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Lutein was shown to provide health benefits for a few diseases. The dose-response relation of oral lutein intake in humans has rarely been reported. The objective is to investigate the dose-response relation between oral lutein intake and plasma lutein concentration in humans. Forty subjects were recruited from Qingdao University, China in 2014. The subjects were randomly divided into four groups: (1–3) consuming 10, 20, or 40 mg lutein by one, two, or four capsules of lutein A, respectively; (4) consuming 20 mg lutein by two capsules of lutein B (containing 280 mg n-3 fatty acid). After a single oral dose, plasma lutein concentrations were measured at 9-time points. The raise of plasma lutein concentration by a 40 mg dose was significantly higher than by a 10 or 20 mg dose. Plasma lutein concentrations were not significantly different between taking 20 mg lutein A and 20 mg lutein B. A dose-response relation was demonstrated between oral lutein administration and plasma lutein concentration. The dose-response relation was more pronounced among men. The current work provides a scientific basis for recommending a dietary intake level of lutein. Future work should validate the results in other ethnic and age groups.
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INTRODUCTION

Lutein is a xanthophyll carotenoid that exists in human macula lutea (1). Human obtains lutein solely from their diet (2). Lutein is typically present in green leafy vegetables such as spinach, kale, and yellow carrots (3). Lutein in nutritional supplements is typically extracted from marigold flowers (Tagetes erecta L.) (4). Previous randomized controlled trials showed the beneficial roles of lutein in preventing age-related macular degeneration, which was a big threat to vision in the elderly (5). Other studies suggested that lutein may also help with cognitive function (6).

Lutein absorption in the human gastrointestinal tract undergoes steps including micellization with lipids, uptake by enterocytes, and transport into chylomicrons (7). Proteins involved in the uptake, transport, and secretion of lutein affect its bioavailability which is generally very low (7–9). The recommended dietary intake level of lutein has not been established (9). A population survey estimated an intake level of 0.9–5.3 mg/d in the Western population (9). The Chinese Ministry of Health recommended an intake level of less than 12 mg of lutein ester in an official notice of 2008 (10). However, the dose-response relation of lutein in humans was rarely reported.

In this work, we conducted a randomized controlled trial in a young Chinese population to investigate the dose-response relation between oral lutein intake and plasma lutein concentration. The results would provide a theoretical basis for recommending the dietary intake level of lutein.



MATERIALS AND METHODS


Ethics and Subjects

The study was approved by the Ethics Committee of Medicine of Qingdao Center of Disease Control and Prevention and complied with the Declarations of Helsinki. All participants provided signed informed consent. The study was registered on the Chinese Clinical Trial Registry with the registration number ChiCTR-OO-14004816.

A total of forty participants were recruited from the Medical College of Qingdao University from August to November 2014. The inclusion criteria were the following: 18–60 years old; signing an informed consent form. The exclusion criteria were the following: obesity; cardiovascular disease, hypertension, diabetes, and cancer; taking nutritional supplements such as phytochemicals, vitamins, or minerals in the past month.



Lutein

Lutein capsule A was purchased from Vitacost.com, Inc., Boca Raton, FL, United States which consisted of 10 mg of lutein powder per capsule. Lutein capsule B was purchased from Alcon, Geneva, Switzerland, which consisted of 10 mg lutein oil and 280 mg n-3 fatty acid (including 148 mg eicosapentaenoic acid and 78 mg docosahexaenoic acid). Lutein standard was purchased from ChromaDex, Los Angeles, CA, United States. Chromatography-grade methanol and acetonitrile were purchased from Sigma-Aldrich, St. Louis, MO, United States.



Trial Process

The forty participants were divided into four groups by a stratified randomization method which ensured a comparable gender ratio among the groups. The participants in Group A10 would take 10 mg of lutein by consuming one capsule of lutein A; the participants in Group A20 would take 20 mg of lutein by two capsules of lutein A; the participants in Group A40 would take 40 mg of lutein by four capsules of lutein A; the participants in Group B20 would take 20 mg lutein by two capsules of lutein B.

The participants were asked not to consume lutein-rich foods or foods which would affect lutein absorption from a week before the trial to the end of the trial. Common lutein-rich foods include spinach, carrot, orange, and mandarin orange; typical foods which would affect lutein absorption include fried food and alcohol. The participants were also asked to record their medication during the trial. A standard form was used to survey the basic characteristics of the participants. The height and weight of the included participants were measured by one trained project member.

The participants were asked to fast after 9 pm the day before the trial. A five mL fasting blood sample was taken at 8 am on the trial day and saved into an anticoagulant tube coated with sodium heparin. The participants were asked to consume their lutein capsules based on their group number. The blood sample was taken again at 4, 12, 24, 48, 72, 120, 168, 240, and 360 h after consuming the lutein capsules. The blood samples were immediately centrifuged at 3,000 r/min for 15 min and saved in a −80°C refrigerator until analysis.



Plasma Lutein Concentration Analysis

Plasma lutein concentration was measured by an Agilent 1200 high-performance liquid chromatography (HPLC), Fresno, CA, United States equipped with an ultraviolet-visible light detector. A total of one hundred μL human plasma was mixed with 300 μL methanol (containing 0.1% butylated hydroxytoluene), and then vortexed for 2 min. The mixture was centrifuged twice at 13,000 r/min for 5 min. The supernatant was used for HPLC analysis. C18 column (250 mm × 4.6 mm, 5 μm) was used for separation. The column temperature was 25°C; the mobile phase was methanol and acetonitrile with a ratio of 65/35 (v/v); the flow rate was 0.8 ml/min; the injection volume was 25 μL. Lutein was detected at 446 nm. This lutein measurement method was validated in our previous publication (11).



Statistical Analysis

Statistical analysis was performed using the Stata 17 software, College Station, TX, United States. Normal data were presented as mean ± SD. Mean differences among the groups were tested by an ANOVA test. A pairwise comparison was conducted using the LSD method. Mean differences at different time points within the same group were assessed by a paired t-test. P < 0.05 was considered indicative of statistical significance.




RESULTS


Basic Characteristics

A total of forty participants were recruited for this study, but two of them withdrew at the beginning of the trial. The remaining 38 participants completed the trial. The basic characteristics of the 38 included participants were shown in Table 1. Age, BMI, plasma AST, and ALT concentrations were comparable among Group A10, A20, and A40. The mean age of Group B20 was slightly higher and the plasma AST and ALT concentrations of Group B20 were slightly lower than those of Group A10, A20, and A40. No one took medication during the trial.


TABLE 1. Baseline characteristics of the included participants.
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Plasma Lutein Concentration After Oral Intake of Lutein at Different Doses

The average fasting plasma lutein concentration of the 38 included participants was 0.29 ± 0.07 μg/mL. At 4–120 h after lutein intake, the plasma lutein concentration was significantly raised (p < 0.05) against the baseline value in each of the four groups (Table 2). The peak values of plasma lutein concentration all appeared at 12 h after lutein intake in the four groups (Table 2 and Figure 1). At 12–72 h after lutein intake, the plasma lutein concentration was significantly higher in Group A40 than those in the rest groups. The plasma lutein concentrations after lutein intake were not significantly different between the Group A20 and B20 groups.


TABLE 2. Comparing the plasma lutein concentrations (μg/mL) in the four groups.
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FIGURE 1. (A) The change of plasma lutein concentrations after lutein supplementations of different dosages. (B) The change of plasma lutein concentrations after lutein supplementations with and without n-3 polyunsaturated fatty acids.


Subgroup analyses stratified by gender (Appendix Figure 1) indicated that: among men, the plasma lutein concentration was significantly higher in Group A40 than those in the rest groups at 12–168 h after lutein intake; among women, the statistically significant difference was only observed at 24–48 h after lutein intake. The dose-response relations were more pronounced among participants who are men.



Areas Under Plasma Lutein Response Curves

The area under the curve (AUC) from time zero to 360 h [AUC(0–360h)] was significantly higher in Group A40 than those in the rest groups. AUC(0–360h) was similar between the Group A20 and B20 groups. Figure 2 showed the individual variability of AUC(0–360h) among the subjects in each group. A broad range of AUC(0–360h) (6.9–39 μg/mL × h) was observed in Group A40.
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FIGURE 2. Area under the curve for lutein concentration over time (μg/mL × h) for subjects in each group.





DISCUSSION

To our knowledge, the current work is one of the first studies to investigate the dose-response relationship between oral lutein intake and plasma lutein concentration in humans. A single oral dose of 40 mg of lutein more significantly improved plasma lutein concentration than a single oral dose of 10 mg and 20 mg of lutein. The dose-response relation was more pronounced among men. N-3 fatty acid did not help improve lutein absorption.

The average baseline fasting plasma lutein concentration was 0.29 ± 0.07 μg/ml in the current work, which was higher than the literature values (1, 12). Green et al. reported an average baseline plasma lutein concentration of 0.11 ± 0.05 μg/ml (1), and Borel et al. reported an average baseline plasma lutein concentration of 0.17 ± 0.01 μg/ml (12). Lutein bioavailability was reported to be associated with a combination of single nucleotide polymorphisms (SNPs) (12). In literature, plasma lutein concentration values were mostly reported from the Western population, which may have different SNP expressions compared with the Chinese population as evaluated in the current work (12).

The peak values of plasma lutein concentration by three dosages of oral lutein intake all appeared at 12 h after oral administration, similar to what was reported previously (13). Dosage appeared not to affect the peak time of plasma lutein concentration after oral intake. The mean ratios of the peak concentration to the initial concentration after a single dose of 40, 20, and 10 mg lutein were 1.9, 1.4, and 1.3, respectively, in our work, which is smaller than the ratio reported by Kostic et al. by a single dose of 17 mg lutein (mean ratio of 2.9) (13). The difference may be related to a higher baseline plasma lutein concentration in our work than in the work by Kostic et al. (0.29 ± 0.07 μg/ml vs. 0.17 ± 0.06 μg/ml) (13). In addition, more pronounced dose-response relations between oral lutein intake and plasma lutein concentrations were observed among men compared with women in our work, indicating potentially different metabolism of lutein between genders.

The plasma lutein concentration returned to the baseline level 120 h After oral administration in our work, much quicker than what was reported previously (440 h after oral administration) (13). We performed a paired t-test to compare the plasma lutein concentration at 120 vs. 0 h after oral intake of lutein, while the previous work did not conduct such statistical analysis. As we reported previously, a continuous increase of plasma lutein concentration can be achieved by a daily oral intake of 20 mg lutein for 20 days, and the average peak plasma lutein concentration reached 1.11 μg/mL (14). Oral intake of lutein supplement is an efficient way to raise plasma lutein concentration.

The average areas under plasma lutein concentration curves after the single dose of lutein (20.13, 10.42, and 7.27 μg/mL × h for the single dose of 40, 20, and 10 mg lutein) were lower than reported by Kostic (33.86 μg/mL × h) (13). This difference and the large individual variability among the subjects, particularly in Group A40, may be associated with the different expressions of SNPs related to lutein bioavailability (7, 12).

Consistent with previous work (15, 16), the current results indicated that n-3 fatty acid did not improve lutein bioavailability. Oleic acid-rich triacylglycerol was shown to promote lutein bioavailability (17). The degree of unsaturation and the position of the carbon-carbon double bond affected the micellization of lutein during absorption, which ultimately influenced lutein bioavailability (18). Recent literature showed that mono- and di-glyceride further improved lutein bioavailability compared with oleic acid-rich safflower oil (19).

The study’s limitations should be acknowledged. First, the current work was conducted on the Chinese population. Lutein absorption was demonstrated to be associated with a few human SNPs, which would be affected by genetic background. The validity of the obtained dose-response relation should be confirmed in other ethnic populations in the future. Second, a young population was included in the investigation. Other age groups particularly the elderly should be studied in the future.

In conclusion, a dose-response relation between oral lutein intake and plasma lutein concentration was demonstrated in a young Chinese population. The dose-response relation was more pronounced among men. Oral lutein intake is an applicable method to raise plasma lutein concentration. Future studies should validate these results in other ethnic and age groups.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Ethic Committee of Medicine of Qingdao Center of Disease Control and Prevention. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

YM and AM designed the study. YZ conducted the experiments. KX and SH analyzed the data. KX and YM wrote the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (No. 82003442); the Applied Research Project of Postdoctoral Researchers in Qingdao City, China; and the National Science and Technology Support Program (No. 2012BAD33B01-2).



REFERENCES

1. Green-Gomez M, Prado-Cabrero A, Moran R, Power T, Gómez-Mascaraque LG, Stack J, et al. The impact of formulation on lutein, zeaxanthin, and meso-zeaxanthin bioavailability: a randomised double-blind placebo-controlled study. Antioxidants (Basel). (2020) 9:767. doi: 10.3390/antiox9080767

2. Bernstein PS, Li B, Vachali PP, Gorusupudi A, Shyam R, Henriksen BS, et al. Lutein, zeaxanthin, and meso-zeaxanthin: the basic and clinical science underlying carotenoid-based nutritional interventions against ocular disease. Prog Retin Eye Res. (2016) 50:34–66. doi: 10.1016/j.preteyeres.2015.10.003

3. Wang M, Tsao R, Zhang S, Dong Z, Yang R, Gong J, et al. Antioxidant activity, mutagenicity/anti-mutagenicity, and clastogenicity/anti-clastogenicity of lutein from marigold flowers. Food Chem Toxicol. (2006) 44:1522–9. doi: 10.1016/j.fct.2006.04.005

4. Lin JH, Lee DJ, Chang JS. Lutein production from biomass: marigold flowers versus microalgae. Bioresour Technol. (2015) 184:421–8. doi: 10.1016/j.biortech.2014.09.099

5. Snodderly DM. Evidence for protection against age-related macular degeneration by carotenoids and antioxidant vitamins. Am J Clin Nutr. (1995) 62:1448–61. doi: 10.1093/ajcn/62.6.1448S

6. Johnson EJ. A possible role for lutein and zeaxanthin in cognitive function in the elderly. Am J Clin Nutr. (2012) 96:1161–5. doi: 10.3945/ajcn.112.034611

7. Borel P, Desmarchelier C. Bioavailability of fat-soluble vitamins and phytochemicals in humans: effects of genetic variation. Annu Rev Nutr. (2018) 38:69–96. doi: 10.1146/annurev-nutr-082117-051628

8. Abdel-Aal E-SM, Akhtar H, Zaheer K, Ali R. Dietary sources of lutein and zeaxanthin carotenoids and their role in eye health. Nutrients. (2013) 5:1169–85. doi: 10.3390/nu5041169

9. Eisenhauer B, Natoli S, Liew G, Flood VM. Lutein and zeaxanthin-food sources, bioavailability and dietary variety in age-related macular degeneration protection. Nutrients. (2017) 9:120. doi: 10.3390/nu9020120

10. The Chinese Ministry of Health. Announcement on the Approval of Seven New Resource Foods Such as Lactobacillus acidophilus. Beijing: The Chinese Ministry of Health (2008).

11. Zhao YZ, Huizhen, Liang H, Ma A, He L, Zhu T. Rapid determination of lutein in human plasma samples. J Hygiene Res. (2015) 44:124–31.

12. Borel P, Desmarchelier C, Nowicki M, Bott R, Morange S, Lesavre N. Interindividual variability of lutein bioavailability in healthy men: characterization, genetic variants involved, and relation with fasting plasma lutein concentration. Am J Clin Nutr. (2014) 100:168–75. doi: 10.3945/ajcn.114.085720

13. Kostic D, White WS, Olson JA. Intestinal absorption, serum clearance, and interactions between lutein and beta-carotene when administered to human adults in separate or combined oral doses. Am J Clin Nutr. (1995) 62:604–10. doi: 10.1093/ajcn/62.3.604

14. Ma TT, Teng Q, Liang H, Wang Q, Zhang H, Ma A. Effect of continuous oral lutein supplementation on plasma lutein concentration and antioxidant capacity. Food Nutr China. (2016) 22:61–5.

15. Huang L, Coleman H, Jonghyeon K, Monasterio F, Wong W, Schleicher R, et al. Oral supplementation of lutein/zeaxanthin and omega-3 long chain polyunsaturated fatty acids in persons aged 60 years or older, with or without AMD. Invest Ophthalmol Vis Sci. (2008) 49:3864–9. doi: 10.1167/iovs.07-1420

16. Burns-Whitmore BL, Haddad EH, Sabaté J, Jaceldo-Siegl K, Tanzman J, Rajaram S. Effect of n-3 fatty acid enriched eggs and organic eggs on serum lutein in free-living lacto-ovo vegetarians. Eur J Clin Nutr. (2010) 64:1332–7. doi: 10.1038/ejcn.2010.140

17. Nidhi B, Mamatha BS, Baskaran V. Olive oil improves the intestinal absorption and bioavailability of lutein in lutein-deficient mice. Eur J Nutr. (2014) 53:117–26. doi: 10.1007/s00394-013-0507-9

18. Gleize B, Tourniaire F, Depezay L, Bott R, Nowicki M, Albino L, et al. Effect of type of TAG fatty acids on lutein and zeaxanthin bioavailability. Br J Nutr. (2013) 110:1–10. doi: 10.1017/S0007114512004813

19. Marriage BJ, Williams JA, Choe YS, Maki KC, Vurma M, Demichele SJ. Mono- and diglycerides improve lutein absorption in healthy adults: a randomised, double-blind, cross-over, single-dose study. Br J Nutr. (2017) 118:813–21. doi: 10.1017/S0007114517002963


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Xiong, Zhao, Hu, Ma and Ma. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Appendix


[image: image]

APPENDIX FIGURE 1. The change of plasma lutein concentrations after lutein supplementations of different dosages among women (A) and men (C). The change of plasma lutein concentrations after lutein supplementations with and without n-3 polyunsaturated fatty acids among women (B) and men (D). *indicates statistical significance against the 10 mg lutein group (P < 0.05).
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Time Group A10 (n =9) Group A20 (n=9) Group A40 (n =10) Group B20 (n =10)

oh 0.27 + 0.09? 0.29 + 0.06? 0.31 £ 0.072 0.29 + 0.092
4h 0.29 + 0.08%# 0.31 4+ 0.07%# 0.36 + 0.09%* 0.32 + 0.092#
12h 0.37 £ 0.128# 0.41 + 0.08%# 0.54 +0.13%* 0.41 + 0.10%#
24 h 0.34 +0.10%# 0.38 + 0.073# 0.50 4 0.13%* 0.37 4+ 0.08%#
48 h 0.31 4+ 0.08%# 0.35 + 0.067* 0.45 4+ 0.11°# 0.35 + 0.092#
72h 0.30 + 0.092* 0.32 + 0.06°* 0.42 +0.10°* 0.33 + 0.092*
120 h 0.29 + 0.082# 0.31 £ 0.05° 0.37 +0.08P* 0.32 + 0.08%*
168 h 0.28 + 0.092* 0.30 + 0.052 0.34 + 0.062* 0.30 + 0.092
240h 0.28 + 0.09? 0.30 + 0.06? 0.32 + 0.05? 0.30 + 0.092
360 h 0.27 + 0.09? 0.30 + 0.06? 0.31 + 0.06? 0.30 + 0.092
AUC(0-360 hy 7.27 + 4.622 10.42 + 6.992 20.13 4+ 9.88° 10.32 + 5.822

1The participants in group A10 would take 10 mg lutein by consuming lutein capsule A; the participants in group A20 would take 20 mg lutein by consuming lutein
capsule A; the participants in group A40 would take 40 mg lutein by consuming lutein capsule A; the participants in group B20 would take 20 mg lutein by consuming
lutein capsule B.

2AUC (0-360 h): area under the curve (from time zero to 360 h), wg/mL x h; T4 J2: half-life, h.

3The values were presented as mean = SD.

Different letters in the same row indicated statistical significance (p < 0.05).

The mean lutein concentrations in each group were compared by an ANOVA test; a pairwise comparison was conducted using the LSD method.

4In each column, *denoted statistical significance (p < 0.05) against the value at time zero, which was obtained by a paired t-test.
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Group A10 (n =9) Group A20 (n =9) Group A40 (n = 10) Group B20 (n =10)

Age (years) 24.67 + 1.582 24.67 + 1.122 25.10 + 2.08% 26.40 + 1.96P
Gender (M/F) 4/5 4/5 4/6 4/6

BMI (kg/m?) 21.29 + 2.682 21.59 + 1.722 20.24 + 2.492 21.89 + 2.782
ALT (U/L) 21.22 + 6.502 17.78 + 5.52% 22.60 + 7.462 13.80 + 2.53
AST (U/L) 15.78 + 3.708 15.11 + 2.67% 17.50 + 3.632 13.70 + 4.14P
ALT/AST 1.33 4+ 0.202 1.16 & 0.228b 1.28 +0.212 1.04 + 0.22P

1The participants in group A10 would take 10 mg lutein by consuming lutein capsule A; the participants in group A20 would take 20 mg lutein by consuming lutein
capsule A; the participants in group A40 would take 40 mg lutein by consuming lutein capsule A; the participants in group B20 would take 20 mg lutein by consuming
lutein capsule B.

2ALT: alanine aminotransferase; AST: aspartate aminotransferase.

3The values were presented as mean = SD.

Different letters in the same row indicated statistical significance (p < 0.05).

The mean lutein concentrations in each group were compared by an ANOVA test; a pairwise comparison was conducted using the LSD method.
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