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Abstract

Supplementation with antioxidant carotenoids is a therapeutic strategy to protect against age-

related macular degeneration (AMD); however, the transport mechanism of carotenoids from the 

liver to the retina is still not fully understood. Here, we investigate if HDL serves as the primary 

transporter for the macular carotenoids. ApoA-I, the key apolipoprotein of HDL, was genetically 

deleted from BCO2 knockout (Bco2−/−) mouse, a macular pigment mouse model capable of 

accumulating carotenoids in the retina. We then conducted a feeding experiment with a mixed 

carotenoid chow (lutein:zeaxanthin:β-carotene=1:1:1) for one month. HPLC data demonstrated 

that the total carotenoids were increased in the livers but decreased in the serum, retinal pigment 

epithelium (RPE)/choroids, and retinas of ApoA-I−/−/Bco2−/− mice compared to Bco2−/− mice. In 

detail, ApoA-I deficiency caused a significant increase of β-carotene but not lutein and zeaxanthin 

in the liver, decreased all three carotenoids in the serum, blocked the majority of zeaxanthin and 

β-carotene transport to the RPE/choroid, and dramatically reduced β-carotene and zeaxanthin but 

not lutein in the retina. Furthermore, surface plasmon resonance spectroscopy (SPR) data showed 

that the binding affinity between ApoA-I and β-carotene>>zeaxanthin>lutein. Our results show 

that carotenoids are transported from the liver to the eye mainly by HDL, and ApoA-I may be 

involved in the selective delivery of macular carotenoids to the RPE.
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Introduction

Age-related macular degeneration (AMD) is a common cause of blindness in developed 

countries [1–3]. The content of carotenoids in the human retina is inversely correlated with 
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the development of AMD [4–7]. Supplementation with carotenoids can increase retinal 

carotenoids and significantly reduces AMD risk [8–10]. Unlike plants, humans do not have 

the enzymes to synthesize carotenoids and have to obtain these antioxidants from the diet 

[11, 12]. Therefore, it is important to understand the transport mechanism of carotenoids. 

Carotenoids are believed to be transported from the liver to the eye by lipoproteins [13–16]. 

But it is still not clear which lipoprotein is responsible for carotenoid transport from the liver 

to the retina.

Genetic and biological studies indicate that HDL is likely the major transporter for 

macular carotenoids. Genome-wide association studies (GWAS) have reported that many 

gene variants of HDL-cholesterol transporters and receptors, such as HDL apolipoprotein 

A-I (ApoA-I), SR-BI, ABCA1, CETP, LCAT, and LIPC, are significantly associated 

with the level of carotenoids in the human retina [1, 17, 18]. HDL deficiency caused 

by a mutated ABCA1 transporter in Wisconsin hypoalpha mutant (WHAM) chickens 

dramatically reduced their retinal carotenoids [19]. Blocking the activity of SR-BI by either 

antibody or RNAi decreased carotenoid uptake by cultured ARPE-19 cells [20, 21].

Similar to HDL cholesterol, the uptake of macular carotenoids is a selective transport 

process. There are more than 600 carotenoids in nature, ~50 in the human diet, and ~20 

detectable in the human serum, but only two carotenoids, lutein and zeaxanthin, can be 

taken up by the human retina [5, 22]. Similarly, HDL carries various lipid species and 

selectively transports cholesterol ester (CE) to the liver through reverse cholesterol transport. 

In contrast, the LDL particles are entirely internalized into cells by the endocytosis process 

[23, 24]. Therefore, the transport of macular carotenoids occurs likely through the HDL 

pathway but not the LDL pathway.

ApoA-I is the main apolipoprotein of HDL, accounting for around 70% of the HDL proteins 

[24, 25]. ApoA-I protein is expressed mainly in the liver, with a small amount produced 

in the intestine. It facilitates efflux of excessive free cholesterol in the peripheral tissues to 

HDL through ABCA1, while cholesterol ester (CE) influxes into hepatic cells through SR-

BI when HDL approaches the liver [26]. The composition of lipids and apolipoproteins of 

HDL is altered in the ApoA-I knockout mice, significantly reducing HDL-mediated reverse 

cholesterol transport [25]. This indicates that ablation of ApoA-I dramatically changes the 

structure and function of HDL.

In this manuscript, we investigate if the disruption of HDL caused by ApoA-I deletion 

impairs carotenoid transport in mice deficient in the enzyme β-carotene oxygenase 2 (Bco2), 

a mouse model capable of accumulating carotenoids in their retinas [27–29]. We first 

crossed ApoA-I knockout (ApoA-I−/−) mice with Bco2 knockout (Bco2−/−) mice to generate 

ApoA-I /Bco2 double knockout (ApoA-I−/−/Bco2−/−) mice. We then carried out a carotenoid 

feeding experiment in which ApoA-I−/−/Bco2−/− and Bco2−/− mice were fed with a mixed 

carotenoid chow for one month. Carotenoids were then extracted from the liver, serum, 

retinal pigment epithelium (RPE)/choroids, and retina of these mice and analyzed by HPLC. 

We further investigate the binding affinity between the recombinant human ApoA-I protein 

and various carotenoids by surface plasmon resonance (SPR) spectroscopy.
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Materials and Methods

1. Materials

Tetrahydrofuran (THF), butylated hydroxytoluene (BHT), polyvinylpyrrolidone, dimethyl 

sulfoxide (DMSO), and methanol were purchased from Sigma Chemicals (Saint Louis, 

MO, USA). Organic solvents such as ethyl acetate, hexane, dichloromethane, and N, N-

diisopropylethylamine (DIPEA) were obtained from Thermo Fisher (Waltham, MA, USA). 

Carotenoid standards zeaxanthin and meso-zeaxanthin were provided by DSM Nutritional 

Products, Ltd. (Kaiseraugst, Switzerland), while lutein was from Kemin Health (Des 

Moines, IA, USA). β-Carotene and astaxanthin standards were purchased from Sigma 

Chemicals (Saint Louis, MO, USA). Recombinant human ApoA-I was purchased from 

Sino Biological (#10686-H07E; Wayne, PA, USA), while the IRBP protein was a gift from 

Dr. Federico Gonzalez-Fernandez at State University of New York Buffalo. Recombinant 

human StARD3 protein was prepared in our lab as previously described [30]. ApoA-I 

antibody was from Abnova (# H335-D01P; Walnut, CA, USA), and actin antibody was from 

Sigma-Aldrich (#A2066; Saint Louis, MO, USA). Goat anti-rabbit IgG conjugated to HRP 

was from Alpha Diagnostic International (# 20320; San Antonio, TX, USA).

2. Mice breeding and maintenance

To generate ApoA-I−/−/Bco2−/− mice, germline knockout mice of ApoA-I were purchased 

from the Jackson Laboratories (#002055, Bar Harbor, Maine) and crossed with Bco2−/− 

mice. The Bco2−/− mouse line was a gift from Dr. Johannes von Lintig of the Case 

Western Reserve University and maintained at the animal facility of the Moran Eye Center, 

University of Utah. The ApoA-I−/−/Bco2−/− mice were identified from the offspring by 

genotyping using the following PCR primers. Two forward primers: 5’ –CCT TCT ATC 

GCC TTC TTG ACG- 3’ and 5’-TCT GGT CTT CCT GAC AGG TAG G-3’ with a 

common reverse primer: 5’-GTT CAT CTT GCT GCA TAC G-3’ were used to determine 

the ApoA-I mutated gene and wild type gene, respectively. Accordingly, the ApoA-I 
mutated gene yielded a ~250 bp PCR product, while the WT gene produced a ~169 bp 

PCR product. As before, the Bco2 mutated gene was identified with the following primers: 

5’-TTT CTA GTC TAG ATT CGT GTA CC-3’ and 5’-CAG TCA CGA CGT TGT AAA 

AC-3’, while the Bco2 wild type gene was determined using this pair of primers: 5’-ATA 

CAA TCA TTG GTT TGA TGG AA-3’ and 5’-TAG GTG GCT CAA ACC TTG ACA-3’. 

The Bco2 wildtype (WT) gene and mutated gene produced a ~212 and a ~790 bp PCR 

product, respectively.

3. Western blots

We also validated the status of ApoA-I protein in the ApoA-I−/−/Bco2−/− and Bco2−/− 

mice by western blot. 50 μL of serum was collected from each animal, and then 50 μL of 

2xSDS-PAGE loading buffer was added to the serum sample. After a 40-second sonication 

on ice, the samples were boiled in water for 5 minutes. Next, 30 μl of the protein sample 

was loaded on 4–15% gradient SDS–PAGE for separation and then transferred onto 0.45 

μm nitrocellulose membrane. After blocking with 5% nonfat dried milk, the membranes 

were incubated with primary antibody overnight at 4 °C, then with secondary antibodies 

for 2 hours. The dilution ratios were 1:1000 and 1:2000, respectively. The membranes were 
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developed using ECL Plus Western blot detection reagents from GE HealthCare (Lafayette, 

CO, USA).

4. Carotenoid-feeding experiments

Twenty 6–8- week-old ApoA-I−/−/Bco2−/− mice and twenty 6–8-week- old Bco2−/− mice 

were used in the carotenoid-feeding experiments. To improve carotenoids’ bioavailability, 

all of the mice were fed with a vitamin A-deficient chow (AIN-93) for four weeks. 

Subsequently, they were given a chow containing mixed carotenoids for another four weeks. 

This chow was customized by an animal feed company, TestDiet (Richmond, IN, USA). The 

DSM beadlet carotenoids lutein, zeaxanthin, and β-carotene were mixed at a ratio of 1:1:1 

and incorporated into a rodent base chow from TestDiet (Richmond, IN, USA). The final 

content of total carotenoids was 1 g carotenoids/kg chow. ~2.6 mg of carotenoid were given 

to each mouse per day, while the total carotenoid dosage was 12 mg/day in the AREDS2 

clinical trial [31]. All procedures were approved by the appropriate Institutional Animal 

Care and Use Committees and were carried out according to National Institutes of Health 

guidelines.

5. Carotenoid extraction and analysis by HPLC

After four weeks of carotenoid feeding, all three carotenoids in the livers, serums, RPE/

choroids, and retinas of the ApoA-I−/−/Bco2−/− and Bco2−/− mice were extracted and 

analyzed using HPLC. 0.1–0.2g of homogenized liver sample was taken individually from 

animals, while each sample of RPE/choroid and retina contained tissues from five animals. 

These samples then were homogenized by a BioSpec bead beater homogenizer (Bartlesville, 

OK, USA) and extracted with 1mL tetrahydrofuran (THF) containing 0.1% butylated 

hydroxytoluene (BHT) by a 30-min sonication in ice-cold water as reported [32]. After 

three extractions, all three extracts were combined and evaporated to dryness under vacuum 

at room temperature.

Each serum sample (~200 μL) was collected from individual animals, but serum carotenoids 

were extracted with a different protocol. In detail, we first added 400 μL ethanol containing 

0.1% of BHT to the serum samples to precipitate the proteins and then added 1mL 

ethyl acetate to extract the carotenoids. Following a 30-second vortex, the samples were 

centrifuged at 2,000 × g for 5 minutes at room temperature, and the supernatants were 

collected. This extraction step was repeated two more times. The supernatants were then 

combined and dried down as above.

To perform the HPLC analysis, hexane and water were added to the dried residue of each 

sample, vortexed for 30 seconds, centrifuged at 2000 × g for 5 minutes at room temperature, 

and the hexane phase was collected. This extraction sequence was conducted three times, 

and the combined hexane phases were dried down to yield the carotenoid samples for 

analysis. The carotenoid samples were re-dissolved into the HPLC mobile phase and 

injected into the HPLC system, in which a silica-based nitrile bonded column (25 cm length 

× 4.6 mm internal diameter with 5-μm spherical particle from Regis Chemical, Morton 

Grove, IL, USA) was employed. The eluent contained 75% hexanes, 25% dichloromethane, 

0.3% methanol, and 0.1% N, N-diisopropylethylamine (DIPEA). The column flow rate, 
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monitoring wavelength, and column temperature were set to 1 mL/min, 445 nm, and 25 °C 

during each HPLC run, respectively.

6. Carotenoid-binding assay

Surface plasmon resonance (SPR) spectroscopy assays were conducted at 25°C using a 

fully automated SensiQ Pioneer optical biosensor equipped with carboxyl modified sensor 

chips (Pall ForteBio, Fremont, CA, USA). Using this platform, a protein surface and 

an unmodified reference surface were prepared for simultaneous analysis. Proteins were 

immobilized using a standard amine coupling method. Carotenoids (lutein, zeaxanthin, 

meso-zeaxanthin, β-carotene, and astaxanthin) were prepared in 100% DMSO and then 

diluted to a 5% working dilution (1–100 μM) in running buffer (10 mM phosphate-buffered 

saline, 0.1% polyvinylpyrrolidone, and 5% DMSO, pH 7.4). Carotenoids were injected 

using Onestep® (Taylor dispersion) injection method. A concentration gradient was created 

by slowly diffusing the analyte in the running buffer. Buffer blanks were injected for 

double referencing purposes. Each carotenoid concentration was injected three times, and 

assays were performed at 25°C. Data were collected at 10 Hz. For affinity determination, 

SPR response data (sensorgrams) were zeroed at the beginning of each injection and 

double referenced. Equilibrium binding constants were determined by using Qdat® analysis 

software (Pall ForteBio, Fremont, CA, USA).

7. Statistical analysis

Carotenoid contents of the livers, serum, and ocular tissue of the mice were analyzed 

using ANOVA and t-tests. Statistical analyses were performed using GraphPad Prism 6.0 

(GraphPad Software, Inc., La Jolla, CA, USA). The bars on the graphs represent means with 

± SD. Two-tailed P < 0.05 was considered significant.

Results

1. Generation of ApoA-I/Bco2 double knockout (ApoA-I−/−/Bco2−/−) mice

We first bred ApoA-I−/−mice with Bco2−/− mice to create ApoA-I−/−/Bco2−/− mice. The 

genotyping results demonstrated that both the ApoA-I and Bco2 genes had been deleted 

in the ApoA-I−/−/Bco2−/− mice, while in the Bco2−/− mice, only the Bco2 gene was 

knocked out (Figure 1 A, B). We further examined the expression of the ApoA-I protein 

in both the ApoA-I−/−/Bco2−/− and Bco2−/− mice by western blot. Figure 1C shows that a 

~25kDa protein band was detected in the serum of the Bco2−/− mice, but no protein band 

was detected in the ApoA-I−/−/Bco2−/− mice. These data demonstrated that the ApoA-I−/−/
Bco2−/− mouse line had been successfully established. The ApoA-I−/−/Bco2−/− mice and 

Bco2−/− mice were used in the following carotenoid feeding experiments.

2. Total carotenoid alteration caused by ApoA-I deficiency in the Bco2−/− mice.

Next, we conducted carotenoid-feeding experiments. Twenty ApoA-I−/−/Bco2−/− mice and 

twenty Bco2−/− mice were fed with a chow containing three carotenoids, lutein, zeaxanthin, 

and β-carotene at a ratio of 1: 1: 1 for one month. To obtain comprehensive insight into 

HDL’s role in carotenoid transport, we first investigated the effects of ApoA-I deficiency 

on the contents of total carotenoids in the Bco2−/− mice. Figure 2 demonstrates that the 
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total carotenoids in the livers of the ApoA-I−/−/Bco2−/− mice increased to ~150% of the 

Bco2−/− mice, while the total carotenoids of the serum, RPE/choroids, and the retina in 

the ApoA-I−/−/Bco2−/− mice reduced to about 27%, 30%, and 55% of the Bco2−/− mice, 

respectively.

3. Individual carotenoid alteration caused by ApoA-I deficiency in the Bco2−/− mice.

Subsequently, we further analyzed the influences of ApoA-I deficiency on the status of 

individual carotenoids relevant to the eye. Lutein and zeaxanthin are the dietary carotenoids 

highly concentrated in the human retina, while β-carotene is the precursor of 11-cis-retinal, 

the chromophore of the visual pigment rhodopsin. Carotenoids are packed on HDL and/or 

VLDL in the liver and secreted into the blood to be transported to the eye and other 

peripheral tissues.

Figure 3 shows the carotenoid levels of lutein, zeaxanthin, and β-carotene in the livers of 

ApoA-I−/−/Bco2−/− and Bco2−/− mice. The levels of lutein and zeaxanthin in the liver of the 

ApoA-I−/−/Bco2−/− mice were not significantly changed compared with the Bco2−/− mice. 

Interestingly, the β-carotene in the livers of ApoA-I−/−/Bco2−/− increased to 150% of the 

levels in Bco2−/− mice. In addition, we can see that β-carotene is about 5 to 15 times higher 

than lutein and zeaxanthin in both the ApoA-I−/−/Bco2−/− and the Bco2−/− mice.

Figure 4 demonstrates the levels of three individual carotenoids in the serum of the 

ApoA-I−/−/Bco2−/− and the Bco2−/− mice. Lutein, zeaxanthin, and β-carotene of ApoA-I−/−/
Bco2−/− mice were significantly reduced to 30%, 19%, and 37% of the levels in Bco2−/− 

mice, indicating that HDL may serve as the primary transporter for all three carotenoids. 

ApoA-I deficiency impacted serum zeaxanthin more than the other two carotenoids, 

implying that HDL may have a higher capacity for acquiring zeaxanthin from the liver.

Figure 5 exhibits the levels of three carotenoids in the RPE/choroids of the ApoA-I−/−/
Bco2−/− and the Bco2−/− mice. It demonstrates that ApoA-I deletion reduced about 34% 

of lutein, 66% of zeaxanthin, and 84% of β-carotene in the RPE/choroids of the Bco2−/− 

mice. This result reveals that ApoA-I has more impact on the transport of zeaxanthin and 

β-carotene than lutein, implying that HDL may be responsible for the selective transport of 

zeaxanthin and β-carotene to the RPE.

Figure 6 shows that the level of β-carotene in the retina of the ApoA-I−/−/Bco2−/− decreased 

to 31% of the Bco2−/− mice, while lutein and zeaxanthin only reduced to 70% and 60%, 

respectively. It appears that ApoA-I may be involved in the retinal transport of β-carotene 

and zeaxanthin more than lutein. In addition, we also observed that more zeaxanthin was 

deposited in the retina than the other two carotenoids.

4. Binding affinity between ApoA-I protein and various carotenoids.

To further investigate whether ApoA-I protein directly contributes to the selective uptake of 

the macular carotenoids, we examined the binding affinity between the recombinant human 

ApoA-I protein and various carotenoids using SPR spectroscopy (Table 1). The KD values 

between ApoA-I and β-carotene, zeaxanthin, and lutein are 0.33 μM, 5.6 μM, and 12.14 μM, 

respectively. This demonstrates that binding affinities between ApoA-I and three eye-related 
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carotenoids are β-carotene> zeaxanthin ≈ meso-zeaxanthin >lutein, as smaller KD values 

represent higher binding affinity. ApoA-I binds β-carotene and zeaxanthin stronger than 

lutein. This probably explains why Apo A-I deficiency causes β-carotene and zeaxanthin 

reduction in the RPE/choroid and retina more than lutein. We also found that the binding 

affinity between ApoA-I and β-carotene is much stronger than that of lutein and its binding 

protein, StARD3. The binding affinities between ApoA-I and xanthophyll carotenoids 

(lutein and zeaxanthin) are weaker than the retinal transport protein IRBP.

Discussion

In this work, we investigated the role of HDL in carotenoid transport using mouse model 

experiments. We found that HDL is the primary transporter to deliver carotenoids from the 

liver to the RPE, and ApoA-I may be involved in the selective transport of carotenoids to the 

retina. Our data provide new insights into the transport mechanism of carotenoids.

It remains unclear how carotenoids are transported from the liver to the serum. After 

digestion of the food matrix, carotenoids are packed onto chylomicrons in the intestine and 

then transported to the liver, where they are repacked to lipoproteins and secreted into the 

blood to be delivered to peripheral tissues such as the eye [13, 14]. However, it is unknown 

on which lipoprotein carotenoids are packed in the liver before secretion into the blood. 

LDL has often been considered a candidate due to the hydrophobic feature of carotenoids. 

Another opinion is that xanthophylls and non-xanthophyll carotenoids are packed onto HDL 

and LDL, respectively. According to the carotenoid composition in these human serum 

lipoproteins, the xanthophylls lutein and zeaxanthin are mainly associated with HDL, while 

β-carotene is located primarily in LDL [21, 33]. In this study, we found that the deletion 

of ApoA-I significantly reduced 70% of lutein, 80% of zeaxanthin, and 60% of β-carotene 

in the serum of the Bco2−/− mice (Figure 4); meanwhile, the levels of all three carotenoids 

were increased in their livers (Figure 3). Our results demonstrate that lutein, zeaxanthin, and 

β-carotene are loaded mainly onto the HDL and secreted into the blood, suggesting that 

HDL may serve as the major transporter to carry carotenoids from the liver to the eye and 

other peripheral tissues.

Macular carotenoid uptake from the bloodstream to the RPE is believed to occur through the 

HDL pathway. Genetic studies have revealed that both the key apolipoproteins and the cell 

surface receptors of HDL are significantly associated with macular pigment optical density 

(MPOD), an index for the carotenoid contents in the human retina. HDL receptor SR-BI 

exists in the human and mouse RPE, and inhibition of SR-BI function by antibody or siRNA 

treatment dramatically reduced carotenoids in cultured ARPE-19 cells [20]. More direct 

evidence demonstrated that HDL addition in the medium of ARPE-19 cells facilitated the 

transport of carotenoids into the cells [21]. In the same study, the authors also compared the 

carotenoid delivery abilities between HDL and LDL. They found that HDL preferentially 

delivers zeaxanthin, whereas LDL is more involved in the transport of lutein and β-carotene. 

Our data revealed that HDL was responsible for 66% of zeaxanthin, 34% of lutein, and 

84% of β-carotene transported into the RPE/choroid of Bco2−/− mice (Figure 5). Thus, our 

animal feeding experiments showed similar results to the cell culture assays that showed 

that HDL can selectively deliver zeaxanthin. Interestingly, our animal data indicated that 
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HDL may be more involved in the transport of β-carotene, which is different from the 

cell culture assays. This could be ascribed to the difference between the two experimental 

systems. However, our SPR results revealed the binding affinities between ApoA-I and 

β-carotene>>zeaxanthin>lutein, which might in part explain the animal feeding data.

HDL is unlikely to play a key role in the transport of lutein and zeaxanthin from the RPE to 

the retina. Compared to the Bco2−/− mice, the lutein, zeaxanthin in the retina of ApoA-I−/−/
Bco2−/− mice only reduced 30% and 40%, respectively (Figure 6). Therefore, we suggest 

that macular carotenoids are transported from RPE to the retina mainly through mechanisms 

different from the HDL pathway, probably by the LDL pathway or diffusion. This is not a 

surprise. After all, most ApoA-I proteins are expressed in the liver and the intestine but not 

in the eye.

ApoA-I may contribute to the selective uptake of zeaxanthin from the bloodstream to the 

RPE as it binds zeaxanthin tighter. Meanwhile, we found that the preferential accumulation 

of β-carotene in the liver may also contribute to the selective uptake of macular carotenoids. 

This is because hepatic β-carotene is about 15 to 30 times higher than lutein and zeaxanthin 

in both the ApoA-I−/−/Bco2−/− mice and the Bco2−/− mice when fed the three carotenoids 

in equal proportions (Figure 3). A similar accumulation pattern was also seen in a previous 

feeding experiment [28]. Moreover, the human hepatic content of β-carotene has been 

reported to be about 30 times higher than that of xanthophylls [32, 34]. All of these lines of 

evidence suggest that the preferential accumulation of β-carotene in the liver over lutein and 

zeaxanthin may result in less β-carotene release into the blood, thereby causing the selective 

delivery of xanthophylls to the eye. Of course, to completely understand this selective uptake 

process, many other factors, such as HDL receptor SR-BI, carotenoid cleavage enzymes 

BCO1 and BCO2, and specific carotenoid-binding proteins GSTP1 and StARD3 [20, 27, 30, 

33, 35, 36], should be taken into account, too.

In conclusion, we investigated the role of HDL in the transport of three eye-related 

carotenoids in mouse models for the first time. Our results demonstrated that carotenoids 

are transported from the liver to the eye mainly by HDL, and ApoA-I may be involved in 

the selective delivery of macular carotenoids. These data may enhance our understanding of 

macular carotenoid transport and provide new insight into AMD prevention by carotenoids.
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Highlights:

• HDL is the primary carotenoid transporter in mice.

• Zeaxanthin and β-carotene are taken up into the RPE mainly through the 

HDL pathway.

• Apo A-I binds zeaxanthin and β-carotene much stronger than lutein.
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Figure 1. Genotyping and western blot results of the ApoA-I−/−/Bco2−/− mice and the Bco2−/− 

mice.
(A) Genotyping results of mutated (MT) and wild type (WT) ApoA-I genes of the mouse 

by PCR. The PCR products of mutated and wild type Apo A-I genes are ~ 250 bp and 

169 bp, respectively. (B) Genotyping results of MT and WT mouse Bco2 genes by PCR. 

The PCR product of the mutated Bco2 gene is ~790 bp, while that of the wild type gene 

is ~212 bp. (C) Western blot. A ~25Kd protein band was detected in the Bco2−/− mice but 

not in the ApoA-I−/−/Bco2−/− mice. The data of PCR and western blot demonstrated that the 

ApoA-I−/−/Bco2−/− mouse line had been successfully generated.
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Figure 2. The contents of total carotenoids detected in the liver, serum, RPE/choroids, and retina 
of the ApoA-I−/−/Bco2−/− mice and the Bco2−/− mice by HPLC.
The level of total carotenoids in the liver of ApoA-I−/−/Bco2−/− mice was increased but 

reduced in serum, RPE/choroids, and retina relative to the Bco2−/− mice, suggesting HDL 

participates in the carotenoid transport from the liver to the eye. Twenty ApoA-I−/−/Bco2−/− 

mice and twenty Bco2−/− mice were used in the feeding experiments. Total carotenoids 

consist of lutein, zeaxanthin, and β-carotene. The carotenoids of the liver and serum were 

extracted from individual animals, while the ocular tissues of five animals were pooled 

together for carotenoid extraction. *, P<0.05. Error bars represent standard deviation.
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Figure 3. The contents of lutein, zeaxanthin, and β-carotene detected in the livers of the ApoA-
I−/−/Bco2−/− mice and the Bco2−/− mice by HPLC.
The levels of all three carotenoids in the liver of the ApoA-I−/−/Bco2−/− mice were increased 

compared with the Bco2−/− mice. The contents of β-carotene in both mice are 5 to 10 times 

higher than lutein and zeaxanthin, indicating that β-carotene can preferentially accumulate 

in the liver. The ratio of lutein:zeaxanthin:β-carotene is 1.0: 2.1: 11.7 in the Bco2−/− mice, 

while it becomes 1.0: 2.0: 15.6 in the ApoA-I−/−/Bco2−/− mice. Carotenoids were extracted 

from twenty liver samples of the ApoA-I−/−/Bco2−/− mice and twenty liver samples of the 

Bco2−/− mice. *, P<0.05. Error bars represent standard deviation.
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Figure 4. The contents of lutein, zeaxanthin, and β-carotene detected in the serum of the ApoA-
I−/−/Bco2−/− mice and the Bco2−/− mice by HPLC.
The levels of all three carotenoids in the serum of the ApoA-I−/−/Bco2−/− mice were 

significantly reduced relative to the Bco2−/− mice, suggesting all three carotenoids were 

secreted to HDL to be transported to the eye. The ratio of lutein:zeaxanthin:β-carotene is 

1.0: 2.4: 1.4 in the Bco2−/− mice, while it becomes 1.0: 1.5: 1.7 in the ApoA-I−/−/Bco2−/− 

mice. Carotenoids were extracted from twenty serum samples of ApoA-I−/−/Bco2−/− mice 

and twenty serum samples of the Bco2−/− mice. **, P<0.001. Error bars represent standard 

deviation.

Li et al. Page 15

Arch Biochem Biophys. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. The contents of lutein, zeaxanthin, and β-carotene detected in the RPE/choroids of the 
ApoA-I−/−/Bco2−/− mice and the Bco2−/− mice by HPLC.
The levels of all three carotenoids in the RPE/choroids of ApoA-I−/−/Bco2−/− mice were 

decreased relative to the Bco2−/− mice. It also showed that ApoA-I deficiency resulted in 

more reduction of zeaxanthin and β-carotene than lutein, suggesting that zeaxanthin and 

β-carotene are transported to RPE/choroids by HDL. In contrast, lutein is probably delivered 

by LDL. The ratio of lutein:zeaxanthin:β-carotene is 1: 2.6: 2.5 in the Bco2−/− mice, while 

it becomes 1.0: 1.4: 0.6 in the ApoA-I−/−/Bco2−/− mice. Carotenoids were extracted from 

four RPE/choroid samples pooled from twenty ApoA-I−/−/Bco2−/− double knockout mice 

and four RPE/choroid samples pooled from twenty Bco2−/− mice (5 pairs of RPE/choroids/

sample). *, P<0.05. Error bars represent standard deviation.

Li et al. Page 16

Arch Biochem Biophys. Author manuscript; available in PMC 2023 February 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. The contents of lutein, zeaxanthin, and β-carotene detected in the retinas of the 
ApoA-I−/−/Bco2−/− mice and the Bco2−/− mice by HPLC.
The levels of all three carotenoids in the retinas of ApoA-I−/−/Bco2−/− mice were reduced 

compared with the Bco2−/− mice. ApoA-I deficiency caused a dramatic reduction of β-

carotene but not lutein and zeaxanthin, suggesting that β-carotene is transported from RPE/

choroids to the retina by HDL. In contrast, lutein and zeaxanthin are probably delivered by 

LDL. The ratio of lutein:zeaxanthin:β-carotene is 1.0: 2.4: 1.1 in the Bco2−/− mice, while it 

becomes 1.0: 2.0: 0.5 in the ApoA-I−/−/Bco2−/− mice. Carotenoids were extracted from four 

retina samples pooled from twenty ApoA-I−/−/Bco2−/− double knockout mice and four retina 

samples pooled from twenty Bco2−/− mice (5 pairs of retinas/sample). *, P<0.05. Error bars 

represent standard deviation.
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Table 1.

The binding affinities between carotenoid-related proteins and various carotenoids determined by surface 

plasmon resonance (SPR) spectroscopy

Carotenoids Human IRBP (μM) StARD3 (μM) Human ApoA-I (μM)

Lutein 1.06 ± 0.20 0.45±0.03 12.14±0.11

Zeaxanthin 1.64 ± 0.50 2.60±0.01 5.62±0.34

meso-Zeaxanthin 1.85 ± 0.30 1.80±0.40 7.90±0.20

β-Carotene 0.92 ± 0.10 2.10±0.05 0.33±0.03

Astaxanthin 1.64 ± 0.06 1.50±0.20 1.52±0.01

Note: Data presented in this table are mean KD±SD. The smaller value of KD stands for the higher binding affinity. Each test was repeated three 

times.
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