 15) 8-week-old female Spr a gue-Dawley r ats wer e
oused separ atel y in shoe-box ca ges and fed with l ycopene mid-
ose (0.35 mg/kg BW) once daily as abo ve . At selected time points
 n = 3 rats per time point), animals were euthanized, and blood
nd liv er wer e collected and pr ocessed as abov e. Rats wer e accli-
atized for 2 weeks prior to the experimental feeding period. 

xtraction of carotenoids from tomatoes 

ar otenoids wer e extr acted under minim um light, using the
ethod pr e viousl y described (Br own et al. 2004 ). Briefly, 5 g of

omato po wder w as added to a 50 mL plastic test tube . T his was
ixed with a mixture of 500 mg Na 2 CO 3 , 5 g anhydrous Na 2 SO 4 

ith 20 mL of tetr ahydr ofur an (THF): methanol (2:1). Samples
ere shaken in a genogrinder (2010 Geno/Grinder) at 183.3 rad/s

or 4 min. After 60 min of incubation in the dark, samples were
entrifuged at 1620 g for 10 min (Eppendorf centrifuge 5804, with
otor A-4) and the supernatant was collected into a 50 mL glass
ottle . T he extr action pr ocess was r epeated on the r emaining solid
raction and the supernatants were pooled together, and the total
 olume w as recor ded. Extracts w ere analyzed using ultra-high-
erformance liquid c hr omatogr a phy (uHPLC)-DAD. 

arotenoid extraction from plasma and urine of 
 a ts 

lasma and urine car otenoids wer e extr acted using the meth-
ds pr e viousl y described (Kopec et al. 2010 ; Cooperstone et al.
017 ). Briefly, plasma (500 μL) or urine (1 mL) were added to the
ame volume of ethanol with 0.1% Butylated hydroxy toluene
BHT) and 0.5 mL of satur ated NaCl. The mixtur e w as v ortexed
or 15 s, follo w ed b y the addition of 2 mL of 10:6:7:7 (v/v/v/v) hex-
ne:ethanol:acetone:toluene (HEAT). Mixture w as v ortexed again
or 15 s and centrifuged at 1000 g for 5 min at −20 ◦C (Allegra 64R,
ec kman Coulter, NSW, Austr alia). T he top la y er w as tr ansferr ed
o a new Kimax tube using a soda lime pasteur pipette. Each bio-
ogical sample was extracted thrice . T he extr acts wer e dried un-
er nitrogen gas and stored at −20 ◦C until analysis, which was
arried out within 2 da ys . Samples were re-dissolved in 75 μL of
HF:methanol (1:3) before analysis. 

arotenoid extraction from li v er and feces of r a ts 

iver and feces carotenoids were extracted using the methods
r e viousl y described (Boileau, Clinton and Erdman Jr 2000 ; Za-
ipheh et al. 2003 ). Briefly, the frozen livers and feces were freeze-
ried using a freeze dryer (Cuddon FD18, Blenheim, New Zealand).
r eeze-dried liv ers/feces wer e crushed to a powder using a porce-
ain mortar and pestle. 0.1 g of freeze-dried liver/feces were dis-
olved in 3 mL of KOH (60%)/ethanol (1:5) solution containing 1 g
HT/L. Samples w ere v ortexed and k e pt in a water bath at 60 ◦C
or 30 min for complete saponification. Samples were again vor-
exed after adding hexane (3 mL) and distilled water (1 mL) and
entrifuged at 1000 g for 5 min (Allegra 64R, Beckman Coulter,
SW, Australia). T he top la y er w as collected as mentioned pre-
iousl y. Samples wer e extr acted thrice, and dried extr acts wer e
tored at −20 ◦C until analysis, which was carried out within 2
a ys . Samples wer e r e-dissolv ed in 100 μL of THF:methanol (1:3)
efor e anal ysis by HPLC. Weights of liv er and feces wer e measur ed
efore and after freeze-drying. Lycopene concentration was mea-
ured in 0.1 g of fr eeze-dried liv er/feces and bac k calculated for
r esh liv er/feces weight. 
ltra-high-performance liquid chromatography 

nal ysis of car otenoids was performed at Plant and Food Re-
earc h, P almerston North, Ne w Zealand. Extr acts of “Moonglow”
omatoes and rat biological samples were analyzed for their
arotenoid composition using uHPLC-DAD. The Ultimate TM 3000
PLC system (Dionex) consisted of an Ultimate TM HPG-3400RS
 a pid separ ation binary pump (Dionex), Ultimate TM WPS-3000RS
uto sampler, and the Ultimate TM DAD -3000RS detector (Dionex).
 150 × 2.1 mm, 2.6 μm pore-size C30 Accucor e car otenoid col-
mn was used for the separation of carotenoids . T he system was
ushed with 100% acetonitrile before each sequence. Solvent A
onsisted of methanol/milliQ water (50:50, v/v), and solvent B con-
isted of methanol/isopr opanol/methyl tetr a butyl ether/milliQ
ater (100:100:80:2, v/v) with a flow rate 0.4 mL/min. Column tem-
er atur e was set at 40 ◦C with a CH-150 column heater (ESA). Ace-
one was used as a needle wash solution between each injection.
he linear gradient was applied as follows: 60% B to 100% B over
2 min, held at 100% B over the next 4 min, to 60% B for 0.5 min,
eld at 60% B for the last 3.5 min. 

ata processing 

ata processing was performed using Chromeleon 

TM 7.2 SR4
oftwar e (ThermoScientific TM ). All- trans- l ycopene was identified
ased on the retention time of the standard and its spectral char-
cteristics and quantified by the standard curve created. Tetra-
is- isomer was identified by its distinctiv e absor ption spectrum
t 435 nm. Since there are no commercial standards available for
etr a- cis -l ycopene, the quantification was done through the cal-
ulation of the response factor using extinction coefficients (Brit-
on, Liaaen-Jensen and Pfander 1994 ) of both tetra- cis- and all-
rans- lycopene to yield a relative slope (Cooperstone, Francis and
chwartz 2016 ) (see formula below). Cis -lycopene isomers except
etr a- cis- wer e collectiv el y quantified as other- cis -l ycopene, equiv-
lent to all- trans- as done in other studies (Moraru and Lee 2005 ;
r öhlic h et al. 2007 ). 

Extinction coefficient A TL yc ( 436 nm ) 

= 

( 

Average ATlyc area ( 436 nm ) 

Average A TL yc area ( 470 nm ) 

) 

x 

× Extinction coefficient o f ATlyc ( 470 nm ) 

Response factor = 

( 

Extinction coefficient o f TClyc ( 436 nm ) 

Extinction coefficient o f ATlyc ( 470 nm ) 

) 

dditional variables calculations 

Lycopene retention in the body 

= 

( 

Lycopene intake − Lycopene in feces 

Lycopene intake 

) 

∗ 100 

ta tistical anal yses 

esults ar e pr esented as means with standard error of the mean
means ± SEM). All statistical analyses were conducted using SPSS
tatistical software version 25. All the data were tested for nor-
ality using the Sha pir o-Wilk test and the homogeneity of group

ariances was assessed by Le v ene’s test. The differ ences between
roup means were analyzed using one-way analysis of variance
ANOVA) follo w ed b y a post-hoc Tuk e y test. A difference was con-
ider ed statisticall y significant when P < .05. 
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Table 2. Lycopene isomer composition after 5 days supplementation of “Moonglow” tomato, in rats. 1 

Lycopene isomers Plasma ( μmol/L) Li v er ( μmol/kg) 

Low Mid High Low Mid High 

Cis- lycopene 0.06 ± 0.01 c 0.60 ± 0.02 b 1.84 ± 0.06 a 1.18 ± 0.09 c 13.15 ± 1.02 b 109.36 ± 7.40 a 

All- trans- lycopene n. d. n. d. 0.03 ± 0.00 0.40 ± 0.07 c 2.42 ± 0.50 b 12.57 ± 1.16 a 

1 Values are means ± SEM, n = 3. Statistical analysis was performed by using one-way ANOVA and post-hoc Tuk e y tests. Different superscripts (a,b,c) within liver 
groups or within plasma groups are significantly different at P < .05. n.d. indicates not detected. 

Table 3. Lycopene concentrations in feces , urine , and as a % of daily dose . ∗

Control Low Mid High 

Body weight (g) 230.5 ± 5.8 229.4 ± 3.1 228.9 ± 3.6 229.8 ± 2.8 
Lycopene dose (mg/kg BW) 0.00 0.05 0.35 2.6 
Lycopene dose (nmol/day) 0.00 22.6 158.3 1174.5 
Lycopene in feces (nmol/day 0.00 10.64 ± 1.17 c 70.70 ± 9.48 b 635.43 ± 48.06 a 

P er cent lycopene in feces/daily dose 2 0.00 43.9 ± 4.9 43.1 ± 5.8 52.5 ± 4.0 
Lycopene in urine (nmol/day) 0.00 0.27 ± 0.05 0.31 ± 0.04 0.35 ± 0.05 
P er cent lycopene in urine/daily dose 2 0.00 1.20 ± 0.24 a 0.19 ± 0.02 b 0.03 ± 0.003 c 

1 Values are means ± SEM, n = 3. Statistical analysis were performed using one-way ANOVA and post-hoc Tuk e y tests. Data with different superscript letters (a,b,c), 
in each column, are statistically significantly different at P < .05. 2 Lycopene excretion via feces or urine as a proportion of rats’ daily intake (days 2-5). 

 

 

 

m  

r  

l  

l  

f  

2  

f  

2  

i

L
I  

m  

r  

w  

a  

l  

T  

o  

h  

c  

l  

i  

o  

e  

t  

o  

b  

n
 

o  

d  

d  

l  

t  

T
T  

f
t  

D
ow

nloaded from
 https://academ

ic.oup.com
/bbb/article/89/6/876/8064773 by M

assey U
niversity user on 26 M

ay 2025
Results 

Analysis of lycopene levels in “Moonglow”
tomatoes 

Peaks of the “Moonglow” tomato c hr omatogr am wer e matc hed 

a gainst av ailable standards of lutein, β-car otene, and all- trans- 
l ycopene ( Figur e S1 ). “Moonglow” tomatoes ar e ric h in tetr a- cis - 
lycopene isomers. Other than the tetra- cis , ph ytoene, ph ytofluene,
and carotene were identified based on the unique carotenoid 

profile of tangerine tomatoes . T heir identification was confirmed 

using their specific spectral characteristics, with phytoene ex- 
hibiting a maximum absorption at 286 nm and phytofluene at 
348 nm and carotenes at 400 nm, as pr e viousl y described in 

the liter atur e (Britton, Liaaen-Jensen and Pfander 1994 ; Coop- 
erstone, Fr ancis and Sc hwartz 2016 ) ( Figures S2 and S 3 and 

Table S2 ). Smaller amounts of other- cis and all- trans -lycopene 
were identified and quantified by using the all- trans- calibration 

curve as discussed in other studies (Moraru and Lee 2005 ; Ishida 
2007 ). The total lycopene content in fresh “Moonglow” toma- 
toes was measured at 6.76 mg/100 g fresh weight (FW), consist- 
ing of tetra- cis lycopene (6.57 mg/100 g FW), all-trans lycopene 
(0.03 mg/100 g FW), and other cis - isomers (0.16 mg/100 g FW). In 

the freeze-dried “Moonglow” tomatoes, the total lycopene content 
was 4.06 mg/100 g freeze-dried weight (FDW), comprising tetra- cis 
lycopene (3.94 mg/100 g FDW), all-trans lycopene (0.018 mg/100 g 
FDW), and other cis -isomers (0.096 mg/100 g FDW). T hus , the 
tested “Moonglow” tomatoes contained > 97% lycopene in its cis - 
isomeric form. 

Dose-dependent plasma and li v er lycopene 

concentr a tions 

Plasma lycopene concentrations at low, mid, and high doses were 
0.06, 0.60, and 1.87 μmol/L r espectiv el y, and the values were signif- 
icantl y differ ent ( P < .05). Among total l ycopene in high doses, 96% 

was in the form of tetra- cis- whereas 3.4% was from all- trans- and 

other- cis - isomers. In contrast to plasma, liver accumulated much 

higher quantities of lycopene in all- trans- and cis - isomeric forms 
(Table 2 ). The total lycopene concentrations in the liver were 1.59,
15.6, and 121.9 μmol/kg for low, mid, and high doses r espectiv el y.
Liv er l ycopene also sho w ed a dose response pattern with increas- 
ing dose. Liver contained more than 70% of lycopene in cis - iso- 
eric forms (tetra- cis- and other- cis- ) from all 3 doses, with the
emainder being all- trans- . The proportion of cis - isomers in the
iv er incr eased significantl y ( P < .05) with the increase in dietary
ycopene intake. Total cis -lycopene concentration was 75% for rats
ed 0.05 mg/kg, 84% for rats fed 0.35 mg/kg, and 90% for those fed
.6 mg/kg. The all- trans- l ycopene concentr ation was 25% for rats
ed 0.05 mg/kg, 16% for rats fed 0.35 mg/kg, and 10% for those fed
.6 mg/kg (Table 2 ). Plasma and liver chromatograms are provided
n Figure S4 a and b, respectively. 

ycopene excretion 

n this study, we noticed that the high-dose rats failed to eat the
ajority of their dose on day 1. This could be due to rats’ natu-

al inclination to not fully consume a new feed. To be consistent
ith all 3 groups, the day 1 data were excluded from all 3 doses
nd only day 2-5 data were considered during the calculation of
 ycopene r etention. Minimal l ycopene was excr eted in the urine.
he majority of lycopene was found in feces where the means
ver 4 days were 10.6, 70.7, and 635.4 nmol/day for low, mid, and
igh doses, r espectiv el y (Table 3 ). The amount of lycopene in fe-
es and urine as a proportion of rats’ daily intake was also calcu-
ated (Table 3 ). Lycopene in feces as a percentage of daily intake
ncr eased ov er time in all 3 doses . T he mean amount of lycopene
ver time was significantly different amongst the 3 doses. At the
nd of the study period, 43%-53% of l ycopene fr om r ats’ dail y in-
ake was found in feces in all 3 doses (Table 3 ). Mean fecal r ecov ery
f lycopene as a percentage of dose was not significantly different
etween the 3 doses and this suggests that regardless of the dose,
early half of the administered lycopene was recovered in feces. 

Only minute amounts of lycopene were detected in the urine
f all doses . T he amount of lycopene in urine as a proportion of
aily intake was 1.2%, 0.19%, and 0.03% for low, mid, and high
oses, r espectiv el y. In contr ast to the feces, the mean amount of
 ycopene ov er time was not significantl y differ ent in urine among
he 3 doses, although the values did increase with increasing dose.

ime-course of lycopene accumulation in rats 

his study was designed to e v aluate the time-course of a daily
eeding of mid-dose (0.35 mg/kg BW) of “Moonglow” tomato on 

otal lycopene concentration in plasma and liver, over 5 con-

https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf027#supplementary-data
https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf027#supplementary-data
https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf027#supplementary-data
https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf027#supplementary-data
https://academic.oup.com/bbb/article-lookup/doi/10.1093/bbb/zbaf027#supplementary-data
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Table 4. Lycopene isomer composition after “Moonglow” tomato supplementation, in rats.1 

Day Plasma ( μmol/L) Li v er ( μmol/kg) 

Cis- isomers All- trans- isomers Cis- isomers All- trans- isomers 

1 0.13 ± 0.01 c n.d. 2.68 ± 0.29 c 0.56 ± 0.06 b 

2 0.31 ± 0.06 b n.d. 6.24 ± 0.96 bc 1.71 ± 0.42 ab 

3 0.35 ± 0.04 b n.d. 8.33 ± 1.62 b 1.39 ± 0.30 ab 

4 0.42 ± 0.02 ab n.d. 13.27 ± 0.65 a 2.27 ± 0.34 a 

5 0.60 ± 0.02 a n.d. 13.15 ± 1.02 a 2.42 ± 0.50 a 

1 Values are means ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA and post-hoc Tuk e y tests. Data with different superscript letters (a,b,c) 
within each column are statistically significantly different at P < .05. n.d. indicates not detected. 

Table 5. Lycopene retention after “Moonglow” tomato supplementation, in rats.1 

Day Lycopene retention in the 
body (nmol) 2 

Lycopene retention in the 
li v er (nmol) 3 

Percent lycopene retention 
in the body 4 

1 93.7 ± 15.00 e 9.023 ± 1.85 c 9.81 ± 2.77 
2 268.65 ± 24.20 d 21.32 ± 3.01 b 7.85 ± 0.46 
3 422.87 ± 12.66 c 26.99 ± 5.62 ab 6.34 ± 1.19 
4 591.34 ± 22.39 b 40.98 ± 1.51 a 6.94 ± 0.23 
5 732.59 ± 2.08 a 43.84 ± 3.95 a 5.98 ± 0.53 

1 Values are mean ± SEM, n = 3. Statistical analysis was performed using one-way ANOVA and post-hoc Tuk e y tests. Data with different superscript letters (a,b,c) 
within each column are statistically significantly different at P < .05. 2 Lycopene retention in the body is the difference between daily dose of lycopene (ie lycopene 
intake) and the amount of l ycopene pr esent in feces. 3 Lycopene retention in the liver is the amount of l ycopene measur ed in the liver. 4 P er cent l ycopene r etention 
in the body is the ratio between lycopene retention in the body and the lycopene in the liver. 
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ecutive da ys . Plasma l ycopene concentr ation incr eased signif-
cantl y thr ough the 5-day supplementation period and did not
 eac h a plateau. Lycopene accumulated significantly in the liv-
rs of rats over time up to day 4 and then r eac hed a steady-state
e v el ( P < .05). Onl y tetr a- cis -l ycopene was detected in the plasma
ac h day. Liv er accum ulated both cis- and trans- isomers, but ther e
as around 4-6 times more cis- lycopene each day compared to all-

rans - (Table 4 ). 
Since our study 2 e v aluated the time-course of lycopene accu-

ulation, we also calculated the amount of l ycopene r etained in
he body at each time point following supplementation of mid-
ose and the liver accumulation of retained lycopene (Table 5 ).
etention of lycopene was calculated each day using the differ-
nce between accumulated daily dose of lycopene fed to rats and
he total amount excreted in feces and urine. Amount of lycopene
etained in the body was significantly increased with the time. Per-
ent l ycopene accum ulation in the liv er did not significantl y differ
hroughout the study period (Table 5 ). 

iscussion 

s hypothesized, our mid-dose (0.35 mg/kg BW) resulted in a
lasma concentration of 0.42 μmol/L after only 4 days of feeding,
hich is similar to the reported physiological beneficial concen-

ration in humans (Walfisch et al. 2003 ; Fielding et al. 2005 ; Mack-
nnon 2011 ; Hanson et al. 2018 ). Our results also sho w ed a clear
ose-response of plasma and liver lycopene when doses increased
rom 0.05 to 2.6 mg/kg body weight. Liver lycopene accumulation
as significantly higher ( P < .05) at high doses than other 2 doses.
he 3 doses used in this study ac hie v ed se v er al fold higher plasma
nd liv er l ycopene concentr ations within a 5-day period compared
o similar rat studies with lycopene in all- trans -isomeric form.
or example, the mid-dose of “Moonglow” ac hie v ed a cis- l ycopene
lasma concentration after 5 days comparable to that measured

n a similar time frame with a 70-fold higher dose of all- trans - (Za-
ipheh et al . 2003 ). Similarly, the mid-dose of “Moonglow” after 5
ays ac hie v ed a cis- l ycopene concentr ation in liv er compar able to
hat measured in rats fed 14-fold (Boileau et al . 2000 ) and 13-fold
Ferr eir a et al. 2000 ) higher amounts of all- trans- for 8-9 weeks. This
as somewhat expected, as cis -lycopene has been shown to be
 ppr oximatel y 8.5 times mor e bioav ailable than all- trans- (Coop-
rstone 2015 ). 

Existing r esearc h suggests that ther e is no significant differ-
nce between cis - and tr ans-l ycopene isomers in delivering over-
ll health benefits. Both isomers have been shown to contribute
o reduced o xidati ve stress and impro ved cardio vascular health
Shi and Maguer 2000 ). Ho w ever, some recent studies suggest ele-
 ated plasma le v els of cis -l ycopene hav e been associated with en-
anced endothelial function and a decreased risk of cardiovascu-

ar diseases (Gajendr a gadkar 2014 ). Furthermor e, the antioxidant
roperties of cis- lycopene may contribute to cancer prevention,

ncluding the inhibition of prostate cancer cell gr owth (Holza pfel
013 ), and offer impr ov ed pr otection a gainst UV dama ge, helping
o reduce the likelihood of sunburn (Stahl and Sies 2012 ). 

The main objectives of the present study were to identify the
aily dose of lycopene from “Moonglow” tomatoes and the time
eriod r equir ed to ac hie v e a physiologicall y r ele v ant le v el of l y-
opene in the plasma and to determine whether the cis- and
rans- isomer ratios were altered after digestion, absorption, and

etabolism in rats . T his study was part of a larger trial e v aluat-
ng the effects of lycopene on bone loss using an ovariectomized
OVX) rat model. Female rats were specifically chosen because
hey are essential for the OVX model, which accurately mimics
ostmenopausal conditions. While ferrets are considered suitable
odels for car otenoid absor ption studies due to their physiolog-

cal similarities to humans in carotenoid metabolism (Lee et al.
999 ), they are not established models for studying bone-related
iseases such as osteoporosis (Jee and Yao 2001 ). Mor eov er, pr acti-
al considerations such as availability , manageability , and afford-
bility often influence the selection of animal models, further sup-
orting the use of rats in this study (Lee 1999 ). 

Se v er al r at studies hav e demonstr ated that plasma l ycopene
oncentrations in rats are similar to those observed in human
rials (Boileau, Clinton and Erdman Jr 2000 ; Ferr eir a et al. 2000 ,
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Boileau and Erdman Jr 2002 ). Inter estingl y, the plasma lycopene 
ac hie v ed in our study was similar to the reported human studies 
e v en at the low dose of feeding (Gerster 1997 ; Mackinnon 2011 ).
The isomeric composition of lycopene differed in plasma and the 
liver of rats supplemented with “Moonglow” tomato powder for 
5 da ys . T he pr oportions of cis -l ycopene in the liv er after 5 days of
“Moonglo w” feeding w ere 75%, 84%, and 90% for lo w, mid, and high 

doses, r espectiv el y. These percenta ges matc hed a r ecent finding 
where feeding cis - isomers of lycopene at a dose of 5 or 10 mg/kg 
BW of mice produced 81.6% or 81.0% of total cis - isomers and 

18.4% or 19.0% all- trans- lycopene in the liver after 4 weeks of sup- 
plementation (Honda et al. 2020 ). This study further sho w ed that 
the feeding of a diet rich in cis - isomers could produce 3 times 
higher le v els of total l ycopene in the liv er compar ed to all- trans - 
lycopene. It suggests that the consumption of cis - isomers will en- 
hance l ycopene accum ulation in the liv er. Lycopene absor ption 

from dietary sources is limited (10%-30%), leaving over 70% un- 
absorbed (Stahl and Sies 1992 ). The higher bioavailability of cis - 
isomers becomes significant, enabling mor e effectiv e uptake de- 
spite absorption constraints. While their functional benefits are 
similar, the greater bioavailability of cis - isomers supports their 
prioritization in dietary sources to ac hie v e optimal tissue le v els.
For lycopene to exert its health benefits, it must be released from 

the food matrix and solubilized into mixed micelles before absorp- 
tion (Cooperstone 2015 ). Cis - isomers, being less prone to crystal- 
lization, more soluble in oil, and pr efer entiall y micellarized, ar e 
absorbed more efficiently by intestinal cells (Ishida 2007 ; Cooper- 
stone 2015 ). This structural advantage enhances the bioavailabil- 
ity and distribution of cis -lycopene across tissues (Cooperstone 
2015 ). 

Despite the “Moonglow” tomato containing 97% of lycopene in 

cis - isomeric form, 10%-25% of lycopene accumulated in the liver 
was all- trans - regardless of dose. In the single compar ativ e study 
available assessing the isomeric composition of lycopene in diet vs 
li ver, intak e of lycopene with 97% cis - isomers similarly resulted in 

liv er l ycopene of 81% cis - and 19% all- trans - isomers (Honda 2020 ).
Part of the reason could be that a diet high in cis -lycopene may 
lead to its conversion into more stable isomeric forms, such all- 
trans - or 5- cis -lycopene, during absorption (Richelle 2012 ; Honda 
2020 ). Another possible explanation is that the incor por ation of 
fat into the diet can increase the absorption of all- trans - lycopene 
to the body. In our stud y, pean ut butter was used as a source of fat 
containing a high amount of unsaturated fatty acids which can be 
pr efer abl y incor por ated into lipopr oteins (Roodenbur g et al. 2000 ; 
Unlu 2007 ). Ther efor e, it possibl y could facilitate the absor ption of 
all- trans - lycopene. Further, the metabolism of lycopene isomers 
into a po-l ycopenals in the liv er also could c hange the isomeric 
composition in the liver (Gajic et al. 2006 ). We did not measure 
l ycopene metabolites, whic h was a limitation of this study. 

Lycopene excretion has been shown to occur mainly through 

feces while only a minute amount is eliminated in the urine (Za- 
ripheh 2003 ). Minute amounts of some carotenoids absorbed after 
digestion could also be excr eted thr ough sloughing of keratinized 

skin cells and expired air (Olson 1994 ). The percentage of admin- 
istered doses found in urine sho w ed an inverse relationship with 

the doses; ho w e v er, the concentr ation of l ycopene in urine did not 
differ significantly between groups and the amount of lycopene 
excreted by this route was minimal. The 3 doses used in our study 
did not show significant differences in the proportions excreted 

fr om eac h dose. Similarl y, r ats fed l ycopene at 0.2 and 2 mg/kg 
BW sho w ed no significant differences in the amounts r ecov er ed 

in feces (McClain and Bausch 2003 ). We chose our 3 doses based 

on the reported bioavailability of cis- lycopene, and therefore our 
elected doses were several times lo w er than reported doses in
he liter atur e that hav e shown dose-dependent satur ation (Stahl
nd Sies 1992 ; Diw adkar-Navsariw ala et al. 2003 ). Mor eov er, inde-
endent of the dose administer ed, l ycopene accum ulation can be
ery specific to the subjects tested. For instance, regardless of the
ose, ther e ar e some people who ar e high accum ulators while oth-
rs are low accumulators of lycopene, and this may be true in rats
s well. Ther efor e, inter-individual v ariation may affect l ycopene
bsorption in the body (Diw adkar-Navsariw ala 2003 ). Lycopene in
rine was minimal ov er all. The amount of lycopene in urine did
ot differ between lycopene doses, but the proportion of lycopene
oses excreted in urine was significantl y r educed with the high
 ycopene dose compar ed to the lo w er doses . T his ma y reflect the
act that we measured total lycopene recovered in urine but not
he metabolites of lycopene. Lycopene is rapidly metabolized into 
olar metabolites and these are excreted in urine (Ross et al. 2011 ).
t is likely that the high dose of lycopene resulted in more lycopene

etabolic products in the urine, and this may be of interest in fu-
ure to explore. 

We observed that total lycopene accumulation increased in 

oth plasma and liv er dail y ov er time. Liv er l ycopene r eac hed a
lateau after 4 days of feeding whereas plasma lycopene contin-
ed to rise . P orrini et al . studied the absorption of lycopene in hu-
ans fr om dail y intake of r aw tomatoes containing 16.5 mg ly-

opene for 9 days and sho w ed a steady daily increase of plasma
ycopene up to day 7 when it peaked at ∼0.58 μmol/L, after which
t declined (Porrini, Riso and Testolin 1998 ); in comparison, plasma
 ycopene concentr ation in our mid-dose r ats was 0.6 μmol/L on
a y 5. T hese concentr ations ar e similar enough, and thus it is

ikely that a longer feeding period would not have achieved a sig-
ificant increase in plasma lycopene in the rats. In other studies,
lasma lycopene was found to stabilize at 0.58-0.72 μmol/L in ger-
ils fed 20 mg/kg BW lycopene for 20 days (Huang, Chuang and
u 2006 ), at 0.78-0.98 μmol/L in dogs fed 30 mg/kg BW all- trans-

ycopene for 28 da ys (K orytko et al. 2003 ), and at 0.602 μmol/L in
ostmenopausal women supplemented with 30 mg lycopene per 
ay for 4 months (Mackinnon 2011 ). Another human trial found
lasma lycopene plateaued at 0.75 μmol/L after 2 weeks of sup-
lementation of lycopene at 25 mg/day (Richelle et al. 2002 ). 

This is the first report on the daily accumulation of lycopene
n the liver in any animal model. We found that lycopene stored
n the liver increased daily until day 4, at which point the lev-
ls plateaued. Appr oximatel y 6%-8% of the l ycopene r etained in
he body was present in the liver each day for 5 days of cis -
 ycopene ric h “Moonglow” tomato feeding. In mice given dose-

atched supplementation with cis - isomers of lycopene vs all-
rans - for 4 weeks, the former resulted in 3-fold more liver ly-
opene, attributed to its higher bioavailability (Honda 2020 ). It is
hus likely that consumption of “Moonglow” tomato compared to 
ed tomato would result in higher liver stores and greater health
enefits. 

In conclusion, this study shows that lycopene from “Moonglow”
omatoes is highly bioavailable and even low doses result in mea-
ur able l ycopene isomers in plasma and liver. For the first time,
e report daily lycopene accumulation in the liver of rats follow-

ng intake of cis- isomers from “Moonglow” tomato, with nearly 
%-8% of the lycopene retained in the body being present in the
iver on each day of feeding. Based on these results, we conclude
hat consumption of e v en small amounts of “Moonglow” toma-
oes by humans is likely to result in beneficial plasma levels of ly-
opene. In future animal model and human intervention studies,
oth absorption kinetics and the health benefits of cis- lycopene
hould be examined. It will also be of interest to carry out direct
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omparisons between red and “Moonglow” tomatoes deliv er ed in
atching formats and doses. 

upplementary material 
upplementary material is available at Bioscience, Biotechnology,
nd Biochemistry online. 
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