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ABSTRACT 

-carotene oxygenase 1 (BCO1) and -carotene oxygenase 2 (BCO2) are responsible for the 

cleavage of carotenoids in mammals. The goals of this study were to establish the relative 

contribution of each enzyme on lycopene accumulation in mice. We utilized male and female 

wild-type (WT), Bco1-/-, Bco2-/-, and Bco1-/- Bco2-/- double knockout (DKO) mice. We gavaged 

the mice with either 1 mg of lycopene resuspended in cottonseed oil or vehicle as a control group 

daily for a period of two weeks. In a second study, we evaluated the effect of dietary vitamin A 

on lycopene absorption and intestinal gene expression. We evaluated lycopene concentration 

isomer distribution by HPLC and evaluated gene expression by RT-PCR analyses. Hepatic 

mitochondria were isolated to determine lycopene content and isomer characterization. Of the 11 

tissues measured, the liver accounted for 94-98% of the lycopene content across genotypes. We 

did not observe sex differences between genotypes, although Bco1-/- hepatic lycopene levels 

were approximately half in comparison to the other genotypes; Bco1-/- verses Bco2-/- (p< 0.0001), 

DKO mice (p< 0.001), WT (ns). Analyses of mitochondrial lycopene content revealed a 3-5 fold 

enrichment in comparison to total hepatic content (p<0.05) in all genotypes and sexes. In our 

second study, WT mice fed a vitamin A-deficient diet (VAD) accumulated greater amounts of 

lycopene in the liver than those fed a vitamin A sufficient diet (VAS) (p<0.01). These changes 

were accompanied by an upregulation of the vitamin A-responsive transcription factor intestine-

specific homeobox (ISX) in mice fed VAD + lycopene and VAS + lycopene diets in comparison 

to VAD control-fed mice (P<0.05). Our data suggests that BCO2 is the primary lycopene 

cleavage enzyme in mice. Lycopene concentration was enriched in the mitochondria of 

hepatocytes independently of genotype, and lycopene stimulates vitamin A signaling in WT 

mice.  
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CHAPTER 1 

Literature Review 

Introduction: 

 Lycopene is one of the most abundant carotenoids found in the human diet and tissues. It is a 

bioactive compound that gives fruits and vegetables such as tomatoes, watermelon, and guava 

their red colorings. Carotenoids are classified into two categories based on their chemical 

structure. Xanthophylls such as lutein and zeaxanthin contain oxygen in their structures, whereas 

carotenes such as lycopene and β-carotene are made up of only carbon and hydrogen atoms (1). 

Lycopene has 2 unconjugated double bonds and 11 double linear bonds making it extremely 

nonpolar, and susceptible to heat-mediated degradation (2). Following absorption by mammals, 

carotenoids are metabolized/cleaved by beta-carotene oxygenase 1 (BCO1) and/or beta-carotene 

oxygenase 2 (BCO2).   

Lycopene is unable to be synthesized by the human body, and therefore must be supplied 

through the diet. Raw and processed tomatoes are the primary source of lycopene consumed in 

western countries and account for 80% of all lycopene consumed (3). In nature lycopene is found 

primarily in the all-trans form which is a linear hydrocarbon molecule (Figure 1.1). Lycopene 

accumulates in tomato fruit, for example in a, stacked, crystalline structure (4), whereas in 

mammalian tissues it is most often in non-linear, cis configurations (5). The isomerization from 

all-trans to cis can happen pre-consumption due to lycopene being susceptible to heat and light. 

It also undergoes extensive isomerization once consumed and metabolized by our bodies, with 9-

cis, 13-cis, and 15-cis being common isomers amongst others (1). This isomerization was 

demonstrated by Moran et al. 2015 when human subjects were given a dose of 82% all-trans 

lycopene and subsequent the increasing appearance of serum cis isomers over time lead to a 
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shorter half-life of the trans compared to cis isomers (6). While lycopene does not have 

provitamin A activity, like some carotenoids, research and epidemiological studies have linked it 

to providing health benefits for a wide variety of diseases and illnesses as reviewed below. 

Lycopene and Chronic Diseases: 

Lycopene, among other carotenoids, has been reported to be highly effective at quenching 

reactive oxygen species like singlet oxygen that are generated by oxidative stress (7). This paired 

with its anti-inflammatory quality has been reported to be cardioprotective, scavenging potent 

oxidants associated with atherosclerosis (8), and some in studies demonstrating that lycopene has 

lipid lowering properties and reduces lipid peroxidation (9). Several studies have also provided 

evidence that it has positive effects in the treating of diabetes and improving cognitive function 

(10). Additionally, there is significant epidemiological support for a reduction of risk for 

development of prostate cancer (PCa). A systematic review conducted by Rowles et al included 

42 studies on human consumption of lycopene and its association with prostate cancer. Their 

analysis found an inverse association with PCa risk and circulating and dietary levels of 

lycopene. There was a dose-response for dietary lycopene in which PCa risk went down 1% for 

every 2 mg of lycopene that was consumed. However, lycopene was not found to reduce the risk 

for advanced, or aggressive PCa (11).  

 A number of animal trials also suggest the effectiveness of lycopene at preventing prostate 

cancer (12, 13, 14).  For example, one in vivo experiment utilized the transgenic adenocarcinoma 

mouse prostate (TRAMP) mouse model designed to study prostate cancer (12). Mice lacking the 

BCO2 enzyme were compared to control wild-type mice. Both groups were fed diets of either 

tomato powder, lycopene beadlets, or a control diet of powdered AIN93 G. All lycopene fed 

groups demonstrated a lower incidence of prostate cancer compared to the control-diet mice, 
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while the mice lacking the BCO2 enzyme showed a significant decrease in ability to prevent 

prostate cancer. This suggests that the metabolites of lycopene may play an important role in 

reducing PCa (12). Lycopene may not only be effective at preventing prostate cancer, but studies 

suggest its capability at abating ovarian cancer and general metastasis of cells (15,16). 

Lycopene Digestion and Absorption: 

For lycopene digestion, mechanical breakdown through peristalsis and mastication is imperative 

for releasing lycopene molecules from its food matrix. Once it reaches the stomach, acid and 

local enzymes also partially release carotenoids from the food matrix. Because lycopene is 

extremely nonpolar, it gets incorporated into lipid droplets before being released from the 

stomach into the small intestine. Once there, it is incorporated within lipid micelles for 

absorption through the enterocytes (1). The protein scavenger receptor type B, class 1 (SRB1) 

has been shown to be involved in the uptake of carotenoids in the gut, although it has not been 

established if the uptake of lycopene is also facilitated through this protein (17,18). SRB1 is a 

particularly important protein for the uptake of pro vitamin A carotenoids such as β-carotene 

(19). Therefore, proper regulation of SRB1 expression is needed to maintain ideal vitamin A 

levels in the body. It was discovered that the intestinal specific homeobox (ISX) transcription 

factor was a repressor of SRB1 (20). It was also demonstrated that ISX not only downregulates 

SRB1 expression, but also BCO1 expression, BCO1 being the enzyme responsible for the initial 

cleavage of pro vitamin A carotenoids. (21). The mechanisms behind how the expression of ISX 

itself is induced was not elucidated until recent years. Lobo et al. showed that retinoic acid, 

working through retinoic acid receptors (RARs), induced the upregulation of ISX, which then 

downregulated SRB1 and BCO1 expression (22) (Figure 1.2).  Some studies have suggested that 
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lycopene’s metabolites might also act upon these RAR receptors and could also influence this 

ISX/SRB1 axis, but there has not been enough evidence to prove this (23,24).  

Both enzymes BCO1 and BCO2 are highly expressed in the intestine, and therefore lycopene 

may undergo partial cleavage in the intestinal epithelial cells (25). However, it is thought that 

most lycopene remains intact and is repackaged into chylomicrons which then travel through the 

lymphatic and are eventually taken up by the liver (26). Lycopene can be found in various 

lipoproteins, but it is primarily carried by low-density lipoproteins (27). The half-life of lycopene 

in the blood is around 6-8 days (6). 

The liver is the main storage tissue of lycopene, but it is also distributed to tissues such as the 

adrenals, prostate, ovaries, kidneys, adipose tissue, and lungs. A study using Mongolian gerbils, 

a good model to study carotenoid absorption and tissue accumulation (28), found that when 

comparing the accumulation of the major carotenoids found in tomatoes (lycopene, phytofluene, 

phytoene), lycopene was the major carotenoid in the liver, comprising 55% of the carotenoids 

present (29). Additionally, Sy et al. also found that lycopene was the most abundant carotenoid 

in the liver of rats gavaged with pure carotenoids in oil. They suggested that this could be due to 

hydrophobic compounds tending to accumulate in the liver, with lycopene being the most 

nonpolar carotenoid (30).  

The bioavailability of lycopene found in foods is closely linked to the matrix in which it is found 

(3). Lycopene’s crystalline structure is a barrier to its bioavailability. However, studies have 

shown that the process of cooking releases lycopene from its matrix into the lipids found in the 

meal, increasing its bioavailability (31). Food processing techniques such as creating tomato 

paste or puree also results in increasing its bioavailability (32). Grainger et al demonstrated this 

through a study examining prostate levels of lycopene in males given either tomato soup, sauce, 
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or juice. The men receiving the soup and sauce had significantly higher levels of blood lycopene 

than the less processed tomato juice group (33). Additionally, because lycopene uptake into 

intestinal cells must be facilitated through incorporation into lipid micelles, to absorb lycopene a 

certain amount of fat must be included in the meal. A study by Brown et al. gave subjects green 

salads with tomatoes and a dressing containing 0,6, or 28g of fat from canola oil. They found that 

the subjects with the salad dressing lacking fat had negligible levels of lycopene in postprandial 

chylomicron fractions (34). Stahl et al demonstrated that lycopene uptake is improved when 

tomato juice is heated along with a lipid, in this case corn oil (5). One study has suggested that at 

least 5-10g of fat is the minimum for absorption for all carotenoids, although this number might 

vary based on the specific carotenoid (35).  

Enzymatic Cleavage of Lycopene: 

Previous research has identified two cleavage enzymes, BCO1 and BCO2, as the main cleavage 

enzymes of carotenoids, including lycopene (27, 36). BCO1 localizes in the cytosol and 

catalyzes the symmetric cleavage of carotenoids. Most research with BCO1 has been conducted 

regarding cleaving β-carotene at the 15, 15’double bond, as well as cleaving other pro-vitamin A 

carotenoids (37). BCO2 is located on the inner mitochondria membrane and cleaves carotenoids 

asymmetrically at the 9’, 10’ double bond. Additionally, BCO2 has a broader substrate 

specificity than BCO1 (38). Results from murine studies where animals were fed very high 

levels of the hydroxylated carotenoid, lutein, show that BCO2 may protect the mitochondria 

from toxicity caused by excess carotenoid accumulation in this organelle (38).  
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Based on data from the Human Protein Atlas (39), the tissues with the greatest protein levels of 

BCO1 in humans are the intestines, eyes, kidneys, liver, and reproductive organs. BCO2 protein 

expression is similar, with the liver the highest, followed by the intestines, eyes, kidneys, 

reproductive organs, and lungs (40). Also in humans, mRNA expression of both BCO1 and 

BCO2 has been reported in the testes, liver, kidney, adrenal glands, retina, and epithelial cells of 

the small intestines and stomach (41). BCO2, but not BCO1 expression, was seen in some 

additional tissues such as the cardiac skeletal muscle cells, prostate, endometrial connective 

tissue, and the endocrine pancreas. These additional expression sites suggest that BCO2 has a 

biochemical function beyond vitamin A synthesis, which is the main role of BCO1 (41).   

Ferret, rat, and mouse models have been used to study carotenoid metabolism as they exhibit 

comparable expression of the carotenoid cleaving enzymes to humans, as well as similar 

absorption and tissue deposition patterns of the carotenoids (3). A study carried out in ferrets 

showed that BCO2 mRNA levels were highest in the liver, testes, kidney, heart, lung, spleen, 

prostate, and intestines (42). While no systemic tissue expression study has been conducted 

regarding BCO1 levels in rodents, Ford et al 2010 compared the expression of BCO1 and BCO2 

in selected tissues and found that both enzymes were expressed in the liver, duodenum, and 

testes. Significantly, only BCO2 was found in the prostate, however, its expression in the testes 

was very low (43). The activity of BCO1 was measured in rats, with the highest levels of activity 

recorded in the intestine, liver, brain, lung, and kidneys (44).  

Which of these enzymes is the primary cleaver of lycopene has been studied in the past, although 

without definitive results. Carlo dela Seña et al reported that lycopene can cleaved efficiently by 

BCO1 through studying its enzymatic activity on multiple carotenoids, and that BCO2 was 

inactive in the presence of all-trans lycopene (45,46). Previous work by our lab however showed 



 7 

that lycopene failed to accumulate much in the livers of lycopene-fed, transgenic mice with 

BCO1 ablation (Bco1 -/-) compared to wild type (WT) mice, suggesting that BCO1 may not play 

a large role in the cleavage of lycopene (47). Additionally, we reported that Bco2 -/- mice fed 

lycopene-containing tomato powder or lycopene-containing diets had enhanced tissue lycopene 

accumulation (48). These results suggest that lycopene may not be metabolized well by BCO1 in 

vivo, and that BCO2 might be the more active metabolizing enzyme for lycopene. 

Lycopenoids, the Lycopene Metabolites: 

The cleavage of lycopene results in metabolites called lycopenoids. These lycopenoids are 

apparently metabolized rapidly in the body and have only been found in barely detectable 

amounts (49,50). Due to these characteristics, it is extremely hard to study lycopenoids, and to 

determine if these metabolites are bioactive. While there have been many studies that have 

examined the formation of lycopenoids in vitro, it is not known if these cleavage products are 

relevant in vivo (51,52). However, because their structure and polarity are similar to that of 

retinoic acid, they may be able to interact with nuclear receptors such as 

RARs/RXRs/LXR/PXR/PPARs (49,50,53,54,). One of the previously studied lycopenoids was 

APO 10’ lycopenoic acid (APO10) which would be the result of the cleavage of lycopene by 

BCO2 at the 9’ 10’ double bond (Figure 1.3). Gouranton et al. demonstrated that APO10 

interacts with RARs to reduce pro-inflammatory cytokines interleukin-6 and interleukin-1β and 

thus attenuate inflammation in mice (55). Additional studies found that APO10 upregulated 

Sirtuin 1, a protein that regulates metabolic activity in response to cellular stress caused by 

inflammation and oxidative stress (56,57,58). In one of these studies, this upregulation 

contributed to a decrease in murine hepatic fat accumulation and protected the animals from 

hepatic steatosis while on a high-fat diet (56). There are barriers to studying lycopenoids due to it 
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being found in barely detectable levels in the body and a lack of commercially available 

standards (49,50,54), however continued research is needed due to the potential impact of their 

bioactivity in the body.  

Factors Impacting Human Absorption and Metabolism of Lycopene: 

While there are gaps in knowledge about how humans absorb and metabolize lycopene, and 

about how it exerts its bioactivity, there have been intrinsic and extrinsic factors identified that 

might affect these processes. Regarding lycopene absorption, it was found that in tomato 

products with greater ratios of cis isomers that there was greater lycopene absorption than high 

all-trans lycopene foods (59,60). This could be because both in in vitro and the ferret models it 

was demonstrated that cis lycopene isomers were more easily micellarized and absorbed than all-

trans lycopene (61, 62). Some dietary compounds and nutrients might inhibit lycopene 

absorption. Plant sterol and stanol consumption has been shown to decrease plasma lycopene by 

12-16%, and intake of minerals such as calcium, magnesium, and zinc might impede its 

bioaccessibility due to insoluble lipid-soap complex formation (63, 64). Other factors that may 

affect absorption include the form of lycopene in the food matrix, dietary lipid levels consumed 

with lycopene, and the ISX/SRB1 axis. 

An intrinsic factor that could impact blood levels of lycopene are genetic variables such as single 

nucleotide polymorphisms (SNPs). These are single nucleotide variants in a base pair in a DNA 

sequence that cause a minor allele change  (65). Most relevant to carotenoid levels in plasma are 

SNPs that have been identified for BCO1 and SRB1 (66,67). Studies have identified that SNPs 

of BCO1 and SRB1 have strong associations with plasma levels of carotenoids (66,67,68,69,70). 
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 Some extrinsic factors that could affect lycopene bioactivity are medications that target blood 

cholesterol-lowering, as lycopene is circulated in lipoproteins. One study found that 

hypercholesterolemic men on statin treatments for 6 weeks had a reduction of circulating 

lycopene (71). Smoking was demonstrated to lead to autoxidation and degradation of 

carotenoids, including lycopene (72), and alcohol use has been linked to lower serum carotenoids 

(73).  

Animal Models Used to Study Lycopene: 

Animal models have been used for many decades to study carotenoids, with some of the most 

utilized models being the gerbil, ferret, and mouse. Animal models are beneficial to studying 

carotenoids as you have easy access to tissue for analysis, can use of radiolabeled compounds, 

and because human studies are more expensive and difficult to manage (28). As there is still 

much we don’t know about carotenoid metabolism in humans, choosing the correct animal 

model can be difficult. Ideally, your animal model would be able to absorb carotenoids and 

display carotenoid distribution in tissues and serum similarly to humans (28). Another key factor 

to weigh in choosing an animal model is what animal would best model the disease/physiological 

state of interest. For instance, humans absorb high levels of carotenoids in their intact form, as do 

ferrets and gerbils, which make them optimal models to study carotenoid absorption (74). It is 

noteworthy however that mice and rats poorly absorb carotenoids and often require much higher 

dose levels to reach tissue amounts seen in humans. However, rodent models have frequently be 

used to study cancers, vitamin A deficiency, and atherosclerosis due to their low cost and the 

ability to manipulate their genetics (74).  

Our lab and others have used gerbil, ferret, and mouse models to study lycopene tissue 

distribution (Table 1.1). Moran et al. found that in gerbils fed a diet of tomato powder, lycopene 
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accumulated in greatest amount in the liver, followed by the serum, adrenals, and spleen. (55% 

of all carotenoids) (29). A study with a ferret model also showed that the liver had the greatest 

stores of lycopene compared to the intestines, stomach, prostate, and plasma (75). There have 

been many studies that have utilized murine models to study lycopene’s metabolism and relation 

to disease states (11,13,15).  Lindshield et al. utilized this model to examine lycopene tissue 

biodistribution as well (47). Just as in the gerbil and ferret model, mice accumulated the most 

lycopene in the liver, with the spleen, adrenals, uterus, adipose, and kidneys following (47). Ford 

et al. also found using a mouse model that the liver accumulated the most lycopene (59 nmol/g), 

with the visceral adipose at 1 nmol/g and the gonadal adipose at 0.2 nmol/g (48).  

Human data on lycopene tissue accumulation is limited. Schmitz et al did an analysis of tissue 

carotenoid levels from a group of 20 deceased subjects. Just as in the animal models, the liver 

displayed the greatest levels of lycopene compared to the kidneys and lungs (76).  However, in a 

study by Stahl with 9 subjects, the liver was third in accumulation behind the adrenals and testes 

(5). Other studies have examined lycopene tissue distribution, but only within one tissue (77,78).  

While these studies have been extremely important in advancing our understanding about 

lycopene biodistribution, the lack of more human studies shows just how important animal 

models have been in furthering our knowledge about lycopene absorption and biodistribution. 

Conclusion: 

Lycopene is a powerful antioxidant with epidemiological data linking it to having properties 

beneficial to our health, but there are still many gaps in knowledge about its metabolism and 

bioaccumulation in our body. This thesis is aimed at closing some of those gaps utilizing WT 

and transgenic mouse models. Our first objective was to elucidate which carotenoid cleaving 

enzyme, BCO1 or BCO2, was the main cleavage enzyme of lycopene. Based on previous 
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research, we hypothesized that BCO2 is the main enzyme responsible for lycopene cleavage in 

mammals. Additionally, we hypothesized that SRB1 facilitates the absorption of lycopene, and 

that lycopene, or its cleavage products, could mimic the action of retinoic acid in the regulation 

of RAR activity to influence the ISX/SRB1 axis. 
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FIGURES AND TABLES 

 

Figure 1.1. 

 

 

Figure 1.1: Lycopene’s chemical structures for the all-trans, 15-cis, 13-cis, and 9-cis forms. 
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Figure 1.2.  

 

Figure 1.2: A schematic demonstrating how retinoic acid interacts with RAR receptors to influence the ISX/SRB1 

axis. 

 

Figure 1.3. 

 

Figure 1.3: The metabolites of lycopene after BCO1 or BCO2 cleavage. 
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Table 1.1: An overview of lycopene tissue accumulation across a variety of animal models 

consuming lycopene from various sources 

 

Table 1.1: * gWat (gonadal adipose tissue), SV (seminal vesicles), AT (adipose tissue) 
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CHAPTER 2 

Tissue lycopene absorption and accumulation in transgenic mice lacking one or both carotenoid 

cleaving enzymes 

Introduction  

Lycopene is one of the most abundant carotenoids found in the human diet and tissues. Over the 

past decades, the antioxidant properties of lycopene have led researchers to explore its potential 

in the treatment and prevention of chronic diseases such as cardiovascular disease, non-alcoholic 

fatty liver disease, oxidative stress, and prostate cancer (1). However, the mechanisms that 

regulate lycopene cleavage and accumulation in tissues remain relatively unstudied, as most 

research has been focused on its biological and physiochemical properties (1). While the 

metabolism of lycopene is not fully elucidated, metabolites called lycopenoids have been 

identified in foods and tissues, but are difficult to study as they are only found in very low 

concentrations and are likely metabolized rapidly in tissues (2,3,4,5,6).   

It is well established that two enzymes, -carotene oxygenase 1 (BCO1) and -carotene 

oxygenase 2 (BCO2), are responsible for mammalian cleavage of most carotenoids, including 

lycopene (7,8,9). BCO1 is a cytosolic enzyme that symmetrically cleaves carotenoids such as β-

carotene at the 15, 15’double bond to form vitamin A (10). BCO2 cleaves carotenoids 

asymmetrically between the carbons in position 9’,10’, is localized in the mitochondria, and has 

a broader substrate specificity than BCO1 (11,12).  

 Carlo dela Seña et al reported that lycopene could be cleaved in vitro using recombinant human 

BCO1 (13), but not by chicken BCO2 (14), suggesting BCO1 is the main lycopene cleaving 

enzyme. In contrast, we showed substantially lower hepatic lycopene accumulation in Bco1 -/- 
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mice compared to wild type (WT) mice, suggesting that in vitro enzymatic activities might differ 

from animal studies (15).  

 The goal of this study was to probe which enzyme cleaves lycopene in vivo. For this work, we 

cross-bred C57BL/6J WT mice with Bco1-/- and Bco2-/- mice for 10 generations to assure similar 

genetic backgrounds of all genotypes. Mice lacking both BCOs (double knockout, DKO) were 

also derived following backcrossing. We dosed these mice with lycopene and evaluated 

accumulation of lycopene in tissues, plasma, and isolated hepatic mitochondria. In a separate 

study, we also evaluated the impact of lycopene on the expression of intestine specific homeobox 

(ISX), a vitamin A-sensitive gene implicated in the uptake of dietary lipids including cycled 

carotenoids (16).  

Materials and Methods 

Mice breeding: 

The University of Illinois Institutional Animal Care and Use Committee reviewed and approved 

the experimental procedures used in these studies. Breeding colonies of C57BL/6J WT, Bco1-/-, 

Bco2-/-, and DKO mice were maintained at the Animal Care Facility. Mouse colonies were 

backcrossed for 10 generations with C57BL/6J mice in order to ensure mice were in the same 

genetic background, as done in the past (17). Genotyping was routinely performed using DNA 

isolated from the tail snips at 10 days of age. DNA samples were isolated using the Extract-N-

Amp™ Tissue PCR kits (Sigma-Aldrich, St. Louis, Missouri).   

Lycopene oil dilution and resuspension: 
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The lycopene oil used to gavage the mice was Redivivo® lycopene oil 10% fluid suspension and 

was a gift from DSM, Basel, Switzerland. We prepared a working solution containing 1 mg 

lycopene/0.2 mL of oil using cottonseed oil. We aliquoted the working solution into 2 mL 

Eppendorf tubes, flushed with argon and immediately sealed with parafilm. Working solutions 

were stored at 4 °C for a maximum of 2 weeks until used for gavage.  

Animal trials: 

For the first study, we utilized male (n = 4-7/group) and female (n = 4-6/group) WT, Bco1-/-, 

Bco2-/-, and DKO mice (Study 1 design found in Appendix A Figure 1). After weaning, mice 

continued on a chow diet (Teklad Global 18% protein rodent diet 2918; Envigo, Indianapolis, 

Indiana) for one week before being placed on a semi-purified powder AIN-93G diet containing 

cottonseed oil as a source of fat to minimize carotenoid contamination in their feed.  (Dietary 

composition found in Appendix A Table 1). Mice remained on this diet for the entire duration 

of the study. We provided at least five grams of diet/mouse/day to ensure mice had constant 

access to food. After two weeks, mice were gavaged daily with 1 mg lycopene suspended in 0.2 

mL of cottonseed oil. A subset of WT mice were gavaged with 0.2 mL of cottonseed oil alone to 

serve as a control. We measured body weight gain once mice started on the AIN-93G diet. After 

two weeks of daily gavage, mice were fasted overnight and sacrificed for tissue and blood 

collection.    

In a second study, we utilized WT male and female mice (n=3-6 per sex, n=6-8 per group) 

(Study 2 design found in Appendix A Figure 2). After weaning, mice continued on a chow diet 

(Teklad Global 18% protein rodent diet 2918; Envigo) for one week, and then were switched to a 

vitamin A deficient (VAD) AIN-93G diet (Dietary composition found in Appendix A Table 2) 
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supplemented with either 100 mg of lycopene/kg diet or the same diet without lycopene. 

Lycopene was added to the diets in the form of 10% lycopene beadlets (Redivivo® DSM).  The 

VAD diet without lycopene contained the same amount of control beadlets (Redivivo® DSM). A 

third subset of mice received an AIN-93G vitamin A sufficient diet (VAS) (4 IU/kg) 

supplemented with 100 mg of lycopene/kg diet in the form of beadlets. After four weeks on these 

diets, mice were fasted overnight and sacrificed for tissue and blood collection. 

Necropsy: 

Mice were injected intraperitoneally with a dose of a mixture containing ketamine/xylazine 

(87mg/kg ketamine, 13mg/kg xylazine) to anesthetize. Once mice were unresponsive, the blood 

was collected via cardiac puncture followed by cervical dislocation. Serum was separated from 

blood by centrifuging (2400 x g for 15 minutes, 4 °C) and stored at -80 °C until analysis. The 

liver, duodenum, gonadal white adipose tissue (gWAT), kidneys, spleen, heart, adrenals, 

prostate, seminal vesicles, testes, and ovaries were harvested. For study two, the jejunum, 

duodenum, and the ileum were harvested.  

For mRNA expression analyses, a portion of the gWAT, duodenum, jejunum, ileum, the dorsal 

lobe of the prostate, and the caudal lobe of the liver were preserved in RNAlater ® (Thermo 

Fisher Scientific, Waltham, MA), following manufacturer’s instructions.  

Carotenoid extraction and high-performance liquid chromatography (HPLC) analysis:  

Tissue lycopene was extracted, and concentrations and isomers were analyzed by HPLC using a 

well-established method from our lab (18,19) utilizing approximately 0.05-0.1 g of tissue or 200 

µl of serum. For the adrenals, prostate, and ovaries, tissues were pooled for n=1 per 
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sex/genotype. Lycopene was identified using commercially available standards and comparing 

their spectra and elution times to the sample. Isomers were characterized by relative retention 

times and spectral characteristics.  

All HPLC reagents utilized for lycopene analyses were HPLC grade. Ethanol was obtained from 

Decon Laboratories (King of Prussia, PA). Butylated hydroxytoluene was purchased from 

Sigma-Aldrich. All other chemicals utilized are American Chemical Society grade and were 

purchased from Thermo Fischer Scientific.  

Lipid analyses: 

Hepatic lipids were extracted using the Folch method, with small modifications (20). Total 

cholesterol was measured using the total cholesteryl and cholesteryl ester 

colorimetric/fluorometric assay kit (BioVision, Milpitas, CA), following the manufacturer’s 

instructions.  

RNA isolation: 

We isolated mRNA from approximately 50 mg of tissue using the RNA isolation kit (Thermo 

Fisher Scientific). The tissues were homogenized in 1mL of TRIzol ™ Reagent (Thermo Fisher 

Scientific) with a sonicator and the isolation was carried out based on the manufacturer’s 

instructions. The concentration and purity of the RNA was measured with a Nano-drop 2000 

spectrophotometer (Thermo Fisher Scientific).  

Real time PCR Analyses: 
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Real time PCRs were conducted using either TaqMan Fast Advanced Reaction Mix (Applied 

Biosystems, Foster City, CA) or PowerUp SYBR Green Master Mix (Applied Biosystems). 

Primers were purchased from Integrated DNA Technologies (Coralville, IA): intestine-specific 

homeobox (ISX; 5'-ATCTGGGCTTGTCCTTCTCC-3' and 5'-TTTTCTCTTCTTGGGGCTGA-

3'), Scavenger receptor type B, class 1 (SRB1; 5'-CTCATCAAGCAGCAGGTGCTCA-3' and 5'- 

GAGGATTCGGGTGTCATGAA-3'), BCO1 (Bco1; 5'-CGGAAGTATGTGGCGGTAAA-3'), 

BCO2 (Bco2; 5'-GCACATCCTCATTACGACCC3' and 5'-CCCCGGGCTCTTTCTTTTT-3'),  

mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 5'-

TTGGCATTGTGGAAGGGCTCAT-3' and 5'-GATGACCTTGCCCACAGCCTT-3') mouse α-

tubulin (5'-CAGGGCTTCTTGGTTTTCC-3' and 5'-GGTGGTGTGGGTGGTGAG-3' ). Probes 

were purchased from Thermo Fisher Scientific: (SRB1; Mm00450234). Gene expression 

analysis was conducted with the StepOnePlus Real-Time PCR System, and the calculations were 

made utilizing either GAPDH (study 1) or α-tubulin as a housekeeping gene (study 2). RNA 

expression levels were determined using the Pfaffl method as done in the past (21). 

Mitochondrial purification: 

Hepatic mitochondria were isolated using established protocols, with small modifications (22). 

Briefly, approximately 400 mg of liver was placed in a Dounce homogenizer with 3 mL of the 

homogenization buffer (75mM sucrose, 225mM mannitol, 5mM Tris-HCL pH 7.4, 

phenylmethylsulfonyl fluoride (PMSF), 1x protease inhibitor cocktail (Sigma Aldrich, St. Louis, 

MO) and ground over ice exactly 80 times. We kept an aliquot as total liver homogenate, while 

we employed the remaining homogenate (~2.25 mL) for mitochondrial purification. First, the 

homogenate was centrifuged at 2,800 x g for 5 minutes at 4° C twice to pellet undigested tissues 
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and cells. The supernatant was centrifuged at 10,500 x g for 5 minutes at 4° C, and the pellet was 

then resuspended in 0.3 mL of the homogenization buffer and centrifuged at 10,500 x g for 10 

minutes at 4° C. The supernatant was discarded, and the pellet left comprised the mitochondrial 

fraction. This fraction was resuspended in 0.2 mL homogenization buffer and stored at -80°C. 

The purity of the isolation was confirmed through a western blot analysis. Mitochondrial purity 

was estimated using western blot for translocase of outer mitochondria membrane 20 (TOM20) 

and GAPDH as mitochondrial and cytosolic markers, respectively (22). 

Western blot: 

The western blot methods including protein quantification, electrophoresis, and detection method 

were the same as previously detailed in Coronel et al (23). The total protein quantification was 

performed using the bicinchoninic acid assay, following the manufacturer’s protocol (Thermo 

Fisher Scientific). Between 20-40 g of protein was loaded onto an SDS-PAGE and transferred 

onto a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA). After blocking with fat free 

milk powder (5% w/v) the membrane was washed with Tris-buffered saline (15 mM NaCl and 

mM Tris/HCL, pH 7.5) and 1% of triton-100 (TBS-T). After washing, the membranes were 

incubated overnight with the antibody of interest. The primary antibodies and their dilutions are 

as follows: GAPDH, 1:1000 (Invitrogen #PA1-988) and TOM20, 1:1000 (Cell Signaling 

#42406). Secondary antibodies that were either infrared fluorescent-labeled (Li-CorBioscience, 

Lincoln, NE) or HRP-conjugated were prepared in TBS-T and 5% fat-free milk powder and 

incubated at room temperature for 1 hour. These immunoblots were developed with the ECL 

system (Thermo Fisher Scientific), and the band intensities were visualized through ImageQuant 

LAS 4000 (GE Healthcare) (23). 
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Statistical Analysis: 

GraphPad Prism software (GraphPad Software, Inc.) was utilized to perform statistical analysis. 

We performed a 4 x 2 multifactorial two-way analysis of variance (ANOVA) to explore 

interactions between genotypes and sex. No sex differences within genotypes were found for any 

tissue, so we continued our analyses comparing the effect of genotype on lycopene levels by one-

way ANOVA, utilizing Tukey’s post-hoc test. When assumptions of ANOVA were violated, the 

data either underwent a transformation or a non-parametric test was conducted. For analyzing 

mouse weight gain, repeated measurement analysis was used. During study 2 gene analysis, a 

two-way ANOVA was utilized for comparison of treatment groups. For all analyses, a P value 

<0.05 was considered statistically significant.  

Results 

Study 1 

Mice body and tissue weights: 

There was a sex effect in mouse weight across all genotypes with males having higher final 

weights than females (p=0.0012, p=0.033, p=0.0024, p<0.0001, p<0.0001) (Figure 2.1). 

Additionally, when examining the genotype effect among each sex, the WT (vehicle) females 

weighed significantly less than the female WT, Bco2-/-, and DKO mice (p=0.024, p=0.0001, 

p=0.039). When analyzed for genotype effect regardless of sex, Bco2-/- mice had a significantly 

higher weight than the Bco1-/- mice (p=0.001). Regarding tissue weights, the Bco2-/- mice had a 

greater gWAT tissue weight than the Bco1-/- mice (p< 0.01). In the Bco2-/- and DKO groups, the 

males had a significantly higher gWAT tissue weight than females (p< 0.001). However, in the 
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rest of the tissues measured, there were no further sex effects, and there were only genotype 

effects seen when males and females were analyzed separately (Appendix A Tables 3, 4). These 

results did not differ when the tissue weights were analyzed as a percent of the total body weight 

(Appendix A Tables 5, 6).  

Impact of genotype on tissue lycopene accumulation: 

In the liver, which accounted for 94-98% of total measured lycopene, the Bco1-/- mice exhibited 

less lycopene accumulation than the Bco2-/- (p< 0.0001) or the DKO group (p< 0.001) (Figure 

2.2A). No differences were observed between WT and Bco1-/- mice. Bco2-/- mice also 

accumulated more splenic lycopene than the Bco1-/- mice (p< 0.001). 

In the serum and the rest of extrahepatic tissues measured, Bco1-/- mice tended to have a higher 

accumulation of lycopene than Bco2-/- mice. In the serum, the Bco2-/- and WT groups 

accumulated less lycopene than the DKO group (p<0.0001) (p<0.01) (Figure 2.2B).                   

The Bco2-/- group accumulated less lycopene than the DKO group in the heart (p <0.0001), 

kidneys (p <0.0001), duodenum (p <0.01), gonadal adipose (p <0.01), and testes (p <0.001) 

(Table 1). Compared to the Bco1-/- mice, the Bco2-/- group accumulated significantly less 

lycopene in the kidneys (p <0.001). The pooled tissues also exhibited a similar extrahepatic 

genotype accumulation trend, with DKO mice accumulating the most lycopene followed by the 

Bco1-/- group and then the Bco2-/- group (Table 2.1). The WT mice accumulated less lycopene 

than the Bco2-/- mice in the spleen (p<0.001) and heart (p<0.001), and less than the DKO mice in 

the kidneys (p<0.01) and heart (p<0.01). Additionally, the WT mice accumulated less than the 

Bco1-/- mice in the heart (p<0.001).  
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Lycopene accumulates in the mitochondria: 

BCO2 is localized in the inner membrane of the mitochondria, and previous studies show that 

cycled carotenoids can accumulate in this organelle (11,24). To examine whether lycopene can 

also accumulate in the mitochondria, we isolated hepatic mitochondria from WT, Bco1-/-, Bco2-/- 

and DKO mice (Figure 2.3A). Lycopene accumulation was obvious when comparing the color 

of isolated mitochondria samples from WT mice dosed with vehicle and lycopene (Figure 2.3B). 

HPLC analysis showed mitochondria are enriched with lycopene in comparison to liver 

homogenates, independently of the genotype (Figure 2.3C).   

We also evaluated whole liver and mitochondrial lycopene isomeric profile. First, however, to 

gain better context, we examined the isomer configuration in the gavage dose of lycopene, the 

serum, and the liver. The dose of lycopene that was given to the mice via gavage contained 84% 

all-trans, 10% 5 cis, and 6% other cis isomers. Tissues contained substantially lower percentage 

of trans isomers than the dose. For a WT mouse dosed with lycopene, as an example, the serum 

profile was 13% all-trans, 55% 5 cis, and 32% other cis while the liver contained 29% all-trans, 

41% 5 cis, and 30% other cis (Figure 2.4 A-C). For the whole liver and mitochondrial 

evaluation, the ratio of all-trans, 5-cis, and other cis lycopene isomers between the homogenate 

and mitochondria remained largely unaltered across all genotypes (Figure 2.4D and E). 

However, Bco1-/- mice had a reduction in all-trans isomers in comparison to the other genotypes. 

(Figure 2.4D and E). This reduction resulted in an increase in cis isomers across the whole liver 

and mitochondria, including 5 cis. Isomer configurations for all harvested tissues were also 

analyzed (Appendix A Figure 3). 

Total liver lipids and cholesterol: 
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Previous research has shown the ablation of BCO1 or BCO2 can lead to alterations in hepatic 

lipid content (11,25,26,27). Both groups of WT mice displayed greater total lipid level content 

than mice lacking one or both BCOs (p<0.01) (Figure 2.5A). Additionally, the DKO mice had a 

higher percentage of lipids than the Bco1-/- mice (p<0.05). 

Hepatic total cholesterol levels mirrored the results described in our total lipid analysis, showing 

that the WT vehicle mice had greater cholesterol levels than the knockout mice (p<0.05), and the 

WT mice dosed with lycopene had greater levels than the single knockout mice (p<0.01) (Figure 

2.5B).  

RNA expression levels: 

Portions of the liver, duodenum, gWAT, and prostate were used for RNA isolation and RT-PCRs 

for relevant genes related to lycopene metabolism (gWAT and prostate data not shown) 

(Appendix A Figure 4). Lycopene dosing in the control group did not enhance the expression of 

any tested genes in the liver. The absence of either BCO1 or BCO2 did not result in an 

upregulation in the expression of the alternate cleavage enzyme, and in the Bco1-/- mice hepatic 

BCO2 expression was significantly downregulated compared to the WT groups (P<0.01) (Figure 

2.6A).   

In the duodenum, the WT mice dosed with lycopene exhibited a significant downregulation of 

SRB1 expression compared to the WT vehicle. Additionally, ISX expression in DKO mice was 

downregulated compared the WT groups (P<0.01) (Figure 2.6B).  
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Study 2 

Lycopene accumulation in VAS and VAD mice 

To evaluate the effect of vitamin A status on lycopene accumulation, we measured lycopene in 

the liver and serum in WT mice fed either VAS or VAD diets for four weeks. Hepatic lycopene 

was higher in VAD mice in comparison to VAS mice (Figure 2.7A, p < 0.05), while we did not 

observe significant differences in plasma lycopene levels between these groups (Figure 2.7B).  

Gene expression 

Next, we evaluated gene expression between groups at the level of the duodenum, jejunum, and 

ileum. In comparison to mice fed a VAD diet without lycopene, mice fed either VAD or VAS 

diets supplemented with lycopene showed an upregulation of the transcription factor ISX 

(p=0.02) and (p<0.0001), respectively (Figure 2.7C). We also evaluated the expression of two 

target genes of ISX: SRB1 and BCO1. Only those mice fed VAS presented lower SRB1 and 

BCO1 expression (p=0.02), and (p<0.0001), in comparison to WT mice fed a VAD vehicle diet 

(Figure 2.7D and E).  

Discussion 

We have had long-time interest in lycopene metabolism and tissue deposition using rodent, 

ferret, and gerbil models (1,6,18,28,29,30). With the availability of transgenic mouse models 

with an ablated expression of single or both carotenoid cleavage enzymes, it is possible to 

investigate which enzyme might be the main contributor to lycopene cleavage. Our previous 

publications with Bco1-/- and Bco2-/- mice strongly suggested that the primary enzyme 
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responsible for the initial cleavage of lycopene was BCO2 (15,29,31). The genetic background of 

the WT and transgenic BCO/DKO mice were not identical for those studies, however. We 

overcame this limitation in our current study, allowing us to compare lycopene distribution more 

accurately in mice.  

In humans, BCO1 and BCO2 are expressed in the liver, kidney, adrenal glands, testes, retina, and 

epithelial cells of the small intestines and stomach (32). Based on data from the Human Protein 

Atlas (proteinatlas.org) (33), the tissues with the greatest levels of BCO1 and BCO2 are the liver, 

intestines, and eyes (34). Additionally, our study found that the in the liver accounted for 94-98% 

of the total lycopene measured across genotypes. Because of the high lycopene liver stores and 

high hepatic expression of BCOs, we inferred that the data derived from this organ would inform 

us about which enzyme was most important for the cleavage of lycopene. The results reported in 

this manuscript support our notion that BCO2 is the most important cleavage enzyme for 

lycopene based on the substantial differences in lycopene accumulation in the liver. Bco1-/- mice 

had significantly lower hepatic and total body lycopene concentrations than all other genotypes. 

While serum and many extrahepatic tissues did not follow this trend, these tissues were minor 

accumulation sites for lycopene under our experimental conditions. 

It was also found that lycopene preferentially accumulated in the mitochondria, as observed for 

other carotenoids in the past (11,24). Previously, mice fed high levels of lutein resulted in 

impaired mitochondrial function and accumulation of uncharacterized lutein isomers in this 

organelle, probably due to the capacity of carotenoids to act as electron scavengers in mice (11). 

While we did not explore whether lycopene accumulation resulted in the impairment of 
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mitochondrial function, the presence of a comparable isomeric profile between mitochondria and 

total liver homogenate suggests that this carotenoid did not affect the respiratory chain.  

SRB1 is a protein that has been shown to be involved in the uptake of carotenoids (35,36), and 

additionally, the transcriptional factor ISX has been shown to be involved in the regulation of 

SRB1 expression. Lobo et al found that retinoic acid induced ISX expression via retinoic acid 

receptors (RARs), which in turn downregulated SRB1 and BCO1 (16). Just as BCO1 cleaves β-

carotene to form retinoids, we have hypothesized that lycopene is cleaved into derivatives known 

as lycopenoids (6). It is believed that BCO1 derived lycopenoids could bind and serve as 

agonists/antagonists for RARs and retinoid x receptors (RXRs) (13,37). Results from study 1 

demonstrated that in the duodenum, where this ISX/SRB1 axis exists, the WT group dosed with 

lycopene had a significant decrease in SRB1 expression compared to the WT control group. 

Thus, lycopene, like dietary beta carotene (16) , might suppress intestinal SRB1. Therefore, 

study 2 utilized VAS and VAD diets to further explore this axis and to determine if SRB1 is 

involved in the uptake of lycopene.  

In study 2 VAD mice supplemented with lycopene had significantly greater lycopene 

accumulation in the liver than VAS, lycopene supplemented mice. This suggests that SRB1 plays 

a role in facilitating the uptake of lycopene. Gene expression results in the three intestinal 

sections demonstrated that lycopene fed VAD and VAS mice expressed significantly higher 

levels of ISX than the VAD vehicle mice. The opposite effect was seen in SRB1 and BCO1 

expression where VAS mice expressed significantly less levels of both genes than the VAD 

vehicle mice. These results suggest that lycopene, or its metabolites, might act similarly to 

retinoic acid on RAR receptors and influence the ISX/SRB1 axis as some studies have 
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speculated (37,38).  Lycopenoids may act as agonists or antagonists for other nuclear receptors 

but there is still much we do not know about the effect of lycopenoids in the body.  These 

metabolites are difficult to study due to their short half-life, lack of commercially available 

standards, and because they are only found in very low concentrations in tissues (2,4,5). 

Previous studies conducted by our lab explored the bioavailability/accumulation of all-trans and 

cis isomers of lycopene. Common findings from these studies and the current results showed that 

while the dose of lycopene that was provided was largely in all-trans form (84% in the current 

study), tissue and serum lycopene were mostly in cis forms. It has been estimated that 90% of the 

lycopene humans receive from foods is in the all-trans form (5). However, a study from our lab 

(39) where humans were provided with a single dose of 82% all-trans 13-C lycopene revealed 

that cis isomers of lycopene increase over time in body tissues, leading to a shorter half-life of 

the all-trans isomer (5.3 versus 8.8 h) and a shorter time to reach maximal plasma concentrations 

(28 versus 48 h) (39). Results from a ferret study by Hu et al. suggested that ferret BCO2 does 

not cleave all-trans lycopene efficiently or at all, and that based on the Km value when examining 

the BCO2 interaction with the 5-cis lycopene and all-trans substrates, cis lycopene was 

preferentially cleaved by BCO2 (40). However, our results revealed that the isomer composition 

across all tissues, except for the duodenum, showed a lower percentage of all-trans isomers than 

either 5 cis or other cis. Additionally, in the liver, isolated hepatic mitochondria, kidneys, spleen, 

adipose, and testes, the Bco1-/- mice had significantly less percentages of all-trans isomers than 

the other groups, suggesting that BCO2 prefers an all-trans substrate. The differences in results 

between these two studies could be due to interspecific differences between ferret and mice.  

Another observation we had was that our gene expression results for BCO1 and BCO2 in the 

liver revealed that the ablation of one enzyme did not enhance the expression of the other 
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enzyme, but rather resulted in a significant downregulation of the other enzyme. Coronel et al. 

found that BCO1 over-expression in adipocytes of Bco1-/- mice also failed to alter BCO2 

expression in the adipose tissue (23). 

Additionally, our results of male mice having significantly higher weights than the females in all 

genotypes is a trend that has seen in other murine studies (41).  Additionally, the weights of the 

female Bco2-/- mice in our study being significantly greater than the rest of the female genotype 

groups is in agreement with the work of Lim et al who showed that Bco2-/- mice had a greater 

food intake than WT mice (25). They also found that the cholesterol levels in the hypothalamus 

were lower in the Bco2-/- mice compared to the WT group. Similarly, both our male and female 

Bco2-/- mice had lower cholesterol in the liver compared to the WT vehicle group. Wu et al also 

suggested that Bco2-/- mice had an increased food intake compared to WT mice was due to Bco2-

/-  mice having mitochondrial dysfunction and altered energy metabolism (27, 42), although in 

one study they found that despite an increased food intake, BCO2 KO mice had lower weights 

than the WT mice (43). This lower weight was stated to be caused by mitochondrial dysfunction, 

and as lycopene has been shown to improve/protect mitochondrial function (44, 45), this could 

be why our Bco2-/- mice did not show a reduction in weight compared to other genotypes.  
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TABLES AND FIGURES 

Table 2.1. 

 

Table 2.1: Lycopene accumulation in tissues. One-way ANOVA was used to analyze for statistical significance.  

N=9-12 per group (N=4-7 for testes and seminal vesicles). Adrenals were pooled (n=2) as well as prostate and 

ovaries (n=1). Tissues not sharing the same letter in a row are significantly different (p<0.05). NA = not applicable. 

n.d.= not detected. 
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Figure 2.1. 

 

Figure 2.1: Body weight of mice (WT (vehicle), WT, Bco1-/-, Bco2-/-, DKO) over the treatment period of 28 days. 

The weights were tracked starting when mice were placed on the AIN-93G diet at 4 weeks of age (day zero in 

figure). Days 0-14 they were fed powdered diet, and from days 14-28 they also received a daily oral gavage (start of 

gavage indicated by arrow). Males weighed significantly more than females on the final treatment day in all 

genotypes (WT (vehicle), WT, Bco1-/-, Bco2-/-, DKO) (p=0.0012, p=0.03, p=0.0024, p<0.0001, p<0.0001). Female 

WT vehicle mice weighed significantly less than female WT, Bco2-/-, and DKO mice (p=0.02, p=0.0001, p=0.04). 

The Bco2-/- mice had a significantly higher weight than the Bco1-/- mice (p=0.001) when sexes were combined. 

There was no genotype effect among male mice. One-way and two-way ANOVAs were used to measure 

significance between sexes and genotypes. N=4-7 per group. Error bars represent SEM. 
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Figure 2.2. 

 

Figure 2.2: Lycopene accumulation in mouse liver and serum. (A) Hepatic lycopene accumulation in mice (WT 

(vehicle), WT, Bco1-/-, Bco2-/-, DKO). The Bco2-/- and DKO mice accumulated significantly more lycopene than the 

Bco1-/- mice. (B) Serum lycopene accumulation in mice. The DKO mice accumulated significantly more lycopene 

than the Bco1-/- and WT mice. There was no significant sex effect. One-way ANOVA was used to analyze for 

statistical significance.  N=9-12 per group. For each gene, bars not sharing the same letter are significantly different 

(p<0.05). Circles represent males, triangles females. n.d. = not detected. Error bars represent SEM. 
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Figure 2.3. 

 

Figure 2.3: Mitochondrial and whole liver lycopene accumulation. (A) Western blot of liver homogenate and 

purified mitochondrial fractions. The cytosolic housekeeping gene GAPDH was detected in the liver homogenate 

only, and the mitochondrial protein TOM20 showed stronger bands in the purified mitochondrial samples. (B) 

Lycopene accumulation in the mitochondria of a WT mouse dosed with lycopene. (C) Ratios generated from the 

accumulation of lycopene (µg/g protein) in mitochondrial fractions compared to whole liver homogenate. In all 

genotypes, the ratio of mitochondria levels of lycopene compared to liver levels was enhanced. The Bco2-/- mice had 

a smaller ratio difference than the Bco2-/- mice (p<0.004) and the DKO mice (p<0.04). One-way ANOVAs was 

utilized, n= 9-12 per group. Bars not sharing the same letter are significantly different (p<0.05). Error bars represent 

SEM. 
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Figure 2.4. 

 

Figure 2.4: HPLC chromatograms of the dose of lycopene given, and a liver and serum sample, and the 

mitochondria and liver homogenate isomers. Retention times for lycopene isomers HPLC chromatograms 

(measured at 470 nm) beginning at 19 and ending at 30 minutes. The number (1) indicates other cis peaks, while (2) 

and (3) are all-trans and 5 cis, respectively. (A) The isomeric profile of the dose gavaged to the mice was 84% all-

trans, 10% 5 cis, and 6% other cis. (B)(C) In the serum of a WT mouse dosed with lycopene, there was 13% all-

trans, 55% 5 cis, and 32% other cis while the liver contained 29% all-trans, 41% 5 cis, and 30% other cis. (D)(E) 

When comparing the isomers in the mitochondria enriched samples to the liver homogenate samples, there was no 

difference seen for any genotypes. However, both the mitochondria and liver homogenate samples from Bco1-/- mice 

had significantly lower levels of all-trans, and higher levels of 5 cis and other cis (p<0.05). One-way ANOVAs was 

utilized, n= 9-12 per group. Bars not sharing the same letter are significantly different (p<0.05). Error bars represent 

SEM. 
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Figure 2.5. 

 

Figure 2.5: Total hepatic lipid and cholesterol levels. (A) Percentage of lipids in livers of mice (WT (vehicle), 

WT, Bco1-/-, Bco2-/-, DKO). The WT vehicle group had significantly higher lipid levels than the knockout groups 

(p<0.0001, p<0.0001, p=0.01), as did the WT group (p<0.0001, p=0.0002, p=0.05). Additionally, the DKO mice had 

a higher percentage of lipids than the Bco1-/- mice (p=0.046). (B) Cholesterol levels in the livers of mice (WT 

(vehicle), WT, Bco1-/-, Bco2-/-, DKO) showed that the WT vehicle group had significantly higher levels than the 

knockout groups (p<0.0001, p=0.002, p=0.05), and the WT group had higher levels than the single KO groups 

(p=0.0001, p=0.005) Results were calculated through two-way ANOVA. N=10-12 for both A and B. No sex effect 

was seen. For each gene, bars not sharing the same letter are significantly different (p<0.05). Circles represent 

males, triangles females. Error bars represent SEM. 
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Figure 2.6. 

 

Figure 2.6: Gene expression of Bco1, Bco2, ISX, and SRB1 in the liver and duodenum of different mouse 

genotypes.  (A) In the liver, BCO1 expression in the Bco2-/- group was significantly downregulated compared to the 

WT groups. Similarly, the BCO2 expression in the Bco1-/- group was also downregulated compared to the WT 

groups. (B) In the duodenum, the WT group dosed with lycopene exhibited a significant downregulation of SRB1 

compared to the WT control. DKO mice had downregulated ISX expression compared to WT groups. n=9-12 per 

group, one-way ANOVA was used to analyze statistical significance. For each gene, bars not sharing the same letter 

are significantly different (p<0.05). Error bars represent SEM. 
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Figure 2.7. 

 

Figure 2.7: Lycopene concentration levels in the liver and serum of mice supplemented with lycopene on VAS 

and VAD diets and gene expression levels of the genes ISX, SRB1, and BCO1 in VAS, VAD, and VAD 

(vehicle) mice.  (A) In the liver, the VAD mice had significantly greater levels of lycopene than the VAS mice 

(p<0.05). (B) In the serum, no significant difference was seen between the treatment groups. (C) Both the VAD and 

VAS mice had higher ISX expression than the VAD vehicle mice. (D)(E) VAS mice had lower SRB1 and BCO1 

expression than the VAD vehicle mice. n=7-9 per group, two-way ANOVA was used to analyze statistical 

significance. For each tissue, bars not sharing the same letter are significantly different (p<0.05). For each gene 

expression comparison, a value of p<0.05 is significant. Error bars represent SEM. 
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CHAPTER 3 

Future Studies and Conclusion 

 

In the completed studies, we explored the bioaccumulation of lycopene in tissues in WT and 

knockout mice. We found that with ablation of BCO2, there was a substantial increase in hepatic 

lycopene accumulation compared to Bco1-/- mice. In order to further probe lycopene tissue 

metabolism, a new study was designed to evaluate lycopene turnover. Male and female WT and 

DKO mice will be fed a VAD AIN-93G diet for two weeks prior to lycopene consumption. Then 

the mice will be on a AIN-93G diet supplemented with 10% lycopene beadlets (put in mg/kg diet 

here) for two weeks. After the two weeks, groups of WT and DKO mice will be terminated for 

baseline data. Remaining mice will be placed back on a lycopene-free VAD AIN-93G diet either 

for one day or three days before takedown. HPLC will be utilized to compare the lycopene levels 

in tissues between mice from baseline and the two time points. This will provide insight into 

tissue specific lycopene degradation and turnover rate. This will provide novel data as no studies 

to our knowledge have directly evaluated lycopene turnover in preclinical animal models. 

Other results from the current studies suggested that lycopene’s metabolites could act upon RAR 

receptors to influence the ISX/SRB1 axis. This is a novel finding to our knowledge and 

stimulates a lot of questions. One obvious question is what specific lycopene metabolites interact 

with these RAR/RXR receptors? While this is a relevant and important question, we do not yet 

have the means to study lycopene metabolites effectively. A second question that this research 

raised was if there was a way to provide further evidence that lycopene metabolites were acting 

specifically through RAR receptors. This question led us to propose a second new study. We will 

utilize an RAR antagonist that blocks all RAR activity. This design will allow us to test the 

question of whether lycopene influences the ISX/SRB1 axis via stimulation of RAR signaling, in 
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a manner similar to retinoic acid. Briefly, four groups of WT mice will be on the VAD AIN-93G 

diet to prep for carotenoid uptake. Two groups will continue on this diet for the remaining 10 

days, with one group receiving a gavage dose of retinoic acid as a positive control 24 hours 

before sacrifice. The other two groups will receive the VAD AIN-93G diet supplemented with 

lycopene beadlets (10%) for the 10 days, with one of these groups receiving the RAR antagonist 

suspended in cottonseed oil via gavage. Based on previous studies (1,2), the RAR antagonist will 

be given at the dose of 5mg/kg body weight, and the mouse will receive the doses 30 and 6 hours 

before sacrifice. 

In conclusion, these results support the hypothesis that BCO2 is the most important cleavage 

enzyme of lycopene in the liver, the tissue where the majority of the lycopene accumulated 

across mouse genotypes (94-98% of lycopene from 11 tissues). Lycopene concentration was 

enriched in the hepatic mitochondria (where BCO2 resides) independently of the expression of 

BCO2. Additionally, the similar lycopene isomer profile of whole liver and isolated 

mitochondria suggests that there is not preferential cleavage of cis forms of lycopene compared 

to all-trans lycopene. Finally, SRB1 appears to play a role in facilitating the uptake of lycopene 

in the intestines, and lycopene’s metabolites may act on RAR receptors to influence the 

ISX/SRB1 axis. 
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 APPENDIX A 

 

Appendix Figure A.1. 

 

Appendix Figure A.1: Animal model study design for study 1.  

 

Appendix Figure A.2. 

 

Appendix Figure A.2: Animal model study design for study 2.  
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Appendix Table A.1. 

 

Appendix Table A.1: Composition of modified (cottonseed oil replaced soybean oil) AIN-93G diet. 

 

Appendix Table A.2. 

 

Appendix Table 2. Composition of Vitamin A free AIN-93G diet with lycopene beadlets 
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Appendix Table A.3. 

 

Appendix Table A.3: Weight of tissues in male mice. One-way ANOVA was used to analyze for statistical 

significance.  N=4-7 per group. Adrenals were pooled (n=2) as well as prostate (n=1). Tissues not sharing the same 

letter in a row are significantly different (p<0.05).  
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Appendix Table A.4. 

 

Appendix Table A.4: Weight of tissues in female mice. One-way ANOVA was used to analyze for statistical 

significance.  N=4-8 per group. Adrenals were pooled (n=2) as well as ovaries (n=1). Tissues not sharing the same 

letter in a row are significantly different (p<0.05).  
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Appendix Table A.5. 

 

Appendix Table A.5: Weight of tissues as percent body weight in male mice. One-way ANOVA was used to 

analyze for statistical significance.  N=4-7 per group. Adrenals were pooled (n=2) as well as prostate (n=1). Tissues 

not sharing the same letter in a row are significantly different (p<0.05).  
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Appendix Table A.6. 

 

Appendix Table A.6: Weight of tissues as percent body weight in female mice. One-way ANOVA was used to 

analyze for statistical significance.  N=4-8 per group. Adrenals were pooled (n=2) as well as ovaries (n=1). Tissues 

not sharing the same letter in a row are significantly different (p<0.05).  
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Appendix Figures A.3A-L. 

 

        

 

Figure A.3A 

Figure A.3B 

Figure A.3C 
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Figure A.3D 

Figure A.3E 

Figure A.3F 
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Figure A.3G 

Figure A.3H 

Figure A.3I 
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Appendix Figures A.3A-L: Lycopene isomer configurations in various tissues. One-way ANOVAs was utilized, 

n= 9-12 per group. Bars not sharing the same letter are significantly different (p<0.05). Error bars represent SEM. 

  

Figure A.3J 

Figure A.3K 

Figure A.3L 
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Appendix Figures A.4A-D. 

 

 

 

 

 

 

 

 

 

 

Figure A.4B 

Figure A.4A 
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Appendix Figures A.4A-D: Study 1 gene expression results for liver, duodenum, gWAT, and prostate. One-

way ANOVAs was utilized, n= 9-12 per group. Bars not sharing the same letter are significantly different (p<0.05). 

Error bars represent SEM. 

 

Figure A.4C 

Figure A.4D 

 


