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Lycopene supplementation of maternal and weanling high-fat diets
influences adipose tissue development and metabolic outcomes of
Sprague-Dawley offspring
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Abstract
Dietary patterns high in fat contribute to the onset of cardiometabolic disease through the accrual of adipose tissue (AT). Lycopene, a carotenoid shown to
exert multiple health bene� ts, may disrupt these metabolic perturbations. The purpose of the present study was to evaluate AT development and obesity-
associated metabolic outcomes in the neonate and weanling offspring of Sprague-Dawley mothers fed a high-fat diet (HFD = 50 % fat) with and without
lycopene supplementation. Sprague-Dawley rats consumed either a normal fat diet (NFD; 25 % fat) or HFD throughout gestation. Upon delivery, half of
HFD mothers were transitioned to an HFD supplemented with 1 % lycopene (HFDL). At postnatal day 14 (P14), P25, and P35, pups were euthanised,
body weight was recorded, and visceral white AT (WAT) and brown AT (BAT) mass were determined. Serum redox status, adipokines, glucose and in� am-
matory biomarkers were evaluated, as well as BAT mRNA expression of uncoupling protein 1 (UCP1). The HFD was effective in inducing weight gain as
evident by signi� cantly greater BW and WAT in the HFD group compared to the NFD group across all time points. Compared to HFD, the HFDL group
exhibited signi� cantly greater BAT with concomitant reductions in WAT mass, serum lipid peroxides and serum glucose. No signi� cant differences were
observed in serum adipokines, in� ammatory markers or UCP1 expression despite the aforementioned alterations in AT development. Results suggest that
dietary lycopene supplementation may in� uence metabolic outcomes during the weaning and post-weaning periods. Additional research is warranted to
elucidate molecular mechanisms by which lycopene in� uences AT biology.
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Introduction

With the rising prevalence of obesity, it is no surprise that
approximately 50 % of women enter pregnancy while overweight
or obese(1). The increased risk for adverse pregnancy outcomes is
further compounded by the likelihood of these individuals to
exceed gestational weight gain recommendations. Collectively,
this excess adiposity during pregnancy has both short- and long-
term implications for the developing foetus including increased
birth weight and cardiometabolic disease risk(2,3).

Maternal obesity and excess pregnancy weight gain promote
increased white adipose tissue (WAT) stores in offspring(3).

Although previously considered benign, it is now well estab-
lished that WAT is a metabolically dynamic organ(4). The
endocrine function of WAT contributes to cardiometabolic
disease onset through its disruption of metabolic homeostasis,
including redox and in� ammatory imbalance, as well as altera-
tions in adipokine secretion and glucose dynamics. Humans
also possess variable amounts of the thermogenic brown adi-
pose tissue (BAT). While WAT and BAT share general prop-
erties, including their heterogeneous compositions and high
levels of vascularisation and innervation, they are distinct in
their metabolic regulation and, thus, in� uence on human

Abbreviations:AT: adipose tissue; BAT: brown adipose tissue; BW: body weight; HFD: high-fat diet; HFDL: HFD supplemented with 1% lycopene; NFD: normal fat diet;
WAT: white adipose tissue; UCP1: uncoupling protein 1; Adiposity Index (AI); Malondialdehyde (MDA); Antioxidant Capacity (AC)
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health(5). BAT is unique with its dense mitochondrial make-up
and expression of uncoupling protein 1 (UCP1), enabling it to
uncouple oxidative phosphorylation and dissipate energy as
heat through a process known as adaptive thermogenesis(6).
Accordingly, these thermogenic cells have a high nutrient con-
sumption paired with an elevated energy expenditure, resulting
in increased whole-body energy expenditure with the potential
for reduced body weight (BW) and WAT accrual. Taken col-
lectively, the metabolic perturbations of an obese pregnancy
may be counterbalanced by the metabolic bene� ts of BAT.

The development of BAT is heightened in the foetus
because of its role in the physiological adaptations that accom-
pany the transition from an intra- to extrauterine environ-
ment(7,8). For example, large depots of BAT present in the
interscapular region of newborns support the maintenance
of core body temperature. BAT present at birth can increase
in mass via hyperplasia or hypertrophy throughout early life,
owing to its unique thermogenic genetic signature that is sus-
ceptible to epigenetic programming. However, without the
appropriate stimuli to promote maintenance and/or initiate
continued development, BAT stores will gradually decline
with ageing. Previous research suggests that a greater BAT
depot at birth is associated with reduced body fat gain during
early life, equating to an attenuated child and adulthood obes-
ity risk(9). As such, investigating nutritional strategies to
increase BAT development in the neonate and to preserve
this tissue throughout development is critical.

Carotenoids are a class of lipid-soluble compounds found
predominantly in fruits and vegetables(10). A subset of carote-
noids has been demonstrated to metabolically activate adaptive
thermogenesis. For example,� -carotene,� -carotene and lutein
dose-dependently upregulate UCP1 expression in primary
mouse brown adipocytes(11). Previous research also suggests
that the vitamin A derivative retinoic acid increases UCP1
expression in BAT and augments its thermogenic capabilities
in both in vitrocell cultures andin vivoanimal models(12,13).
Acknowledging the emerging role of carotenoids in adaptive
thermogenesis, continued investigation of other compounds
within this family is warranted.

Lycopene, a potent antioxidant with singlet oxygen quench-
ing abilities, is a carotenoid found most concentrated in toma-
toes, tomato products and watermelon(14). This carotenoid has
been shown to exert multiple health bene� ts, including antioxi-
dant and anti-in� ammatory functionality, as well as improve-
ments in glucose dynamics and adiposity(15–18). It is
unknown, however, whether lycopene metabolically activates
adaptive thermogenesis like other carotenoids and, thus, dis-
rupts the ensuing dysfunction of an excessive energy burden
during pregnancy. Additionally, the antioxidant properties of
lycopene are well established with its direct ingestion; yet, its
ability to impact metabolic health when consumed indirectly
during critical phases of development remains to be elucidated.
As such, the aim of the present study was to determine the
in� uence of lycopene supplementation on adipose tissue
(AT) development and a range of obesity-associated metabolic
outcomes, including serum redox status, adipokines, glucose
and in� ammatory cytokines, in the neonate and weanling off-
spring of Sprague-Dawley mothers fed a high-fat diet. It was

hypothesised that lycopene supplementation would bene� cially
alter WAT and BAT development in offspring while concur-
rently improving circulating measures of metabolic health.

Materials and methods

Experimental animals and study design

Timed-pregnant Sprague-Dawley rats were purchased from
Charles River (Wilmington, MA, USA). Animals arrived on
their second day of gestation and were individually housed
under controlled conditions (23 ± 1 °C, 12-12 h light-dark
cycle) with free access to food and water. All procedures
were compliant with the Guide for the Care and Use of
Laboratory Animals and approved by the Institutional
Animal Care and Use Committee (IACUC) of The
University of Alabama (Tuscaloosa, AL, USA) (Fig. 1).

Following a 3-d acclimation period, animals were rando-
mised to a 25 % kcal from fat puri� ed diet (normal fat diet,
NFD) or a 50 % kcal from fat puri� ed diet (high-fat diet,
HFD) for the remainder of gestation (Research Diets, New
Brunswick, NJ, USA) (Table 1). Animals were monitored
daily, and the day of parturition was de� ned as postnatal day
0 (P0). Upon delivery of pups, half of the HFD group mothers
were transitioned to an HFD supplemented with 1 % lycopene
(HFDL; LycoVit® dispersion 10 %, BASF North America,
Florham Park, NJ, USA). The others continued NFD or
HFD without lycopene supplementation through P25. This
dose was determined by previous studies showing no evidence
of toxicity in rats that were supplemented with 1 % lycopene
for up to 90 d(19). Beginning at P25, the pups were fully
weaned, transferred to individual cages, and directly fed the
diets of their respective mothers until study completion on
P35. Diets were replaced daily throughout the study, and
food consumption was determined at the time of change.
The amount of lycopene ingested was calculated from daily
food consumption.

Collection and preparation of samples

At P14, P25 and P35, pups from each group were euthanised
via carbon dioxide inhalation and cervical dislocation with BW
recorded (P14 = four pups; P25 = four pups; P35 = three
pups). Blood collected from the vena cava was centrifuged,
and the obtained serum was stored at� 80 °C until analysis.
Visceral WAT and interscapular BAT were harvested,
weighed, and snap-frozen in liquid nitrogen for storage at
� 80 °C. The adiposity index (AI) was determined as the
ratio of visceral WAT mass to BW at all time points(20).

Serum and tissue analysis

Serum lycopene analysis.All reagents and solvents for
methods described herein were purchased through Sigma-
Aldrich (St. Louis, MO, USA) and VWR (Atlanta, GA, USA).
Serum lycopene extraction was conducted according to a
previously validated procedure(21). Chromatographic separation
was carried out on serum samples collected from P14, P25,
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