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Abstract 

Lutein is located in the macula lutea in the human eye. Since humans cannot synthesize 

lutein de novo, it must be digested as food. Some studies including our previous study showed 

very low absorption of lutein after oral administration. Those studies also suggested that the 

absorption route of lutein from the small intestine involves not only the blood but also the 

lymph. The aim of this study was to clarify the transfer of lutein into lymph and the tissue 

distribution after oral administration of a solid dispersion (SD) and a self-microemulsifying 

drug delivery system (SMEDDS) for improvement of the absorption. We used thoracic 

lymph-cannulated rats. It was shown that the plasma concentrations of lutein in the SD and 

SMEDDS groups were increased compared with that in the powder group. The absorption of 

lutein after oral administration of each formulation was clearly evaluated by its cumulative 

amount in lymph. Our data clearly showed that lutein is transferred into the lymph stream 

from the small intestine.  

 

Keywords: lutein (PubChem CID: 5281243); lymph; absorption; solid dispersion; 

self-microemulsifying drug delivery system; intestine. 
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1. Introduction 

 

Lutein is a major carotenoid that is present in dark green leafy vegetables such as 

spinach and kale and in various fruits [1]. In human eyes, lutein is a macular pigment that is 

located in the macula lutea, yellow spots, between incoming photons and photoreceptors [2]. 

Lutein has been thought to provide protection to the photoreceptors as blue light filters and 

powerful antioxidants [3]. It has been reported that a high serum carotenoid level and high 

dietary intake of lutein are associated with lower relative risk of age-related macular 

degeneration (AMD) [4,5]. AMD is a leading cause of irreversible blindness in the elderly in 

developed countries [6]. One of the effective treatments for AMD is intravitreal injection of 

an anti-vascular endothelial growth factor (VEGF) drug. However, this treatment is stressful 

for AMD patients. It is important to prevent AMD in daily life. It will take a long time to 

establish an easier treatment, although a new treatment using induced pluripotent stem (iPS) 

cells has been reported in Japan [7].  

We previously reported that the bioavailability of lutein was about 5% [8]. Various 

pharmaceutics for improvement of this low absorption of lutein have been reported [9-11]. A 

self-emulsifying phospholipid suspension and solid nanoparticles would be effective for 

improvement of the intestinal absorption of lutein. The values of Tmax from plasma 

concentration data differed greatly in previous studies (2-12 h), though the formulation and 
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dose of lutein were different. We consider that the important step of the absorption is 

dissolution of lutein from each formulation and reformation of micelles in the intestine. In the 

case of absorption of dietary lipids, chylomicrons would be formed in epithelial cells and 

transferred to the lymph stream [12,13]. It is possible that the transport of lutein via the 

lymphatic route causes a low plasma concentration of lutein. However, there has been no 

definite report on the transport of lutein into the lymph stream after oral administration. 

In this study, we focused on the transfer of lutein into the lymph stream and its tissue 

distribution after oral administration of a solid dispersion (SD) and a self-microemulsifying 

drug delivery system (SMEDDS), which are effective for improvement of its absorption. We 

performed thoracic lymph cannulation and investigated the lymph concentration and tissue 

distribution of lutein. 

 

 

2. Materials and Methods 

2.1. Chemicals and reagents 

 

Lutein (MW 568.97, PubChem CID: 5281243) (85% powder) was kindly donated by 

FANCL Corp. (Kanagawa, Japan). Reagents were purchased from Wako Pure Chemical 

Industries, Ltd., (Osaka, Japan) unless otherwise noted. All reagents were of the highest grade 
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available and used without further purification.  

 

2.2. Animals 

 

Male Wistar rats, aged 5 or 6 weeks (160-180 g in weight), were obtained from Jla 

(Tokyo, Japan). All rats were housed in plastic cages (270 mm × 440 mm × 187 mm, Natsume 

Seisakusyo Co., Ltd., Tokyo, Japan). There were 3-4 rats in each cage. The housing conditions 

were the same as those described previously [14]. The experimental protocols were reviewed 

and approved by the Hokkaido University Animal Care Committee in accordance with the 

“Guide for the Care and Use of Laboratory Animals”.  

 

2.3. Preparation of a solid dispersion and a self-emulsifying drug delivery system   

 

METOLOSE® (Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) was used to prepare a 

suspension of lutein as described previously [15]. For preparation of a SD, 

polyvinylpyrrolidone (PVP) K-30 (GAF Chemicals Corp., KY, US) and Tween80 

(polyoxyethylene (20) sorbitan monooleate) were used. The preparation method and 

composition of the SD were determined according to a previous study [16]. The final 

compositions of PVP K-30 and Tween80 in the SD containing 5% of lutein were 85% and 
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10%, respectively. The solid was dispersed in water (80 mg SD containing 4 mg of lutein per 

10 mL of distilled water) because this solid itself could not be administered to rats. The 

dispersion was filtrated four times using a membrane filter (mixed cellulose ester type, pore 

size: 0.45 μm, 13 mm in diameter, ADVANTEC MFS Inc., CA, US) to obtain the solution. We 

confirmed that the concentration of lutein in this solution was 322.9 μg/mL by an HPLC 

method described in 2.6. We administered this solution to rats as a SD considering the 

concentration and dose of lutein. 

Egg yolk lysophosphatidylcholine LPC-1™ (Kewpie Corporation, Tokyo, Japan) was 

used for the preparation of an SMEDDS. The preparation method and ingredients of 

SMEDDS were determined with some modifications based on a previous study [17]. Four 

grams of soy bean oil was mixed with 142.9 mg of Tween20 (polyoxyethylene (20) sorbitan 

monolaurate) and then 75 mg of lutein was added to the mixture and the mixture was 

incubated at 60ºC (TR-500H Pasolina hot stirrer, Iuchi Seieido Co., Ltd., Osaka, Japan). The 

solution was centrifuged (750 × g for 10 min at room temperature) to obtain the supernatant 

(CF15RX, Hitachi-Koki Co., Ltd., Tokyo, Japan). Seventy-five microliters of filtered distilled 

water and 450 mg of concentrated glycerin were added to 75 mg of LPC-1™ and the mixture 

was stirred at about 60ºC until a uniform consistency was obtained. The supernatant was 

added to the mixture drop by drop and the mixture was stirred until reaching a uniform 

consistency in order to obtain an SMEDDS in a gel form of lutein. We confirmed that the 
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concentration of lutein was 464.2 μg per 1 g gel by an HPLC method described in 2.6.  

 

2.4. Measurement of particle sizes in the formulations 

 

 For confirmation of the properties of the SD and the SMEDDS prepared by the 

methods described in 2.3., the average particle sizes (z-average diameter) were measured by 

using a quasi-elastic light scattering method (Zeta Nano ZS; Malvern Instruments, 

Herrenberng, Germany) described previously [18]. 

 

2.5. Oral administration and collection of samples (plasma, tissue, lymph) 

 

The rats were fasted for 14-16 h before the experiments. Thirty rats were used in all 

animal studies. Lutein was orally administered in powder (in 0.5% methylcellulose) or as the 

SD or SMEDDS. The dose of lutein was 2.5 mg/kg body weight in all groups. 

Blood samples (about 300 μL) were collected and plasma samples were obtained as 

described previously [8]. Tissue samples (liver, spleen and kidney) were also excised at the 

designated time. The tissue samples were rapidly washed with saline and weighed and then 

homogenized with 1 mL distilled water /g tissue using a Potter-Elvehjem homogenizer with 

20 strokes. For lymph collection, rats were anesthetized by an intraperitoneal injection (i.p.) 
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of sodium pentobarbital (50 mg/kg weight) prior to cannulation of the thoracic lymph duct. 

Briefly, a small midline incision was made in the abdomen. A cannula (SP tube; polyethylene 

tube, 0.5 mm in inner diameter [i.d] and 0.8 mm in outer diameter [o.d.], Natsume Seisakusyo 

Co., Ltd.) filled with heparin sodium (1,000 units/mL) was inserted into the thoracic lymph 

duct and secured within the abdominal cavity with a glue for tissue (Aron alpha A® “Sankyo”, 

Daiichi-Sankyo Company, Limited, Tokyo, Japan). After the operation, lutein was orally 

administered in an awake state and the rats were returned to their Bollman’s restrainer and 

given free access to distilled water during the lymph collection. Lymph was collected every 

30 min for 0-9 h and every 60 min for 9-12 h after the administration. All samples were kept 

at -20ºC until assay (biomedical freezer, SANYO Electric Co., Ltd., Osaka, Japan). 

 

2.6. Analytical procedures  

 

The conditions for extraction of lutein were the same as those described previously 

[8]. The concentration of lutein was determined in almost the same way as that in our 

previous study using an HPLC system equipped with an LC-20AD pump and an SPD-10AV 

UV-VIS detector (SHIMADZU, Kyoto, Japan) [8]. A mobile phase containing 

acetonitrile/ethyl acetate/distilled water (53/40/7, v/v/v) was used and the flow rate was 0.8 

mL/min. 
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Tissues were weighed and tissue accumulation was calculated as g/tissue. Lymph 

concentration was determined and finally calculated as cumulative amount by multiplying by 

the sample volume. 

 

2.7. Statistical analysis 

 

Student’s t-test was used to determine the significance of differences between two 

group means. Statistical significance among means of more than two groups was determined 

by one-way analysis of variance (ANOVA) followed by the Tukey-Kramer test. Data are 

expressed as means with standard deviation (S.D.). Statistical significance was defined as 

P<0.05. 

 

 

3. Results 

3.1. Plasma concentration profile of lutein formulation after oral administration and particle 

sizes in the formulations 

 

In the first part of this study, the plasma concentration of lutein was investigated up to 

24 h after oral administration of each formulation. As expected, the absorption of lutein in the 
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powder (control) group was poor (Fig. 1-A). The plasma concentration of lutein in the 

SMEDDS group was slightly improved by 10-30 ng/mL in about 3-6 h compared to that in the 

control group (Fig. 1-B). There was a temporarily very high lutein concentration in the SD 

group (Fig. 1-C). However, the peak time of maximum concentration in each rat was not the 

same.  

We evaluated the properties of our formulations to measure the particle size (z-average 

diameter) immediately after and at 3 days and 6 days after preparation at room temperature. 

The average particle sizes of the SMEDDS were 336.9 ± 93.6 nm and 349.6 ± 109.9 nm 

immediately after and 3 days after preparation, respectively. The SMEDDS particle size 6 

days after preparation could not be determined due to phase separation. The average particle 

sizes of the SD were 154.3 ± 3.9, 158.3 ± 12.3 and 181.8 ± 14.0 nm immediately after and 3 

days and 6 days after preparation, respectively.  

 

3.2. Tissue distribution of lutein formulation after oral administration 

 

The tissue distribution of lutein was investigated 4 h after oral administration. The 

liver concentration of lutein in the SD group was much higher than that in the control group 

(Fig. 2-A). The liver concentration of lutein in the SMEDDS group was slightly higher than 

that in the control group. On the other hand, there were no significant differences between the 
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groups in kidney and spleen concentrations of lutein. We also investigated the lutein 

concentration in the intestinal mucosa 4 h after oral administration of each formulation. The 

concentration of lutein in the intestinal mucosa in the control group was low, whereas large 

amounts of lutein remained in the intestinal mucosa in the SMEDDS and SD groups (Fig. 

2-B). These results suggested that lutein was also absorbed slowly 4 h after administration. 

We also confirmed that the concentration in each tissue after administration of only saline was 

not significantly different from that in the control (powder) group (data not shown). 

We then investigated the tissue distribution of lutein 24 h after oral administration. 

Similar to the data obtained at 4 h after administration, it was found that lutein was distributed 

and accumulated in the liver in the SMEDDS and SD groups at 24 h after oral administration 

(Fig. 3-A). The concentrations of lutein in the kidney and spleen at 24 h after administration 

were not altered compared with those at 4 h after administration. It was also shown that the 

large amount of lutein was remained in the intestinal mucosa of SMEDDS and SD groups 

(Fig. 3-B). In particular, the large amount of lutein of SD group was shown in upper small 

intestine even though the plasma concentration was not altered from 12 h after administration 

of each formulation. These results suggested that lutein was largely distributed and 

accumulated in the liver with little accumulation in other tissues (kidney and spleen). These 

results also suggested that it is difficult to precisely evaluate the absorption of lutein by the 

plasma concentration profile, although lutein was absorbed.  



13 

 

 

3.3. Lymph concentration of lutein after oral administration of each formulation 

 

We next performed thoracic lymph cannulation in rats and determined the lymph 

concentration of lutein up to 24 h after administration of each formulation. Since the flow rate 

of lymph is much slower than that of blood, each sample was cumulative. It was found that 

even the concentration of lutein in the control group was about 100 ng/mL about 9 h after 

administration (Fig. 4). The peak lutein concentration in the SMEDDS group (249.7 ± 120.5 

ng/mL) was higher than that in the control group. The peak lutein concentration in the SD 

group (233.8 ± 163.9 ng/mL) was also higher than that in the control group and was similar to 

that in the SMEDDS group. These results suggested that differences of absorption of each 

formulation could be clearly evaluated by the lymph concentration of lutein. 

The cumulative amount of lutein in lymph up to 24 h after administration of each 

formulation was calculated by multiplying the concentrations by each sample volume. The 

cumulative amount of lutein in the control group was 297.0 ± 100.4 ng (Fig. 5), and the 

cumulative amounts in the SMEDDS group and SD group were 1240.5 ± 503.9 ng and 1132.2 

± 230.6 ng, respectively. The cumulative amounts of lutein in lymph in the SMEDDS and SD 

groups up to 24 h were significantly larger than that in the control group.  
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4. Discussion 

 

Absorption of food components and drugs from the gastrointestinal tract after oral 

administration is one of the important determinants of bioavailability, and the solubility of 

these components is thought to be a critical issue. Generally, poorly water-soluble components 

with poor membrane permeability classified into BCS (biopharmaceutics classification 

system) Class 4 show very low bioavailability [19,20]. Some pharmaceutical formulations are 

therefore needed to improve the absorption of such components. Lutein has received much 

attention for prevention of AMD due to its specific location in the eye and its powerful 

antioxidant activities. The solubility of lutein is very low because of its hydrophobicity and 

large molecular weight. We previously reported that the bioavailability of lutein was about 5% 

[8]. We also reported that some efflux transporters such as P-gp (P-glycoprotein) were not 

involved in the absorption of lutein [21]. It is possible that transport of lutein via the 

lymphatic route causes a low plasma concentration of lutein. However, there has been no 

definite report on transport of lutein into the lymph stream after oral administration. We 

therefore investigated the transfer of lutein into the lymph stream using thoracic 

lymph-cannulated rats. We prepared a SD and an SMEDDS and focused on the 

pharmacokinetic properties of lutein after oral administration of these formulations for 
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improvement of its absorption.  

There were no differences in average sizes of the SD and SMEDDS between 

immediately after and 3 days after preparation. The properties of our SD and SMEDDS would 

be maintained for at least 3 days. We next investigated the plasma concentration profile of 

lutein after oral administrations of our formulations to rats. It was shown that the plasma 

concentration of lutein was slightly increased by administration of the SMEDDS, whereas 

there was little absorption of lutein after administration of the powder (Figs. 1-A, B). The 

Joint FAO/WHO Expert Committee on Food Additives (JECFA) concluded that the 

acceptable daily intake (ADI) for lutein and zeaxanthin is 0-2 mg/kg weight [22]. The dose 

used in the present study (2.5 mg/kg) did not greatly exceed the ADI. There have been some 

reports that the dose is much higher than the ADI, although some formulations showed 

improvement in the absorption of lutein [9]. The absorption of lutein was also improved by 

administration of our SD. However, it was shown that each plasma concentration of lutein 

rapidly increased and then decreased (Fig. 1-C). Some studies have shown great variations of 

plasma and tissue concentrations after oral administration of a pharmaceutical formulation 

[11]. We considered that the peak time and peak concentration of the data were too different 

individually to evaluate the absorption of lutein by the plasma concentration profile. We then 

investigated the tissue distributions (liver, kidney and spleen) of lutein after oral 

administration of our formulations. It was found that lutein distributed and accumulated 
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mostly in the liver, followed by the spleen and kidney (Fig. 2-A). This tendency is almost 

consistent with previous reports [8,23]. Compared with the amounts at 4 h after 

administration, the amounts of lutein were increased in all tissues at 24 h after administration 

(Fig. 3). The large amount of lutein of SD group was shown in upper small intestine 24 h after 

administration even though the plasma concentration was not altered from 12 h after 

administration of each formulation (Figs. 1, 3-B). These results suggested that orally 

administered lutein is slowly distributed to the gastrointestinal mucus layer and other tissues. 

Our results for the plasma concentration profile and tissue distribution showed that the 

absorption of lutein was improved after oral administration of the SMEDDS and SD. We 

consider that SMEDDS and SD was easy to mix bile and phospholipids and form mixed 

micelles in the intestinal lumen. In case of the administration of SMEDDS and SD, the 

solubility of lutein would be improved compared with that of the powder itself and would be 

easy to permeate intestinal epithelial cells. 

We then focused on the transfer of lutein into the lymph stream. The lutein 

concentrations gradually increased from about 4-5 h and 1.5-3 h after administration of the 

SMEDDS and SD, respectively (Fig. 4). It was also shown that the lymph concentration of 

lutein was higher than the plasma concentration even in the powder group.  Microemulsions 

are known to transfer into lymph, but we consider that lutein itself is likely to be transferred 

via lymphatic route, too. The very slow flow rate of lymph (relative to 0.2% portal vein) 
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needs to be taken into account when considering the transfer of lutein into blood and lymph 

from the intestine [24,25]. In addition, we multiplied the amount by each sample volume to 

calculate the cumulative lymph amount of lutein. There were significant differences between 

the cumulative amounts up to 24 h after administration in the SMEDDS, SD and powder 

groups (Fig. 5). Interestingly, the cumulative amount of lutein in the SMEDDS group 

increased from about 4 h after administration, whereas that in the SD group increased from 

about 2 h. This difference might be because it takes a longer time to stir with some water and 

bile and form micelles by peristalsis in the intestinal lumen in the SMEDDS gel, whereas the 

particles in the SD are smaller and it is easier for them to be dispersed and form micelles. The 

particle sizes of SMEDDS in the intestinal lumen would be smaller than that of the 

formulation itself, too. 

We previously reported partial involvement of the cholesterol transporter NPC1L1 

(Niemann-Pick C1 like-1) and SR-B1 (scavenger receptor class B type 1) in intestinal 

absorption of lutein [21]. The results of our studies suggested that lutein in the small intestine 

after oral administration is incorporated into enterocytes via NPC1L1 and SR-B1 or by 

passive diffusion and then transferred into the lymph stream rather than into the blood stream. 

Blood should be collected from the portal vein to compare plasma and lymph concentrations 

of lutein. Further investigations to clarify the transfer of lutein into the blood stream or lymph 

stream are in progress.  
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Conclusion 

 

We focused on the lymphatic transport of lutein from the small intestine after oral 

administration of an SMEDDS and a SD. The lymph concentration of lutein in the SMEDDS 

group increased gradually from about 4 h after administration, whereas that in the SD group 

increased from about 2 h. The two formulations of lutein improved lymphatic transport 

compared with the powder. It was also found that the absorption of lutein after oral 

administration of each formulation could be clearly evaluated by its cumulative amount in 

lymph. We consider that our formulations are effective for improvement in the intestinal 

absorption of lutein.  

 

 

Acknowledgments 

 

The authors are grateful to Professor Hideyoshi Harashima in Hokkaido University 

for his helpful advice. The authors thank Dr. Masatoshi Honjo and Mr. Kota Nakagawa in 

FANCL Corp. for providing lutein. The authors also thank Mr. Yoshihiko Ota in FANCL Corp. 



19 

 

for his technical advice. This work was supported in part by Grants-in-Aid from Regional 

R&D Proposal-Based Program from Northern Advancement Center for Science & 

Technology of Hokkaido and Grants-in-Aid for Scientific Research (C) (Grant number 

16K00842) from the Japan Society for the Promotion of Science (JSPS).  

 

 

Conflict of interest 

 

The authors report no conflicts of interest in this work.  



20 

 

References 

[1] F. Granado, B. Olmedilla, I. Blanco, E. Rojas-Hidalgo, Major fruit and vegetable 

contributors to the main serum carotenoids in the Spanish diet. Eur. J. Clin. Nutr. 50 

(1996) 246-250. 

[2] R.A. Bone, J.T. Landrum, L.M. Friedes, C.M. Gomez, M.D. Kilburn, E. Menendez, I. 

Vidal, W. Wang, Distribution of lutein and zeaxanthin stereoisomers in the human retina. 

Exp. Eye Res. 64 (1997) 211-218. 

[3] N.I. Krinsky, J.T. Landrum, R.A. Bone, Biologic mechanisms of the protective role of 

lutein and zeaxanthin in the eye. Annu. Rev. Nutr. 23 (2003) 171-201. 

[4] S.M. Moeller, N. Parekh, L. Tinker, C. Ritenbaugh, B. Blodi, R.B. Wallace, J.A. Mares, 

CAREDS Research Study Group, Associations between intermediate aged-related 

macular degeneration and lutein and zeaxanthin in the carotenoids in aged related eye 

disease study. Arch Ophthalmol. 124 (2006) 1151-1162.  

[5] The Age-Related Eye Disease Study 2 (AREDS2) Research Group, Lutein+zeaxanthin 

and omega-3 fatty acids for age-related macular degeneration: the age-related eye disease 

study 2 (AREDS2) randomized clinical trial. JAMA. 309 (2013) 2005-2015. 

[6] S.L. Fine, J.W. Berger, M.G. Maguire, A.C. Ho, Age-related macular degeneration. N. 

Engl. J. Med. 342 (2000) 483-492. 

[7] M. Mandai, A. Watanabe, Y. Kurimoto, Y. Hirami, C. Morinaga, T. Daimon, M. Fujihara, 



21 

 

H. Akimaru, N. Sakai, Y. Shibata, M. Terada, Y. Nomiya, S. Tanishima, M. Nakamura, H. 

Kamao, S. Sugita, A. Onishi, T. Ito, K. Fujita, S. Kawamata, M.J. Go, C. Shinohara, K. 

Hata, M. Sawada, M. Yamamoto, S. Ohta, Y. Ohara, K. Yoshida, J. Kuwahara. Y. Kitano, 

N. Amano, M. Umekage, F. Kitaoka, A. Tanaka, C. Okada, N. Takasu, S. Ogawa, S. 

Yamanaka, M. Takahashi, Autologous induced stem-cell-derived retinal degeneration. N. 

Engl. J. Med. 376 (2017) 1038-1046.  

[8] Y. Sato, M. Kobayashi, S. Itagaki, T. Hirano, T. Noda, S. Mizuno, M. Sugawara, K. Iseki, 

Pharmacokinetic properties of lutein emulsion after oral administration to rats and effect 

of food intake on plasma concentration of lutein. Biopharm. Drug Dispos. 32 (2011) 

151-158. 

[9] S. Shanmugam, J.H. Park, K.S. Kim, Z.Z. Piao, C.S. Yong, H.G. Choi, J.S. Woo, 

Enhanced bioavailability and retinal accumulation of lutein from self-emulsifying 

phospholipid suspension (SEPS). Int. J. Pharm. 412 (2011) 99-105. 

[10] S. Shanmugam, R. Baskaran, P. Balakrishnan, P. Thapa, C.S. Yong, B.K. Yoo, Solid 

self-nanoemulsifying drug delivery system (S-SNEDDS) containing phosphatidylcholine 

for enhanced bioavailability of highly lipophilic bioactive carotenoid lutein. Eur. J. Pharm. 

Biopharm. 79 (2011) 250-257. 

[11] A. Kamil, D.E. Smith, J.B. Blumberg, C. Astete, C. Sabliov, C.Y. Oliver Chen, 

Bioavailability and biodistribution of nanodelivered lutein. Food Chem. 192 (2016) 



22 

 

915-923. 

[12] J.M. Rutkowski, K.E. Davis, P.E. Scherer, Mechanisms of obesity and related 

pathologies: The macro- and microcirculation of adipose tissue. FEBS J. 276 (2009) 

5738-5746. 

[13] N.A. Abumrad, N.O. Davidson, Role of the gut in lipid homeostasis. Physiol. Rev. 92 

(2012) 1061-1085. 

[14] Y. Sato, M. Kobayashi, S. Itagaki, T. Hirano, T. Noda, S. Mizuno, M. Sugawara, K. Iseki, 

Protective effect of lutein after ischemia-reperfusion in the small intestine. Food Chem. 

127 (2011) 893-898. 

[15] Y. Sato, H. Mutoh, M. Suzuki, Y. Takekuma, K. Iseki, M. Sugawara, Emulsification using 

highly hydrophilic surfactants improves the absorption of orally administered coenzyme 

Q10. Biol. Pharm. Bull. 36 (2013) 2012-2017. 

[16] C. Zhao, H. Cheng, P. Jiang, Y. Yao, J. Han, Preparation of lutein-loaded particles for 

improving solubility and stability by polyvinylpyrrolidone (PVP) as an 

emulsion-stabilizer. Food Chem. 156 (2014) 123-128. 

[17] B.P. Binks ed., Modern Aspects of Emulsion Science. Royal Society of Chemistry. 

(1988).  

[18] Y. Takekawa, Y. Sato, Y. Yamaki, M. Imai, K. Noto, M. Sumi, Y. Takekuma, K. Iseki, M. 

Sugawara, An approach to improve intestinal absorption of poorly absorbed 

water-insoluble components via Niemann-Pick C1-Like 1. Biol. Pharm. Bull. 39 (2016) 



23 

 

301-307. 

[19] L.X. Yu, G.L. Amidon, J.E. Polli, H. Zhao, M.U. Mehta, D.P. Conner, V.P. Shah, L.J. 

Lesko, M.L. Chen, V.H.L. Lee, A.S. Hussain, Biopharmaceutics classification system: 

The scientific basis for biowaiver extensions. Pharm. Res. 19 (2002) 921-925. 

[20] C.Y. Wu, L.Z. Benet, Predicting drug disposition via application of BCS: 

Transport/absorption/elimination interplay and development of a biopharmaceutics drug 

disposition classification system. Pharm. Res. 22 (2005) 11-23.  

[21] Y. Sato, R. Suzuki, M. Kobayashi, S. Itagaki, T. Hirano, T. Noda, S. Mizuno, M. 

Sugawara, K. Iseki, Involvement of cholesterol transporter Niemann-Pick C1-Like 1 in 

the intestinal absorption of lutein. J. Pharm. Pharmaceut. Sci. 15 (2012) 256-264. 

[22] JECFA, 2005. Evaluation of certain food additives - Sixty-third report of the Joint 

FAO/WHO Expert Committee on Food Additives. WHO tech. rep. ser., Geneva: World 

Health Organization. 

[23] L. Yonekura, M. Kobayashi, M. Terasaki, A. Nagao, Keto-carotenoids are the major 

metabolites of dietary lutein and fucoxanthin in mouse tissues. J. Nutr. 140 (2010) 

1824-1831. 

[24] W.N. Charman, C.J.H. Porter, S. Mithani, J.B. Dressman, Physicochemical and 

physiological mechanisms for the effects of food on drug absorption: the role of lipids 

and pH. J. Pharm. Sci. 86 (1997) 269-282. 



24 

 

[25] E. Sjögren, B. Abrahamsson, P. Augustijns, D. Becker, M.B. Bolger, M. Brewster, J. 

Brouwers, T. Flanagan, M. Harwood, C. Heinen, R. Holm, H.R. Juretschke, M. Kubbinga, 

A. Lindahl, V. Lukacova, U. Münster, S. Neuhoff, M.A. Nguyen, A. Van Peer, C. Reppas, 

A.R. Hodjegan, C. Tannergren, W. Weitschies, C. Wilson, P, Zane, H. Lennernäs, P. 

Langguth, In vitro methods for drug absorption – Comparative physiologies, model 

selection, correlations with in vitro methods (IVIVC), and applications for 

formulation/API/excipient characterization including food effects. Eur. J. Pharm. Sci. 57 

(2014) 99-151.  



25 

 

Figure legends 

 

Fig. 1. Plasma concentrations of lutein after oral administration of powder (A), 

SMEDDS (B) and SD (C). Lutein (2.5 mg/kg body weight) as each formulation was 

administered to rats, and blood samples were collected before administration and 1, 2, 3, 4, 5, 

6, 8, 10, 12 and 24 h after administration. Each point represents the mean ± S.D. of 3 

measurements.  

 

Fig. 2. Tissue distribution of lutein (liver, kidney, spleen (A) and intestinal mucosa (B)) 4 

h after oral administration of each formulation. Lutein (2.5 mg/kg body weight) as each 

formulation was administered to rats, and tissue samples were collected 4 h after 

administration. The sample of the small intestine was divided into two segments (upper and 

lower) and the intestinal mucosa was scraped with a glass slide. The homogenate of each 

tissue was then prepared. The open column shows the control group. The semi-closed column 

shows the SMEDDS group and the closed column shows the SD group. *; significantly 

different at P<0.05 by one-way ANOVA followed by the Tukey-Kramer test. (A) Each column 

represents the mean with S.D. of 3-5 measurements. (B) Each column represents the mean 

with S.D. of 3-5 measurements.  
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Fig. 3. Tissue distribution of lutein (liver, kidney, spleen (A) and intestinal mucosa (B)) 

24 h after oral administration of each formulation. Lutein (2.5 mg/kg body weight) as each 

formulation was administered to thoracic lymph-cannulated rats, and tissue samples were 

collected 24 h after administration. The sample of the small intestine was divided into two 

segments (upper and lower) and the intestinal mucosa was scraped with a glass slide. The 

homogenate of each tissue was then prepared. The open column shows the control group. The 

semi-closed column shows the SMEDDS group and the closed column shows the SD group. 

*; significantly different at P<0.05 by one-way ANOVA followed by the Tukey-Kramer test. 

(A) Each column represents the mean with S.D. of 3-5 measurements. (B) Each column 

represents the mean with S.D. of 3-5 measurements.  

 

Fig. 4. Lymph concentration profile of lutein up to 24 h after oral administration of each 

formulation. Lutein (2.5 mg/kg body weight) as each formulation was administered to 

thoracic lymph-cannulated rats, and lymph was collected up to 24 h after administration. Each 

sample was cumulative because the flow rate of lymph is very slow. The open column shows 

the control group. The semi-closed column shows the SMEDDS group and the closed column 

shows the SD group. Each column represents the mean with S.D. of 3-5 measurements. 

 

Fig. 5. Cumulative lymph amount profile of lutein up to 24 h after oral administration of 
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each formulation. Lutein (2.5 mg/kg body weight) as each formulation was administered to 

thoracic lymph-cannulated rats, and lymph was collected up to 24 h after administration. The 

amount was calculated by multiplying the concentration in Fig. 4 by each sample volume. 

Open symbols (circles) show the control group. Closed symbols (circles and triangles) show 

the SMEDDS group and the SD group, respectively. Each point represents the mean with S.D. 

of 3 measurements. *; significantly different at P<0.05 by one-way ANOVA followed by the 

Tukey-Kramer test. 


