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Abstract
Carotene-15,15'-monooxygenase (CMO-I) cleaves β-carotene to form vitamin A while
carotene-9’,10’-monooxygenase (CMO-II) preferentially cleaves non-provitamin A carotenoids.
Recent reports indicate that beta-carotene metabolites regulate dietary lipid uptake while lycopene
regulates peroxisome-proliferated activator receptor (PPAR) expression. To determine the
physiologic consequences of carotenoids and their interactions with CMO-I and CMO-II, we
characterized mammalian carotenoid metabolism, metabolic perturbations and lipid metabolism in
female CMO-I−/− and CMO-II−/− mice fed lycopene or tomato-containing diets for 30 days. We
hypothesized that there would be significant interactions between diet and genotype on carotenoid
accumulation and lipid parameters. CMO-I−/− mice had higher levels of leptin, insulin and hepatic
lipidosis, but lower levels of serum cholesterol. CMO-II−/− mice had increased tissue lycopene and
phytofluene accumulation, reduced IGF-1 levels and cholesterol levels, but elevated liver lipids
and cholesterol compared with WT mice. The diets did not modulate these genotypic
perturbations, but lycopene and tomato powder did significantly decrease serum insulin-like
growth factor-I. Tomato powder also reduced hepatic PPAR expression, independent of genotype.
These data point to the pleiotropic actions of CMO-I and CMO-II supporting a strong role of these
proteins in regulating tissue carotenoid accumulation and the lipid metabolic phenotype, as well as
tomato carotenoid-independent regulation of lipid metabolism.

Keywords
Lycopene; phytoene; tomato; lipids; cholesterol; CMO-I; CMO-II; mice

© 2013 Elsevier Inc. All rights reserved
*905 South Goodwin Ave, 445 Bevier Hall, Urbana, IL 61801; jwerdman@illinois.edu, Phone: 217-333-2527, Fax: 217-333-9368.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
The authors have no conflicts of interest to report.

NIH Public Access
Author Manuscript
Nutr Res. Author manuscript; available in PMC 2014 September 01.

Published in final edited form as:
Nutr Res. 2013 September ; 33(9): 733–742. doi:10.1016/j.nutres.2013.07.007.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. Introduction
The most predominant carotenoids found in human serum are β-carotene, α-carotene, β-
cryptoxanthin, lycopene, lutein and zeaxanthin [1]. Carotenoids are derived from a C40
tetraterpene structure and are commonly produced in the photosynthetic and reproductive
tissues of plants and algae. They can be grouped either as hydrocarbon carotenes or their
oxygenated derivatives, the xanthophylls [2]. Consumption of provitamin A carotenoids (β-
carotene, α-carotene, and β-cryptoxanthin) helps to alleviate vitamin A deficiency symptoms
which can progress to blindness, impaired immune function, increased mortality and
numerous other negative health outcomes [2,3,4]. Provitamin A and non-provitamin A
carotenoids (e.g. lycopene, lutein and zeaxanthin) may also have health promoting activities
and have been shown to influence the risk and progression of cancers of the lung, breast,
prostate, cervix and ovary [3].

There are two primary mammalian carotenoid cleavage enzymes. Carotene-15,15’-
monooxygenase (CMO-I) was identified as a cytoplasmic enzyme and is expressed in many
tissues including, but not limited to the liver, kidney, prostate, testis, ovary, colon and
skeletal muscle [5]. Carotene-9’,10’-monooxygenase (CMO-II) is likely responsible for the
asymmetric cleavage of carotenoids (including β-carotene and lycopene [6,7]) whereas
CMO-I cleaves carotenoids at the central carbon double bond and generates two molecules
of retinal from one molecule of β-carotene [7]. The optimal pH for CMO-II activity differs
from CMO-I (8.5 vs. 7.7) and CMO-II is often, though not exclusively, expressed in tissues
lacking CMO-I (spleen, brain, lung and heart [5,7]), which suggests that these enzymes
perform different functions [6]. Moreover, CMO-II was identified as a mitochondrial
enzyme and is thought to protect against oxidative damage caused by excess carotenoid
accumulation [8]. The carotenoid metabolites produced by CMO-I and CMO-II appear to be
biologically active and important for optimal nutrition and human health [9–12].

A crosstalk between lipid homeostatic and carotenoid metabolic pathways has recently
emerged. Previously, it was shown that ablation of CMO-I induced the expression of hepatic
fatty acid oxidase (ACOX1) which catalyzes the first step of beta-oxidation [13]. Loss of
ACOX1 has been shown to induce the expression of peroxisomal proliferator-activated
receptors (PPARs) [14]. PPARs are nuclear receptors that heterodimerize with other nuclear
receptors to alter gene transcription, notably that of a number of lipid metabolic genes [15].
Additionally, a PPAR response element (PPRE) exists in the promoter region of the CMO-I
gene, suggesting that its activity is likely regulated by PPARs [16]. Lycopene feeding in rats
decreases mRNA expression of both CMO-I and PPARγ [17], the latter of which is known
to heterodimerize with retinoid-X-receptor (RXR). The primary ligand for RXRs (9-cis-
retinoic acid) is a metabolite of retinal, which is itself the primary cleavage product of
CMO-I, suggesting that CMO-I status may affect transport, metabolism and adipocyte
uptake of fatty acids [18]. Additionally, CMO-I is necessary for the regulation of scavenger
receptor B type 1 (SR-B1) by β-carotene-derived retinoic acid - consequently, a lack of
CMO-I increases intestinal absorption of cholesterol and other lipids [19]. Not only are the
central cleavage products of carotenoids bioactive, but also several eccentric cleavage
products of β-carotene were recently shown to bind and antagonize the retinoic acid
receptors (α,β,γ) [20,21]. Lastly, the expression of CMO-I or serum β-carotene levels are
inversely associated with diabetes and metabolic syndrome [22,23]. Based on these reports,
it is necessary to determine if lycopene, along with other commonly consumed tomato
carotenoids, has physiologically relevant interactions with CMO-I and CMO-II, and whether
these interactions impact lipid metabolism, homeostasis and signaling pathways.

We hypothesized that diet (tomato powder and lycopene), genotype (CMO-I−/− and CMO-
II−/− mice), and diet by genotype interactions would alter tissue carotenoid concentrations,
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tissue lipids and metabolism, and circulating peptide hormones and adipokines. Therefore,
we evaluated tomato carotenoid (lycopene, phytoene and phytofluene) accumulation and
assessed the impact of carotenoid cleavage enzyme expression (CMO-I and CMO-II) and
the presumable production of carotenoid metabolites on serum and tissue lipids and lipid
metabolism.

2. Methods and Materials
2.1 Study Design

All animal handling procedures were approved by the University of Illinois Institutional
Animal Care and Use Committee. The generation of CMO-I−/− (B6;129S6-Bcmo1tm1Dnp)
and CMO-II−/− (B6;129S6-Bcdo2tm1Dnp) mice has been previously discussed [8,13]. Mice
in this study were bred at the University of Illinois and genomic DNA was used to confirm
genotype, as described previously [24]. Wild-type (WT) C57BL/6 × 129/SvJ F1 mice were
purchased from Jackson Laboratory (Bar Harbor, ME) and were housed at the University of
Illinois and fed rodent chow (Harlan Teklad 8604 unpurified diet) until 7 months of age.
Seven month-old female WT, CMO-I−/− and CMO-II−/− mice were acclimated to a
powdered AIN-93G basal diet for one week prior to randomization onto one of four
experimental diets (n = 10 / group): AIN-93G control, 10% tomato powder, placebo beadlet-
supplemented control, or lycopene beadlet-supplemented. All diets were provided ad libitum
for 30 days. The compositions of the diets used in this work are described in Table 1, similar
to a previous study [24]. The vitamin A level in the diets was slightly reduced to 1,500 IU/
kg diet to ensure adequate carotenoid absorption without resulting in vitamin A deficiency
[19]. As determined by high-performance liquid chromatography (HPLC) analysis, the
tomato powder diet provided 181 ± 42 nmol lycopene, 10.1 nmol phytoene, 2.6 nmol
phytofluene and 0.8 nmol β-carotene per gram diet from drum dried tomato powder
(FutureCeuticals, Momence, IL) and the lycopene diet provided 152 ± 7 nmol lycopene/g
diet from water soluble beadlets (DSM, Basel, Switzerland). Fresh diet was provided every
48 hours and new diets were made monthly and stored in the dark at 4 °C. Mice were
weighed every other day and at the conclusion of the study mice were fasted 4 hours prior to
euthanization by CO2 asphyxiation and cardiac exsanguination. Tissues were either snap
frozen in liquid nitrogen and stored at −80 °C or fixed in formalin prior to paraffin
embedding.

2.2 Carotenoid Analysis
All carotenoid samples were extracted and analyzed under yellow lights and on ice using the
procedure previously described [25,26]. Briefly, ethanol containing 0.01% butylated
hydroxytoluene and potassium hydroxide was added to minced liver or adipose tissue
followed by saponification in a shaking water bath at 60 °C for 30 minutes. Carotenoids
were extracted three times with 6 mL of hexane, dried under reduced pressure (SpeedVac
concentrator, model AES1010, Savant, Milford, MA) and stored with an argon gas
atmosphere to prevent degradation. For analysis, sample extracts were reconstituted in
methyl tert-butyl ether, separated on a reverse-phase C30 HPLC column (4.6 × 150 mm,
3µm; YMC, Wilmington, NC) maintained at 18 °C and carotenoids were detected by a
photodiode array detector (model 2996, Waters, Milford, MA). A phase gradient method
was used for carotenoid separation has been previously described [27]. Standards for
individual carotenoids (lycopene, DSM; phytoene and phytofluene, BASF (Ludwigshafen,
Germany); β-carotene, (Sigma-Aldrich St. Louis, MO) were used for identification by
comparison of elution times and absorption spectra, and quantitation by an external standard
curve method.
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2.3 Serum hormones and growth factors
Fasting blood glucose was measured directly using a Bayer Contour Glucometer (Bayer,
Tarrytown, New York). Fasting serum insulin, leptin and adiponectin concentrations (n ≥ 3
per group) were measured using a Luminex-based LINCOplex bead array assay (Millipore,
Billerica, MA) on a BioRad BioPlex multianalyte detection system (BioRad, Inc., Hercules,
CA). Fasting serum insulin-like growth factor (IGF)-1 (n ≥ 3 per group) was measured using
an ELISA (R&D Systems, Minneapolis, MN) on a Synergy 2 plate reader (BioTek,
Winooski, VT).

2.4 Hepatic Lipids
Total liver lipids were extracted using a modification of the Folch method [28,29]. Briefly,
the liver sample (~0.3 g), n = 10 per group, was homogenized in chloroform: methanol (1:1)
(Fisher Scientific, Pittsburg, PA.) and filtered by gravity. The mixture was washed with
0.29% sodium chloride solution and then centrifuged at 183 x g for 5 min at 25 °C, after
which chloroform was added to further separate lipids. These steps were repeated 2 more
times before samples were dried in a desiccator under reduced pressure for at least 48 hours
and then weighed to determine total lipids.

2.5 Hepatic Pathology
Livers (n = 8 randomly selected per group) were fixed in 10% formalin, transferred to
ethanol after 24 hours and processed into paraffin blocks within a week of study completion.
The embedded tissues were cut into 4-µm slices, mounted on slides and dried in a 60 °C
oven. Slides were then stained using a standard hematoxylin and eosin (H&E) staining
procedure in the Veterinary Medicine Pathology Lab at the University of Illinois at Urbana-
Champaign. The slides were analyzed by a licensed veterinary pathologist from the
Department of Pathobiology at the College of Veterinary Medicine at the University of
Illinois-Urbana/Champaign.

2.6 Serum and Hepatic Cholesterol
Serum and hepatic total cholesterol (n = 10 per group) were analyzed by enzymatic
colorimetric assay (Wako Chemicals USA, Richmond, VA) according to the manufacturer’s
instructions. For hepatic cholesterol analysis, 1 mL of 10% Triton X-100 (Sigma-Aldrich) in
isopropanol (Fisher Scientific) was added to the liver lipid extracts and vortexed briefly
before enzyme addition. Samples were quantitatively analyzed on a µQuant plate reader
(BioTek U.S., Winooski, VT) at 600 nm.

2.7 mRNA Expression
Total RNA was isolated (n = 6 randomly selected per group) by the TRIzol (Invitrogen,
Carlsbad, CA) method as previously described [24]. Concentration and quality of mRNA
was confirmed by gel electrophoresis and spectrophotometry (Nanodrop, Thermo Scientific,
Wilmington, DE). Complementary DNA was synthesized using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA). mRNA expression was
measured by qRT-PCR using TaqMan Primer Probes (Austin, TX) and compared with beta-
actin using the 2−ΔΔCt method. Reactions were monitored by a ViiA 7 thermocycler
(Applied Biosystems, Carlsbad, CA).

2.8 Statistical analyses
Power analyses were conducted on the primary outcomes with an alpha of 0.05 and a power
of 80% to determine the appropriate sample size. Carotenoid accumulation in response to a
tomato powder diet was analyzed by one-way ANOVA followed by Tukey’s post hoc
analysis. All other data was analyzed by 2-way ANOVA followed by Tukey’s post hoc
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analysis using SAS 9.3 (Cary, NC). When assumptions for ANOVA were violated, data
were transformed by natural log. Results were expressed as means ± SD. Statistical
significance was considered to be achieved when P ≤ 0.05.

3. Results
3.1 Differential accumulation of carotenoids in CMO-I−/− mice and CMO-II−/− mice

To confirm previous observations from male mice [24], we analyzed lycopene accumulation
in female mice fed a 10% tomato powder diet for 1 month. Within the perigonadal adipose
tissue, CMO-II−/− mice accumulated significantly more lycopene (0.4 ± 0.08 nmol/g)
relative to WT mice (0.21 ± 0.04 nmol/g; P = 0.03; Figure 1A). Moreover, CMO-II−/− mice
also accumulated significantly more hepatic lycopene (113 ± 32.4 nmol/g) while CMO-I−/−

mice accumulated significantly less total hepatic lycopene (14.4 ± 5.31 nmol/g) relative to
WT mice (59.5 ± 16.4 nmol/g; P < 0.01; Figure 1C). Circulating serum lycopene was not
altered by genotype (Figure 1B).

Because the tomato powder diet contained small amounts of other carotenoids, including
phytoene, phytofluene and β-carotene, serum and tissue levels of these carotenoids were also
measured. For the first time, we report that hepatic accumulation of the lycopene precursor,
phytoene was significantly lower in CMO-I−/− mice relative to WT mice (P < 0.05; Figure
1D). Accumulation of phytoene and phytofluene in serum and adipose tissue was below
detectable limits or not present most likely due to the very low concentrations in the tomato
powder. (data not shown).

3.2 Genetic ablation of CMO-I or CMO-II alters the expression of carotenoid oxygenases in
visceral adipose

CMO-I and CMO-II mRNA were readily detectable in visceral adipose tissue of wild-type
mice (Figure 1E). Additionally, CMO-II expression was significantly greater (P < 0.01) in
CMO-I−/− mice while CMO-I expression was significantly reduced (P < 0.01) in CMO-II−/−

mice relative to wild-type mice. The tomato powder and lycopene diets did not significantly
impact the expression of CMO-I or CMO-II in WT, CMO-I−/− or CMO-II−/− mice.

3.3 CMO-II−/− mice have altered body and organ weights
As an indicator of obesity and metabolic alterations, mice were weighed throughout the
study and organ weights were recorded at euthanization. CMO-II−/− mice were significantly
smaller than WT mice and CMO-I−/− mice (P <0.01; Figure 2A), and visceral gonadal
adipose weights, as a percentage of total body weight, were smaller in CMO-II−/− mice
relative to WT mice (P < 0.02; Figure 1C). In contrast, CMO-II−/− mice had significantly
larger livers, as a percentage of total body weight, relative to WT mice (P <0.01; Figure 1B).
Consumption of tomato or lycopene diets did not affect body, visceral adipose tissue or liver
weights relative to control fed mice. Additionally, the diets and genotype did not alter other
organ weights (kidney, spleen or retroperitoneal adipose), as a percentage of total body
weight. Total body fat and lean body mass were not measured in this study.

3.4 Serum hormones, growth factors and cholesterol are altered by carotenoid
consumption and expression of CMO-I and CMO-II

To investigate the physiological impacts of dietary carotenoids and carotenoid metabolizing
enzyme genotypes on serum indicators of metabolic perturbations, numerous assays were
performed. CMO-I−/− mice have significantly elevated levels of fasting insulin (P = 0.03)
and leptin, (P = 0.04) but reduced levels of fasting serum cholesterol (P < 0.01) relative to
WT mice (Figure 3B,C,F). CMO-II−/− mice also had reduced serum cholesterol (P < 0.01)
and IGF-1 (P < 0.01) levels relative to WT mice (Figure 3E,F). There were no significant
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effects of CMO-I or CMO-II expression on fasting serum glucose or adiponectin (Figure
3A,D).

Consumption of the tomato powder diet or lycopene diet did not affect serum glucose,
insulin, leptin, adiponectin or cholesterol levels. In contrast, both the tomato powder and
lycopene beadlet diets significantly reduced serum levels of IGF-1 (P = 0.04; Figure 3E),
independently of genotype.

3.5 Hepatic perturbations in CMO-I−/−and CMO-II−/− mice fed tomato powder or lycopene
diets

Due to previous reports of hepatic lipid changes in CMO-I−/− and CMO-II−/− male mice
[8,13], we investigated the effects of genotype and diet on hepatic lipid accumulation
parameters in female mice (Figure 4). CMO-II−/− mice accumulated significantly more
hepatic cholesterol (P = 0.03; Figure 4A) and total lipids (P = 0.04; Figure 4B) compared
with WT mice. Diet did not significantly alter either of these parameters. Veterinary
pathological assessment indicated hepatic lipidosis was evident in 25% of CMO-I−/−mice
(Figure 4C), but not in livers from CMO-II −/−or WT mice. Carotenoid-containing diets did
not alter the incidence of hepatic lipidosis in any of the mouse models. Lastly, we
investigated the impact of CMO-I and CMO-II expression and carotenoid consumption on
the expression of fatty acid oxidase I (ACOX1), the enzyme catalyzing the first step of beta-
oxidation, and key lipid-related transcription factors, PPAR-α and PPAR-γ (Figure 4D, E).
Although genotype did not impact the expression of these three genes, expression of hepatic
PPAR-a and PPAR-γwas significantly increased by the tomato powder diet (P = 0.01, P <
0.01, respectively) relative to the control diets in all genotypes. Diet did not significantly
impact ACOX1 mRNA expression.

3.6 Inflammatory gene expression in adipose tissue is not altered by diet or genotype
Despite metabolic changes in lipid metabolism observed in serum and liver tissue in
response to consumption of tomato carotenoids or expression of CMO-I and CMO-II, the
expression of inflammatory genes (Ccl2, Emr1, Tnfa or Il6) and PPAR-γ or downstream
target FABP4 was not significantly altered in perigonadal adipose tissue from CMO-I−/−,
CMO-II−/− or WT mice (Figure 5).

4. Discussion
CMO-I is known to produce vitamin A from some carotenes by central cleavage [4], while
CMO-II asymmetrically cleaves many carotenoids to produce metabolites, some of which
are bioactive [7,12,20,30]. However, recent evidence suggests CMO-I and CMO-II may
have other functions that extend beyond carotenoid metabolism [13,16,18,19]. Our findings
support the following hypotheses which were to further characterize carotenoid metabolism
in female mice fed a tomato powder or lycopene-supplemented diets, to identify any
physiologic consequences of cross-talk between expression of the CMO enzymes and lipid
metabolism, and to test if feeding tomato powder or lycopene could mitigate changes in
metabolism or lipid homeostasis.

Tomato carotenoid accumulation was investigated in CMO-I−/− and CMO-II−/− mice and in
agreement with previous findings in male CMO-II−/− mice [24], female CMO-II−/− mice
preferentially accumulate lycopene in perigonadal adipose and liver tissue, again suggesting
that lycopene is either a substrate for CMO-II activity or CMO-II inhibits lycopene uptake
and accumulation at the tissue level. Moreover, CMO-I−/− mice accumulated significantly
less lycopene in liver tissue, potentially due to increased CMO-II expression and therefore
cleavage activity; this effect has been previously shown in other tissues [24]. We report that
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accumulation of the colorless carotenoid precursor to lycopene, phytoene, is also
significantly reduced in liver tissue of CMO-I−/− mice, possibly due to alterations in uptake,
metabolism or storage of phytoene in this mouse model. Therefore, the potential differential
production of phytoene metabolites between these mouse models may explain some of the
differential effects between lycopene and tomato powder (PPAR-α and PPAR- γ).
Consumption of the lycopene beadlet diet produced different metabolic changes relative to
the tomato powder diet suggesting that other components of the tomato powder – such as
phytoene – may be bioactive. Together, these data offer insight into additional functions of
carotenoid oxygenases and may point to the production of unidentified and potentially
bioactive phytoene or lycopene metabolites.

The lycopene and tomato powder diets both reduced fasting serum IGF-1 levels in all three
models, suggesting that the effect can be attributed to intact lycopene, rather than other
components of tomato powder or carotenoid metabolites of CMO-I or CMO-II cleavage.
This finding is particularly intriguing because IGF-1 is esponsible for signaling growth and
proliferation through the mammalian target of rapamycin (mTOR) pathway, and controls
cardiac growth, promotes myocardial contractility and alters growth of the vascular system.
Together these pathways influence risk for cancers and cardiovascular disease [12,31]. The
positive relationship between serum IGF-1 levels and prostate cancer risk [12] and IGF-1
levels and chronic heart failure have been demonstrated [31]. The tomato powder diet also
caused up regulation of PPAR-α and PPAR-γ expression, independent of genotype. Known
endogenous ligands of PPARs include free fatty acids and eicosanoids, and more
specifically PPAR-γ is activated by PGJ2 (a prostaglandin) and PPAR-α is activated by a
subset of leukotrienes. PPAR agonists [32] are used for the control of serum lipids (PPAR-
α) and regulation of blood glucose (PPAR-γ) therefore consuming tomatoes may be a
dietary approach to assist in the control of risk factors for diabetes, metabolic syndrome and
coronary diseases.

Interactions between lipid and carotenoid metabolic pathways are plausible for several
reasons. Firstly, PPAR-γ and RXR heterodimerize and binds with the peroxisome
proliferators response element (PPRE) in the promoter region of CMO-I to regulate its
expression [16]. Secondly, CMO-I−/− mice display increased expression of SR-B1, and
accumulation of hepatic lipids, develop hepatic steatosis and have elevated levels of
circulating unesterified free fatty acids [13,19]. Thirdly, hepatic lipid droplet formation is
elevated in CMO-II−/− mice [8]. Moreover, relative to WT mice, CMO-I−/− mice have
elevated levels of serum insulin and leptin, and increased incidence of hepatic lipidosis; the
latter of which may be attributed to elevated intestinal lipid uptake through SR-B1 [19].
Additionally, it is possible that serum cholesterol was reduced in CMO-I−/− mice (relative to
WT mice) due to elevated levels of SR-B1 shuttling cholesterol esters from plasma
lipoproteins to the liver for incorporation into bile. CMO-II−/−mice also showed metabolic
perturbations including reduced measures of visceral adiposity, serum IGF-1 and serum
cholesterol levels, as well as enlarged livers with elevated accumulation of lipids and
cholesterol. This may suggest a preferential storage of lipids and cholesterol in liver tissue
rather than in perigonadal adipose tissue in these mice. Decreased serum IGF-1 levels may
be due to reduced adiposity in these mice [33].

Single nucleotide polymorphisms (SNPs) appear frequently (up to 42% minor allele
frequency) in the human CMO-I gene [34–36] and can significantly impact its activity
[35,36]. Although studies have not focused on identifying SNPs in the human CMO-II gene,
one small study reports specific mutant alleles in the CMO-II gene [39]. Furthermore,
evidence for the existence of SNPs in the CMO-II gene is evident in animal models [40–42].
Therefore, data from murine genetic knock-out models and clinical studies [39,43] indicate
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that it is plausible that individuals with functional alterations to the CMO-I or CMO-II gene
may be genetically predisposed to perturbations in lipid metabolism.

Despite what appears to be an interaction between lipid and carotenoid metabolism[9,16,44–
49], consumption of the tomato carotenoid-containing diets in this study had little impact on
lipid or inflammatory outcomes, and did not appear to influence the gene expression
changes found in CMO-I−/− and CMO-II−/− mice. Due to the heterogeneity among previous
studies, including the selection of animal models, duration of feeding, specific carotenoid of
interest and the concentration of other carotenoids and vitamin A within the diets, it is
difficult to determine the mitigating factors whereby dietary carotenoids impact lipid
metabolic parameters. However, based upon our data, it is possible that metabolites of
tomato carotenoids in these models had little to no impact on the metabolic dysregulation in
these mice.

Our study has some limitations including the inability to measure proposed tomato
carotenoid metabolites in serum and tissue. Additionally, CMO-I−/− and CMO-II−/− mice
were maintained on a mixed C57BL/6 and 129svJ background so there is the potential for
differences in genetic backgrounds between the mouse strains. Overall, we conclude that
CMO-I and CMO-II appear to have pleiotropic roles in lipid metabolic homeostasis. We
[24,29] and others [6–8,13] have established that tomato carotenoids are likely substrates of
these enzymes. Additionally, the expression of CMO-I and CMO-II alter serum, adipose,
and hepatic lipid products. Overall the impact of tomato powder and lycopene on the
phenotypic alterations in lipid metabolism were modest. However, significant alterations in
PPAR expression by tomato powder and serum IGF-1 levels by tomato powder and
lycopene were independent of CMO expression and are worthy of further investigation.
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Figure 1.
Lycopene accumulation in A.) gonadal adipose, B.) serum, C.) liver and accumulation of
phytoene and phytofluene in D.) liver tissue of WT, CMO-I−/− and CMO-II−/− mice in
response to diets containing 10% dried tomato powder. Different letters indicate statistical
differences as determined by one-way analysis of variance (ANOVA) with P < 0.05
considered significant. Data are presented as means ± SD, n = 10 per group. The asterisk in
the phytofluene data indicates that ANOVA compared phytofluene accumulation separate
from phytoene hepatic accumulation. E.) Relative mRNA expression of CMO-I (left) and
CMO-II (right) in visceral gonadal adipose tissue. Asterisks in the relative expression figure
indicate a significant effect of genotype as determined by two-way ANOVA.
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Figure 2.
The impact of genotype (WT, CMO-I−/− and CMO-II−/−) and diet (AIN-93G control, 10%
tomato powder, placebo or lycopene) on A.) body weight, B.) liver weight as a percentage of
body weight and C.) perigonadal weight as a percentage of body weight. Data were analyzed
by two-way ANOVA followed by Tukey’s post hoc analysis and P < 0.05 was considered
statistically significant. Data are presented as means ± SD, n = 10 per group. Asterisks
indicate a significant effect of genotype. No significant effects of diet or interactions of diet
and genotype were identified in these analyses.
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Figure 3.
Serum hormone, adipokine, growth factor and cholesterol levels in WT, CMO-I−/− and
CMO-II−/− mice in response to a diet containing 10% tomato powder or lycopene. Data
were analyzed by two-way ANOVA followed by Tukey’s post hoc analysis with P < 0.05
considered statistically significant. Data are presented as means ± SD, n ≥ 3/group. Asterisks
indicate a significant effect of genotype, while different letters indicate an effect of diet
within genotype. No significant interactions between diet and genotype were identified in
these analyses.
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Figure 4.
Hepatic lipid perturbations in response to genotype (WT, CMO-I−/− and CMO-II−/−) and
diet (AIN-93G control, 10% tomato powder, placebo or lycopene). Hepatic A.) cholesterol,
B.) lipid content, C.) pathology, D.) ACOX1 gene expression E.) PPAR-α gene expression,
and F.) PPAR-γ gene expression. Quantitative data were analyzed by two-way ANOVA
followed by Tukey’s post hoc analysis with P < 0.05 considered statistically significant.
Data are presented as means ± SD, n = 8–10 per group. Asterisks indicate a significant effect
of genotype, while different letters indicate an effect of diet within genotype. No significant
interactions between diet and genotype were identified in these analyses.
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Figure 5.
Effects of genotype (WT, CMO-I−/− and CMO-II−/− ) and diet (AIN-93G control, 10%
tomato powder, placebo or lycopene) on genes indicative of visceral adipose inflammation
and lipid metabolism. Relative expression of A.) Ccl2 (macrophage chemotactic protein-1),
B.) Emr1 (a macrophage marker, F4/80), C.) IL-6, D.) TNF-a, E.) PPARγ and F.) FABP-4
was analyzed by two-way ANOVA followed by Tukey’s post hoc analysis with P < 0.05
considered statistically significant. Data are presented as means ± SD, n = 6 per group. No
significant effects of genotype, diet or interaction were identified in these analyses.
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Table 1

Diet Composition

Ingredient AIN Tomato1 Placebo2 Lycopene3

g/kg diet

Cornstarch 398 331 398 398

Casein 200 188 200 200

Maltodextrin 102 132 102 102

Sucrose 100 100 100 100

Nonnutritive cellulose 50 34 50 50

Mineral mix4 35 35 35 35

Vitamin mix5 10 10 10 10

L-Cystine 3 3 3 3

Choline bitartrate 2.5 2.5 2.5 2.5

Soybean oil 100 65 100 100

TP 0 100 0 0

10% LYC 0 0 0 0.1

PB 0 0 0.1 0

1
As measured by HPLC; the tomato powder (FutureCeuticals, Momence, IL) diet contained 181 ± 42 nmol lycopene, 10.1 nmol phytoene, 2.6

nmol phytofluene and 0.8 nmol β-carotene per gram of diet.

2
As measured by HPLC; the placebo beadlet (DSM) diet provided 0 mg carotenoids/g diet.

3
As measured by HPLC; the lycopene-beadlet (10% DSM) diet provided 152 ± 7 nmol lycopene per gram of diet.

4
AIN93M-MX formulation.

5
AIN93-VX formulation with 1.57 mol retinyl palmitate/g diet.
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