E proceedings

Proceeding Paper

Chemical Features and Biological Effects of Astaxanthin
Extracted from Haematococcus pluvialis Flotow: Focus on
Gastrointestinal System *

Roberta Budriesi !, Matteo Micucci 2, Maria Daglia 3¢, Ivan Corazza 5, Giulia Biotti ' and Laura Beatrice Mattioli »*

Citation: Budriesi, R.; Micucci, M.;
Daglia, M.; Corazza, I; Biotti, G.;
Mattioli, L.B. Chemical Features and
Biological Effects of Astaxanthin Ex-
tracted from Haematococcus pluvialis
Flotow: Focus on Gastrointestinal
System. Proceedings 2022, 69, x.
https://doi.org/

10.3390/xxxxx

Academic Editor(s): Torsten Bohn
Published: date: 15th March 2022

Publisher’s Note: MDPI stays
neutral with regard to jurisdictional
claims in published maps and

institutional affiliations.

Copyright: © 2022 by the authors.
Submitted for possible open access
publication under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(https://creativecommons.org/license

s/by/4.0/).

license

1 Department of Pharmacy and Biotechnology, Alma Mater Studiorum-University of Bologna, 40126 Bologna,
Italy; roberta.budriesi@unibo.it (R.B.); giuliabiotti9%5@gmail.com (G.B.)

2 Department of Biomolecular Sciences, Universita degli Studi di Urbino “Carlo Bo”, 61029 Urbino, Italy;
matteo.micucci@uniurb.it

3 Department of Pharmacy, University of Naples Federico II, Via Domenico Montesano 49, 80131 Naples,
Italy; maria.daglia@unina.it

¢ International Research Center for Food Nutrition and Safety, Jiangsu University, Zhenjiang 212013, China

5 Department of Experimental, Diagnostic and Specialty Medicine-DIMES, Alma Mater Studiorum-Univer-

sity of Bologna, 40138 Bologna, Italy; ivan.corazza@unibo.it

Correspondence: laura.mattiolil3@unibo.it

1 Presented at the 2nd International Electronic Conference on Nutrients, 15-31 March 2022; Available online:
https://iecn2022.sciforum.net/.

Abstract: The main purpose of this review is to analyze published data concerning the antioxidant
properties of astaxanthin, a xanthophyll, produced by the microalga Haematococcus pluvialis in re-
sponse to specific conditions of “environmental stress” and characterized by the typical deep red
color. Natural astaxanthin establishes effective protection against oxidative stress, neutralizing free
radicals in both the inner and outer layer of cell membranes, especially in mitochondria. The most
recent preclinical and clinical studies that have investigated the beneficial properties of this mole-
cule towards the gastrointestinal tract were included.

Keywords: natural astaxanthin; xanthophyll; Haematococcus pluvialis; antioxidant activity; anti-in-
flammatory activity; microbiota; gastrointestinal inflammation

1. Introduction

Astaxanthin is a xanthophyll of the antioxidant group of carotenoids; widely present
in the aquatic kingdom, it is produced by the microalga Haematococcus pluvialis as a natu-
ral reaction to specific environmental stress conditions, such as solar irradiation or pro-
longed absence of nutrients; it has a typical intense red coloration, characteristic, for ex-
ample, of krill, shrimps, lobsters, flamingos, crabs and salmon, species that feed directly
or indirectly on the alga.

2. Astaxanthin: “the Red Gold”
2.1. Main Sources of Astaxanthin

Astaxanthin is a natural carotenoid, with red color, belonging to the class of xantho-
phylls [1]. The biosynthesis of astaxanthin occurs exclusively in plant organisms, bacteria
and fungi, from which it reaches, through the food chain, crustaceans and fish [2]; it is
responsible for the pigmentation —which turns from deep red-blue to pale pink—of the
internal tissues and tegument of aquatic species (such as salmonids, shrimp, lobsters and
krill) and the color of the feathers and skin of some birds, such as flamingos [3-5].

The primary source of astaxanthin is the microalga H. pluvialis, a unicellular, biciliate,
class Chlorophyceae, order Volvocales, whose habitat is found in freshwater lakes, rivers,
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natural pools or puddles (which dry out regularly), widespread in the islands of the Stock-
holm archipelago (Stockholms skargard), one of the largest in the Baltic Sea [6,7].

H. pluvialis has greater biosynthetic and accumulation capacity for astaxanthin than
other organisms that synthesize it, and that results in 6% of its dry weight [8].

2.2. Chemical Structure of Astaxanthin

Astaxanthin (3,3'-dihydroxy-{3-carotene-4,4'-dione) is part of the xanthophylls fam-
ily, carotenoids oxygenated derivatives. The basic skeleton is an unsaturated hydrocarbon
chain with 40 carbon atoms, with thirteen conjugated double bonds, perfectly symmetrical
with respect to the positions 15-15" (Figure 1).

Figure 1. Natural astaxanthin chemical structure.

The presence of oxygen atoms in the tetraterpenic molecule makes the “small-big”
difference in terms of functional capacity: these atoms give the molecule strong antioxi-
dant properties. The chain of conjugated double bonds is also responsible for the antioxi-
dant function because it produces a molecular region where electrons can be donated to
reduce the number of ROS (Reactive Oxygen Species), oxidizing more reactive molecules.

The terminal rings contribute strongly to the antioxidant ability of astaxanthin, while
the oxygen atoms on both sides of the terpenoid chain gives the molecule a remarkable
polarity, which allows it to fit symmetrically from one side to the other of the plasma
membranes, stabilizing and protecting them more effectively than other antioxidants.

3. Astaxanthin, the “Supernutrient”

Astaxanthin has only recently obtained the status of “supernutrient”, becoming the
subject of an increasing number of scientific studies [9,10]. Since our organism is not able
to synthesize this precious molecule, the presence of astaxanthin at systemic level has al-
ways been exclusively correlated with food intake, also because astaxanthin is character-
ized by discrete solubility in aqueous environment and presents a good intestinal absorp-
tion [11]. The critical aspect related to the intake of astaxanthin from food is represented
by the very high quantity of fish and crustaceans needed to reach the useful dosage (it
would be necessary to consume from 600 g to 2 kg of salmon per day to obtain the optimal
dosage) [12]. As this is practically impossible —also considering the problem of contami-
nation with chemicals and heavy metals—it is essential to use astaxanthin as a food sup-
plement (with a concentration useful for its functional effect). Compared to other carote-
noids, such as 3-carotene and lycopene, astaxanthin is more bioavailable being a lipophilic
compound, endowed with polarity, and therefore with amphipathic peculiarities (Figure
2) [11]. Probably this molecule represents one of the few cases of phytochemical that, ad-
ministered at low dosages (typically between 4 and 20 mg/day) reaches in vivo concentra-
tions similar to those used in in vitro experiments This fact means that many of the in vitro
experiments are really indicative of the potential efficacy of this substance also in vivo.
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Figure 2. Location of astaxanthin and other antioxidants in the cell membrane.

4. Areas of Action and Use of Astaxanthin

Astaxanthin features make it an extraordinarily versatile nutraceutical, able to play
significant antioxidant and anti-inflammatory activities on skin, brain system, visual and
cardiovascular system. It also seems to act as an anti-aging agent, as extensively described
in the literature. We chose to turn our attention mainly on the antioxidant and anti-inflam-
matory effect, focusing on the gastrointestinal tract.

4.1. Antioxidant Action

An antioxidant is a molecule able to inhibits oxidation and thus to prevent oxidative
damages: free radicals are produced by normal aerobic metabolism, in living organisms,
to support vital processes. However, when excessive amounts of oxidative species react
with cellular components, such as proteins, lipids and DNA through a chain reaction, they
cause excessive oxidation leading to damage [13]. These cellular biochemical reactions
that occur physiologically and produce free radicals can also be abnormally induced by
external factors such as pollution, smoking, UV rays, prolonged stress, too much physical
activity, or the use of additives [13-15]. Oxidative stress can be inhibited by endogenous
and exogenous antioxidants: some foods represent great sources, as they are able to boost
endogenous antioxidant systems. Carotenoids are endowed with very strong antioxidant
ability: by extinguishing singlet oxygen (quenching) and eliminating radicals to end chain
reactions they can be considered excellent scavengers of peroxyl radicals, able to interrupt
the reactions that lead to oxidative damage of lipophilic compartments. The potential ben-
efits of astaxanthin, administered as a dietary supplement, are explicated by several stud-
ies that show how its antioxidant activity is almost 5 times greater than 3-carotene, 3 thou-
sand times more powerful than resveratrol and even 6 thousand times more effective than
vitamin C [16-18]. By virtue of the unique characteristics of its chemical structure, astaxan-
thin is much more stable than other antioxidants: while most other molecules lose their
antioxidant status after capturing a free radical (becoming pro-oxidant) astaxanthin re-
tains only the antioxidant capacity and not the pro-oxidant [19-21]. Astaxanthin has the
ability to establish an effective protection against oxidative stress neutralizing free radicals
in both the inner and outer layer of cell membranes: in particular, it exerts antioxidant and
anti-inflammatory properties in the mitochondria, here it neutralizes free radicals and
protects the two membranes from oxidative stress [22].

4.2. Anti-Inflammatory and Gastrointestinal Protective Action

An efficient digestive system plays a key role in the physical and mental well-being:
several studies have shown that the administration of astaxanthin promotes the health of
the gastrointestinal system for its ability to lower inflammatory markers and decreasing
clinical symptoms in patients. The gastrointestinal system can undergo acute and chronic
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inflammatory diseases, including those related to Helicobacter pylori infection that can lead
to more severe diseases such as chronic type B gastritis, peptic ulcer and gastric carcinoma:
data suggest the administration of astaxanthin decreases inflammation and provides pro-
tections towards gastric mucosa [23-25]. It was observed that the treatment with astaxan-
thin in patients with functional dyspepsia increased the expression of IFN-v, IL-10, IL-2,
IL-8; decreased gastric inflammation, up-regulated CD4 and down-regulated CD8 [26].
Thus, it is evident that astaxanthin significantly reduces oxidative stress, inflammation,
and cell proliferation in the colon through inhibition of inflammatory markers such as IL-
1B, IL-6, TNF-a, IL-360x, and IL-367y, and inhibition of NF-kB, AP-1, and MAPK [27,28].
Furthermore, the use of astaxanthin seems to be associated to a protective action of mito-
chondria, which are significantly damaged (resulting in increased ROS) by H. pylori infec-
tion [29]. A clinical study, evaluating the antioxidant activity in patients with functional
dyspepsia, showed that, in the group that was given the highest amount of astaxanthin
(40 mg/die) reflux was reduced, especially in patients with H. pylori [30]. The treatment of
human macrophages, with krill oil —rich in PUFAs and astaxanthin—resulted in a reduc-
tion of LPS-induced, IL-18 and TNF-a expression in vitro in a concentration-dependent
manner. Astaxanthin also decreased the amount of Rickettsiales and several Lactobacillus
species and, at the same time, appeared to increase the presence of Firmicutes and Lactoba-
cillaceae in the bowel [31-33]. In two recent studies, astaxanthin has been shown to provide
important protection towards the intestinal mucosa decreasing oxidative stress, stimulat-
ing calyciform cells and increasing IgA secretion. In addition, it decreased the loss of ben-
eficial bacteria such as Lactobacillus and Bifidobacteria and affected Clostridium coccoides and
Enterobacteriaceae: as a result, key metabolites of the gut microbiota, including acetic acid,
propionic acid, butyric acid, and other short-chain fatty acids, were indirectly increased,
thereby improving gut function and immunity [33,34]. Further studies confirm that
astaxanthin positively modulates the composition of the gut microbiota by optimizing the
ratio Bacteroides/Firmicutes while improving the abundance of Akkermansia and Verrucomi-
crobia species, which protect the gut from pathogens [35-37]. In addition, it is noteworthy
that, in a recent study in 2021, astaxanthin treatment was shown to effectively reduce in-
testinal damage even in necrotizing enterocolitis [38].

5. Conclusions

In conclusion, the feature of natural astaxanthin make it a nutraceutical with a broad
spectrum of potential clinical applications, in particular due to its powerful antioxidant
and anti-inflammatory activities, even at low doses, and to its excellent bioavailability. In
the gastrointestinal tract, this molecule may be used as nutraceutical approach, even in
combination with other nutraceuticals, to help restoring the physiological balance and in-
hibiting degenerative events associated with infections, inflammation and various syn-
dromes, related to genetic, environmental, psychological and aging factors. Scientific re-
search is opening new perspectives to the uses of this antioxidant and it is evaluating a
possible use concerning protection and improvement of the intestinal microbiota, improv-
ing the general state of health and the possible onset of dangerous pathologies.

Author Contributions: Conceptualization, L.B.M. and R.B.; methodology, L.B.M. and G.B.; valida-
tion, R.B., M.M. and M.D.; writing —original draft preparation, L.B.M., R.B.; writing —review and
editing, L.B.M., R.B., M.M., M.D,, I.C;; visualization, R.B., M.M., I.C., G.B.; supervision, R.B.,, M.M.,
M.D.; funding acquisition, L.B.M., R.B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: The study did not require ethical approval.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest



Proceedings 2022, 69, x FOR PEER REVIEW 5 of 6

References

1. Tan, B.L.; Norhaizan, M.E. Carotenoids: How Effective Are They to Prevent Age-Related Diseases? Molecules 2019, 24, 1801.

2. Yuan, ].-P.; Peng, J.; Yin, K;; Wang, J.-H. Potential Health-Promoting Effects of Astaxanthin: A High-Value Carotenoid Mostly
from Microalgae. Mol. Nutr. Food Res. 2011, 55, 150-165. https://doi.org/10.1002/mnfr.201000414.

3. Farruggia, C.; Yang, Y.; Kim, B.; Pham, T.; Bae, M.; Park, Y.-K;; Lee, J.-Y. Astaxanthin Plays Anti-Inflammatory and Antioxidant
Effects by Inhibiting NFkB Nuclear Translocation and NOX2 Expression in Macrophages. FASEB ]. 2015, 29, 603-608.

4. Candore, G.; Scapagnini, G.; Caruso, C. Aging and Anti-Aging Strategies. In Textbook of Aging Skin; Farage, M.A., Miller, KW.,
Maibach, H.I., Eds.; Springer: Berlin/Heidelberg, Germany, 2010; pp. 1055-1061. ISBN 978-3-540-89656-2.

5. Komatsu, T.; Sasaki, S.; Manabe, Y.; Hirata, T.; Sugawara, T. Preventive Effect of Dietary Astaxanthin on UVA-Induced Skin
Photoaging in Hairless Mice. PLoS ONE 2017, 12, e0171178. https://doi.org/10.1371/journal.pone.0171178.

6. Collins, AM.; Jones, H.D.T.; Han, D.; Hu, Q.; Beechem, T.E.; Timlin, J.A. Carotenoid Distribution in Living Cells of Haemato-
coccus Pluvialis (Chlorophyceae). PLoS ONE 2011, 6, e24302. https://doi.org/10.1371/journal.pone.0024302.

7. Shah, M, Liang, Y.; Cheng, J.J.; Daroch, M. Astaxanthin-Producing Green Microalga Haematococcus Pluvialis: From Single Cell
to High Value Commercial Products. Front. Plant Sci. 2016, 7, 531. https://doi.org/10.3389/fpls.2016.00531.

8.  Baralic, I; Djordjevic, B.; Dikic, N.; Kotur-Stevuljevic, J.; Spasic, S.; Jelic-Ivanovic, Z.; Radivojevic, N.; Andjelkovic, M.; Pejic, S.
Effect of Astaxanthin Supplementation on Paraoxonase 1 Activities and Oxidative Stress Status in Young Soccer Players. Phy-
tother. Res. 2013, 27, 1536-1542. https://doi.org/10.1002/ptr.4898.

9. Capelli, B.; Bagchi, D.; Cysewski, G.R. Synthetic Astaxanthin Is Significantly Inferior to Algal-Based Astaxanthin as an Antiox-
idant and May Not Be Suitable as a Human Nutraceutical Supplement. Nutrafoods 2013, 12, 145-152.

10. Natural Astaxanthin Hawaii’s Supernutrient by William Sears MD: VERY GOOD Paperback (2015) | Discover Books. Available
online: https://www.abebooks.com/9780979235344/Natural-Astaxanthin-Hawaiis-Supernutrient-William-0979235340/plp (ac-
cessed on 1 March 2022).

11. Yang, Y.; Kim, B; Lee, ].Y. Astaxanthin Structure, Metabolism, and Health Benefits. ]. Hum. Nutr. Food Sci. 2013, 1, 1-1003.

12. Seabra, L.M.].; Pedrosa, L.F.C. Astaxanthin: Structural and Functional Aspects. Rev. Nutr. 2010, 23, 1041-1050.

13. Higuera-Ciapara, I; Félix-Valenzuela, L.; Goycoolea, F.M. Astaxanthin: A Review of Its Chemistry and Applications. Crit. Rev.
Food Sci. Nutr. 2006, 46, 185-196. https://doi.org/10.1080/10408690590957188.

14. Hussein, G.; Sankawa, U.; Goto, H.; Matsumoto, K.; Watanabe, H. Astaxanthin, a Carotenoid with Potential in Human Health
and Nutrition. J. Nat. Prod. 2006, 69, 443—449. https://doi.org/10.1021/np050354+.

15. Okada, Y.; Ishikura, M.; Maoka, T. Bioavailability of Astaxanthin in Haematococcus Algal Extract: The Effects of Timing of Diet
and Smoking Habits. Biosci. Biotechnol. Biochem. 2009, 73, 1928-1932. https://doi.org/10.1271/bbb.90078.

16. Ranga Rao, A.; Raghunath Reddy, R.L.; Baskaran, V.; Sarada, R.; Ravishankar, G.A. Characterization of Microalgal Carotenoids
by Mass Spectrometry and Their Bioavailability and Antioxidant Properties Elucidated in Rat Model. J. Agric. Food Chem. 2010,
58, 8553-8559. https://doi.org/10.1021/jf101187k.

17. Nishida, Y.; Yamashita, E.; Miki, W. Quenching Activities of Common Hydrophilic and Lipophilic Antioxidants against Singlet
Oxygen Using Chemiluminescence Detection System. Carotenoid Sci. 2007, 11, 16-20. https://doi.org/10.11501/10996240.

18. Paterson, E.; Gordon, M.H.; Niwat, C.; George, T.W.; Parr, L.; Waroonphan, S.; Lovegrove, J.A. Supplementation with Fruit and
Vegetable Soups and Beverages Increases Plasma Carotenoid Concentrations but Does Not Alter Markers of Oxidative Stress
or Cardiovascular Risk Factors. |. Nutr. 2006, 136, 2849-2855. https://doi.org/10.1093/jn/136.11.2849.

19. Kidd, P. Astaxanthin, Cell Membrane Nutrient with Diverse Clinical Benefits and Anti-Aging Potential. Altern. Med. Rev. 2011,
16, 355-364.

20. Camera, E.; Mastrofrancesco, A.; Fabbri, C.; Daubrawa, F.; Picardo, M.; Sies, H.; Stahl, W. Astaxanthin, Canthaxanthin and Beta-
Carotene Differently Affect UVA-Induced Oxidative Damage and Expression of Oxidative Stress-Responsive Enzymes. Exp.
Dermatol. 2009, 18, 222-231. https://doi.org/10.1111/j.1600-0625.2008.00790.x.

21. Beutner, S.; Bloedorn, B.; Frixel, S.; Hernandez Blanco, I.; Hoffmann, T.; Martin, H.-D.; Mayer, B.; Noack, P.; Ruck, C.; Schmidst,
M.,; et al. Quantitative Assessment of Antioxidant Properties of Natural Colorants and Phytochemicals: Carotenoids, Flavo-
noids, Phenols and Indigoids. The Role of p-Carotene in Antioxidant Functions. ]. Sci. Food Agric. 2001, 81, 559-568.
https://doi.org/10.1002/jsfa.849.

22. Choi, Y.-E; Yun, Y.-S,; Park, ].M.; Yang, J.-W. Determination of the Time Transferring Cells for Astaxanthin Production Con-
sidering Two-Stage Process of Haematococcus Pluvialis Cultivation. Bioresour. Technol. 2011, 102, 11249-11253.

23. Han, H,; Lim, ].W.; Kim, H. Astaxanthin Inhibits Helicobacter Pylori-Induced Inflammatory and Oncogenic Responses in Gas-
tric Mucosal Tissues of Mice. J. Cancer Prev. 2020, 25, 244-251. https://doi.org/10.15430/JCP.2020.25.4.244.

24. Chang, M.X,; Xiong, F. Astaxanthin and Its Effects in Inflammatory Responses and Inflammation-Associated Diseases: Recent
Advances and Future Directions. Molecules 2020, 25, E5342. https://doi.org/10.3390/molecules25225342.

25. Wang, X; Willén, R,; Wadstrom, T. Astaxanthin-Rich Algal Meal and Vitamin C Inhibit Helicobacter Pylori Infection in

BALB/cA Mice. Antimicrob. Agents Chemother. 2000, 44, 2452-2457.



Proceedings 2022, 69, x FOR PEER REVIEW 6 of 6

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Andersen, L.P.; Holck, S.; Kupcinskas, L.; Kiudelis, G.; Jonaitis, L.; Janciauskas, D.; Permin, H.; Wadstrom, T. Gastric Inflamma-
tory Markers and Interleukins in Patients with Functional Dyspepsia Treated with Astaxanthin. FEMS Immunol. Med. Microbiol.
2007, 50, 244-248. https://doi.org/10.1111/j.1574-695X.2007.00257 .

Sakai, S.; Nishida, A.; Ohno, M.; Inatomi, O.; Bamba, S.; Sugimoto, M.; Kawahara, M.; Andoh, A. Astaxanthin, a Xanthophyll
Carotenoid, Prevents Development of Dextran Sulphate Sodium-Induced Murine Colitis. ]. Clin. Biochem. Nutr. 2019, 64, 66-72.
Kochi, T.; Shimizu, M.; Sumi, T.; Kubota, M.; Shirakami, Y.; Tanaka, T.; Moriwaki, H. Inhibitory Effects of Astaxanthin on
Azoxymethane-Induced Colonic Preneoplastic Lesions in C57/BL/Ks]J-Db/Db Mice. BMC Gastroenterol. 2014, 14, 212.

Kim, S.H.; Lim, ] W.; Kim, H. Astaxanthin Inhibits Mitochondrial Dysfunction and Interleukin-8 Expression in Helicobacter
Pylori-Infected Gastric Epithelial Cells. Nutrients 2018, 10, E1320. https://doi.org/10.3390/nu10091320.

Kupcinskas, L.; Lafolie, P.; Lignell, A.; Kiudelis, G.; Jonaitis, L.; Adamonis, K.; Andersen, L.P.; Wadstrom, T. Efficacy of the
Natural Antioxidant Astaxanthin in the Treatment of Functional Dyspepsia in Patients with or without Helicobacter Pylori
Infection: A Prospective, Randomized, Double Blind, and Placebo-Controlled Study. Phytomedicine 2008, 15, 391-399.

Liu, F.; Smith, A.D.; Solano-Aguilar, G.; Wang, T.T.Y.; Pham, Q.; Beshah, E.; Tang, Q.; Urban, J.F.; Xue, C.; Li, R.W. Mechanistic
Insights into the Attenuation of Intestinal Inflammation and Modulation of the Gut Microbiome by Krill Oil Using in Vitro and
in Vivo Models. Microbiome 2020, 8, 83. https://doi.org/10.1186/s40168-020-00843-8.

Wu, L,; Lyu, Y,; Srinivasagan, R.; W, J.; Ojo, B.; Tang, M.; El-Rassi, G.D.; Metzinger, K.; Smith, B.].; Lucas, E.A ; et al. Astaxan-
thin-Shifted Gut Microbiota Is Associated with Inflammation and Metabolic Homeostasis in Mice. |. Nutr. 2020, 150, 2687-2698.
https://doi.org/10.1093/jn/nxaa222.

Zhang, X.; Zhao, X,; Tie, S.; Li, J.; Su, W.; Tan, M. A Smart Cauliflower-like Carrier for Astaxanthin Delivery to Relieve Colon
Inflammation. J. Control Release 2022, 342, 372-387. https://doi.org/10.1016/j.jconrel.2022.01.014.

Cao, Y.; Yang, L.; Qiao, X.; Xue, C.; Xu, J. Dietary Astaxanthin: An Excellent Carotenoid with Multiple Health Benefits. Crit. Rev.
Food Sci. Nutr. 2021, 1-27. https://doi.org/10.1080/10408398.2021.1983766.

Wang, J.; Liu, S.; Wang, H.; Xiao, S.; Li, C.; Li, Y.; Liu, B. Xanthophyllomyces Dendrorhous-Derived Astaxanthin Regulates Lipid
Metabolism and Gut Microbiota in Obese Mice Induced by A High-Fat Diet. Mar. Drugs 2019, 17, E337.
https://doi.org/10.3390/md17060337.

Liu, H.; Liu, M.; Fu, X.; Zhang, Z.; Zhu, L.; Zheng, X,; Liu, ]J. Astaxanthin Prevents Alcoholic Fatty Liver Disease by Modulating
Mouse Gut Microbiota. Nutrients 2018, 10, E1298. https://doi.org/10.3390/nu10091298.

Wang, M.; Ma, H.; Guan, S.; Luo, T.; Zhao, C,; Cai, G.; Zheng, Y,; Jia, X,; Dj, J.; Li, R.; et al. Astaxanthin from Haematococcus
Pluvialis Alleviates Obesity by Modulating Lipid Metabolism and Gut Microbiota in Mice Fed a High-Fat Diet. Food Funct. 2021,
12, 9719-9738. https://doi.org/10.1039/d1f001495a.

Akduman, H.; Tayman, C.; Korkmaz, V.; Akduman, F.; Fettah, N.D.; Giirsoy, B.K.; Turkmenoglu, T.T.; Caglayan, M. Astaxan-
thin Reduces the Severity of Intestinal Damage in a Neonatal Rat Model of Necrotizing Enterocolitis. Am. ]. Perinatol. 2021.
https://doi.org/10.1055/s-0041-1727156.



