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In Vitro Evaluation of Skin-Related Physicochemical Properties and
Biological Activities of Astaxanthin Isomers
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ABSTRACT: Dietary astaxanthin exists predominantly as the all-E-isomer; however, certain amounts of the Z-isomers are
universally present in the skin, whose roles remain largely unknown. The aim of this study was to investigate the effects of the
astaxanthin E/Z-isomer ratio on skin-related physicochemical properties and biological activities using human dermal fibroblasts and
B16 mouse melanoma cells. We revealed that astaxanthin enriched in Z-isomers (total Z-isomer ratio = 86.6%) exhibited greater UV-
light-shielding ability and skin antiaging and skin-whitening activities, such as anti-elastase and anti-melanin formation activities, than
the all-E-isomer-rich astaxanthin (total Z-isomer ratio = 3.3%). On the other hand, the all-E-isomer was superior to the Z-isomers in
singlet oxygen scavenging/quenching activity, and the Z-isomers inhibited type I collagen release into the culture medium in a dose-
dependent manner. Our findings help clarify the roles of astaxanthin Z-isomers in the skin and would help in the development of
novel skin health-promoting food ingredients.

Bl INTRODUCTION predominant carotenoid isomer in foods and supplements, are
ingested, the Z-isomers accumulate in abundance in the

Astaxanthin (3,3’-dihydroxy-S,5 -carotene-4,4’'-dione;
( Y bbb i skin.'””'* This is thought to be owing to the fact that

C4Hs,04) is a carotenoid, belonging to the xanthophyll

group, responsible for the red color of some microorganisms carotenoid Z-isomerization might undergo during the
and seafoods.”” Astaxanthin exhibits potent antioxidant absorption and/or carotenoic} Z-isomers are more bioavailable
activity which is ~100-fold higher than that of a-tocopherol, than the all-E-isomers."””"® Additionally, consumption of
and its daily consumption is associated with a lower risk of foods rich in carotenoid Z-isomers further increases the Z-
several diseases including several cancers and eye diseases.”” isomer ratio in the skin.'"””'* However, the role (ie.,
Moreover, numerous studies have demonstrated that astax- significance and function) of astaxanthin Z-isomers in the
anthin inhibits UV-induced skin damage and exerts positive skin remains unclear. Several studies have reported that

effects on skin health.””” Astaxanthin effectively suppressed
free radical-induced cell damage and matrix metalloproteinase
(MMP)-1 induction in the skin after UV light irradiation in
vitro.® Furthermore, several clinical trials have demonstrated
that daily astaxanthin supplementation improves indicators of
crow’s feet wrinkles, elasticity, and transepidermal water loss of
the skin.”” Thus, the demand for astaxanthin supplements for
skin care has steadily increased in recent years.

Orally ingested carotenoids including astaxanthin are known
to accumulate in the skin.'”'' Interestingly, it has been
reported that even when (all-E)-carotenoids, which is the

astaxanthin Z-isomers show greater antioxidant and anti-

inflammatory activities than those of the all-E-isomer. %7

Moreover, we recently demonstrated that an oral diet enriched
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in astaxanthin Z-isomers (total Z-isomer ratio = 84.4%)
increased the Z-isomer ratio in the skin, which inhibited UV-
light-induced skin damage in guinea pigs compared to those
fed a diet rich in the all-E-isomer (total Z-isomer ratio =
3.2%)."* Thus, astaxanthin Z-isomers have beneficial effects on
skin health maintenance.

The purpose of this study was to investigate the effects of
the E/Z-isomer ratio of astaxanthin on skin-related phys-
icochemical properties and biological activities. Regarding the
physicochemical properties, UV-A- and UV-B-shielding
abilities and antioxidant activities (i.e., singlet oxygen
scavenging, 2,2-diphenyl-1-picrylhydrazyl [DPPH] radical
scavenging, hydroxyl radical scavenging, and superoxide
anion scavenging activities) were evaluated. As to the skin-
related biological activities, skin antiaging activities (i.e., anti-
elastase activity and proliferation-, hyaluronic acid production-,
and type I collagen production-promoting effects of human
dermal fibroblasts) and skin-whitening actions (i.e., anti-
tyrosinase and anti-melanin formation activities and inhibitory
activity of melanin precursor [DHICA, §,6-dihydroxyindole-2-
carboxylic acid] darkening) were assessed using human dermal
fibroblasts and B16 mouse melanoma cells. With some
exceptions (i.e., UV-shielding abilities and antioxidant
activities),l“’16 this is the first time, to our knowledge, that
these skin-related evaluations were conducted. Z-Isomer-rich
astaxanthin was prepared from the all-E-isomer by thermal
treatment and solid—liquid separation.'”'* An accurate
understanding of the physicochemical properties and skin-
related biological activities of astaxanthin isomers would
contribute to their significance in the skin and to the
development of food ingredients that promote skin health.

B MATERIALS AND METHODS

Preparation of Z-lsomer-Enriched Astaxanthin. Z-
Isomer-enriched astaxanthin was prepared from the all-E-
isomer-rich astaxanthin (synthetic astaxanthin standard;
FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) using
thermal treatment and solid—liquid separation as previously
described.'”'* The all-E-isomer-rich astaxanthin standard was
dissolved in dichloromethane (CH,Cl,) at a concentration of 1
mg/mL and kept at 80 °C for 5 h. Subsequently, CH,Cl, was
evaporated under reduced pressure at 40 °C, and the resulting
solid was suspended in ethanol at a concentration of 10 mg/
mL with ultrasonic treatment. The suspension was left
undisturbed at 4 °C for 1 h, and the insoluble substances,
that is, (all-E)-astaxanthin crystals, were removed using a
PTFE filter (0.22 um pore size; Osaka Chemical Co., Ltd.,
Osaka, Japan). Lastly, ethanol was evaporated from the filtrate
under reduced pressure at 40 °C, and Z-isomer-rich
astaxanthin was obtained.

HPLC Analysis. Astaxanthin isomers were analyzed using
normal-phase HPLC with a photodiode array detector (SPD-
M20A; Shimadzu, Kyoto, Japan) as previously described.'®
Briefly, two silica gel columns connected in tandem (Luna $
um Silica (2), 2 mm X 150 mm X 4.6 mm, 100 A,
Phenomenex Inc., Torrance, CA) were used as the stationary
phase, and a mixture of hexane, ethyl acetate, and acetone
(70:20:10, v/v/v) was used as the mobile phase. The column
temperature was adjusted to 40 °C, and the flow rate was
maintained at 1.2 mL/min. The quantification of astaxanthin
isomers was carried out by peak area integration at 470 nm.
The peaks of astaxanthin E/Z-isomers in the chromatograms
were identified by retention times and spectral data (i.e., whole

band shapes of the absorption spectra, maximum absorption
wavelengths, and relative intensities of the Z-peak to the
absorption maximum peak of the isomer [Q-ratios]).''*'*"?
The total (or each) Z-isomer ratio of astaxanthin was
determined as follows

total (or each) Z-isomer ratio (%)

total (or each) peak area of astaxanthin Z-isomers 100

total peak area of astaxanthin isomers including the all-E-isomer

Evaluation of UV-Light-Shielding Ability. The shielding
abilities of UV-A (320—400 nm) and UV-B (280—320 nm)
lights of all-E- and Z-isomer-rich astaxanthin were measured
using a UV—vis spectrophotometer (V-750; Jasco Corp.,
Tokyo, Japan) equipped with a UV shield factor calculation
program (VWSE-798; Jasco Corp., Tokyo, Japan).14 The
astaxanthin samples were dissolved in ethyl acetate at
concentrations of 1—20 M based on a previous work of our
research group.”

Evaluation of Antioxidant Activities. The antioxidant
activities of the all-E- and Z-isomer-rich astaxanthin were
determined using four different assays for evaluating the singlet
oxygen, DPPH radical, hydroxyl radical, and superoxide anion
scavenging activities. The singlet oxygen scavenging activity
was determined using an antioxidant capacity assay kit for
singlet oxygen (SL2010; SakuLab Science, Inc., Kanagawa,
Japan) and was performed by SakuLab Science, Inc.
(Kanagawa, Japan).”” The evaluations on DPPH radical,
hydroxyl radical, and superoxide anion scavenging activities
were done according to previously described methods*~** and
were performed by Kirei Testing Labo Co., Ltd. (Tokyo,
Japan). The astaxanthin samples were diluted by chloroform
for the assay of the singlet oxygen scavenging activity and
diluted by 0.5% dimethyl sulfoxide (DMSO) solution for the
assays of the other three antioxidant activities at concentrations
of 1-50 uM.

Evaluation of Skin Antiaging Activities. The differences
in the skin antiaging activities of all-E- and Z-isomer-rich
astaxanthin were investigated by evaluating their anti-elastase
activity and proliferation-, hyaluronic acid production-, and
type I collagen production-promoting effects in human dermal
fibroblasts according to the previously described proce-
dures.””**™*” The astaxanthin samples were diluted by 0.5%
DMSO solution for the assay of the anti-elastase activity at
concentrations of 1—50 uM and for the assays of the other
three skin antiaging activities at concentrations of 1—10 uM.
These in vitro evaluations were performed by Kirei Testing
Labo Co., Ltd. (Tokyo, Japan).

Evaluation of Skin-Whitening Action. The effects of
astaxanthin with different Z-isomer ratios on skin-whitening
actions were investigated. Specifically, anti-tyrosinase and anti-
melanin formation activities as well as the inhibitor activity for
melanin precursor (DHICA) darkening were evaluated
according to the previously described procedures.””**™** In
the evaluation of the anti-melanin formation activity, B16
mouse melanoma cells were used.””*° The astaxanthin samples
were diluted by 0.5% DMSO solution for the assay of the anti-
tyrosinase activity at concentrations of 1-50 uM, diluted by
the culture medium for evaluating the anti-melanin formation
activity at concentrations of 1-20 uM, and diluted by
ultrapure water for evaluating the inhibitor activity for melanin
precursor (DHICA) darkening at concentrations of 1—20 uM.
These in vitro evaluations were performed by Kirei Testing
Labo Co., Ltd. (Tokyo, Japan).
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Statistical Analysis. All data were collected in triplicates
and expressed as the mean =+ standard deviation. The
differences in mean values were analyzed by Welch’s t-test
using EZR software (version 1.55; Saitama Medical Center,
Jichi Medical University, Saitama, Japan), and significance was

set at p < 0.01 and p < 0.0S.

B RESULTS

Profile of Astaxanthin Isomers. The chromatograms of
the astaxanthin standard and treated astaxanthin are shown in
Figure 1. The astaxanthin standard consisted mostly of the all-

(all-E-lsomer-rich astaxanthin)

(all-E)

OH

L

(Z-Isomer-rich astaxanthin)

(139

Absorbance at 470 nm (a.u.)

(152)

Time (min)

Figure 1. Normal-phase HPLC chromatograms of all-E-isomer-rich
astaxanthin (total Z-isomer-ratio = 3.3%) and Z-isomer-rich
astaxanthin (total Z-isomer-ratio = 86.6%). Labels of (all-E), (9Z),
(13Z), and (15Z) denote (all-E)-, (9Z)-, (13Z)-, and (15Z)-
astaxanthin, respectively, and peaks of i, ii, and iii are assigned to
unknown astaxanthin Z-isomers (Table 1).

E-isomer (total Z-isomer ratio = 3.3%), while the total Z-
isomer ratio of the treated astaxanthin increased by 86.6%. Six
different Z-isomers were detected, including the 9Z-, 13Z-, and
15Z-isomers and three unknown Z-isomers (perhaps the di-Z-
isomers) (Table 1). The 13Z-isomer exhibited the highest
percentage (48.4%), followed by the 9Z-isomer (12.4%) and
the 15Z-isomer (9.9%). The astaxanthin standard and treated
astaxanthin were used as the all-E- and Z-isomer-rich
astaxanthin, respectively, and they were used for the in vitro

evaluations of skin-related physicochemical properties and
biological activities.

UV-Light-Shielding Ability of Astaxanthin Isomers.
The UV-A and UV-B-shielding abilities of all-E- and Z-isomer-
rich astaxanthin were evaluated based on their absorption
wavelengths (Figure 2A). The Z-isomer-enriched astaxanthin
had a shorter absorption spectrum than that of the all-E-
isomer-rich astaxanthin. The maximum absorption wavelengths
specific to the all-E- and Z-isomer-rich astaxanthin were 479
and 468 nm, respectively, and the Z-isomer-rich astaxanthin
had a characteristic maximum absorption wavelength at 371
nm. The Z-isomer-rich astaxanthin exhibited 2- and 1.5-times
greater UV-A- and UV-B-shielding abilities, respectively, than
those of the all-E-isomer-rich astaxanthin (Figure 2B,D).

Antioxidant Activities of Astaxanthin Isomers. We
compared the antioxidant activities of all-E- and Z-isomer-rich
astaxanthin by investigating their singlet oxygen, DPPH radical,
hydroxyl radical, and superoxide anion scavenging activities
(Figure 3). Both all-E- and Z-isomer-rich astaxanthin exhibited
potent singlet oxygen activity, but the former showed superior
activity (Figure 3A). The ICy, values of the all-E- and Z-
isomer-rich samples for the singlet oxygen scavenging activity
were 0.71 and 1.77 uM, respectively. On the other hand, Z-
isomer-enriched astaxanthin exhibited greater DPPH radical
and hydroxyl radical scavenging activities than all-E-isomer-
rich astaxanthin (Figure 3B,C). Both all-E- and Z-isomer-rich
astaxanthin showed little superoxide anion scavenging activity
(Figure 3D).

Skin Antiaging Activities of Astaxanthin Isomers. We
investigated the influence of the astaxanthin E/Z-isomer ratio
on anti-elastase activity and proliferation-, hyaluronic acid
production-, and type I collagen production-promoting effects,
which are important indicators of skin antiaging (Figure 4).
Astaxanthin isomers exhibited strong anti-elastase activity, and
Z-isomer-rich astaxanthin showed greater activity than that of
all-E-isomer-rich astaxanthin (Figure 4A). For example, 0.8 M
Z-isomer-rich astaxanthin solution showed roughly equivalent
activity to the 50 yM all-E-isomer-rich sample. The IC;, values
of the all-E- and Z-isomer-rich astaxanthin for the anti-elastase
activity were 36.3 and 0.5 uM, respectively. Both all-E- and Z-
isomer-rich astaxanthin significantly promoted the proliferation
of human dermal fibroblasts compared to the control solution
without astaxanthin, but no differences were observed between
the isomers (Figure 4B). Astaxanthin isomers had no effect on
hyaluronic acid production (Figure 4C), whereas they
inhibited type I collagen production, and Z-isomer-rich
astaxanthin showed greater inhibitory effect than all-E-
isomer-rich astaxanthin (Figure 4D). For example, the 10
uM all-E- and Z-isomer-rich astaxanthin solutions inhibited
53.1 and 75.4% of type I collagen production, respectively,
compared to the control solution.

Skin-Whitening Actions of Astaxanthin Isomers. We
evaluated the skin-whitening actions of astaxanthin by
investigating their anti-tyrosinase and anti-melanin formation
activities as well as the inhibitor activity of melanin precursor
(DHICA) darkening (Figure S). Astaxanthin isomers slightly
inhibited the tyrosinase activity, but there was little difference
in the activity between isomers (Figure SA). Regarding the
anti-melanin formation activity, all-E-isomer-rich astaxanthin
did not show the activity at the concentrations tested (1—10
uM), whereas the Z-isomer-rich astaxanthin exhibited strong
activity, e.g, 10 puM Z-isomer-rich astaxanthin solution
inhibited 41.1% of melanin formation compared to that of

https://doi.org/10.1021/acsomega.2c08173
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Table 1. Absorption Maxima (4,,,,) and Relative Intensities of the Z-Peaks (Q-Ratio) for Geometrical Astaxanthin Isomers

Separated and Observed Using Normal-Phase HPLC“

Amae (NM)

label isomer” observed
i (xZ)-astaxanthin 457
ii (xZ)-astaxanthin 457
(all-E) (all-E)-astaxanthin 474
iii (xZ)-astaxanthin 462

(92) (9Z)-astaxanthin 367, 467
(132) (13Z)-astaxanthin 366, 464
(152) (15Z)-astaxanthin 366, 467

“Values and peak designations are obtained from the chromatograms in Figure 1. —, not assigned. ND, not detected substantially.

. . . 12,14,18,19
assigned in the literature.

Q-ratio
reported” observed reported”
- ND -
472 ND -
365, 465 0.22 0.20
366, 465 0.49 0.52
365, 468 0.54 0.56

bTentativer
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Figure 2. (A) Absorption spectra and (B) UV-A- and (C) UV-B-shielding abilities of all-E- and Z-isomer-rich astaxanthin. UV-A and UV-B indicate
ranges of 320—400 and 280—320 nm, respectively. The error bars show standard deviations across three independent tests. Asterisks (*) indicate a
statistically significant difference between all-E- and Z-isomer-rich astaxanthin (*p < 0.0S, **p < 0.01, Welch’s t-test).

the control solution without astaxanthin (Figure SB).
Furthermore, Z-isomer-rich astaxanthin exhibited an extremely
stronger inhibitor activity of melanin precursor (DHICA)
darkening than that of the all-E-isomer-rich astaxanthin (Figure
SC). For example, 10 uM all-E-isomer-rich astaxanthin
solution inhibited only 14.3% of the melanin precursor
darkening compared to that of the control solution without
astaxanthin, whereas the Z-isomer-rich astaxanthin completely
inhibited the activity. The ICy, values of the all-E- and Z-
isomer-rich samples for the inhibitor activity were estimated to

be ~20 and 6.8 M, respectively.

19314

B DISCUSSION

Orally ingested astaxanthin accumulates in the skin, prevents
UV-induced skin damage, and improves the skin condi-
tion.~"" A certain amount of astaxanthin Z-isomers is present
in the skin even after ingestion of the all-E-isomer, but their
roles remain unknown.'”'* The present study found significant
differences in several skin-related physicochemical properties
and biological activities between all-E- and Z-isomer-rich
astaxanthin.

Z-Isomer-rich astaxanthin showed greater UV-A and UV-B
shielding abilities than the all-E-isomer-rich astaxanthin
(Figure 2B,C). This could be due to the absorption wavelength

https://doi.org/10.1021/acsomega.2c08173
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Figure 3. (A) Singlet oxygen scavenging, (B) DPPH radical scavenging, (C) hydroxyl radical scavenging, and (D) superoxide anion scavenging
activities of all-E- and Z-isomer-rich astaxanthin. The error bars show standard deviations across three independent tests. Asterisks (*) indicate a
statistically significant difference between carotenoids rich in all-E-isomers and Z-isomers (*p < 0.05, **p < 0.01, Welch’s t-test).

shift to the short wavelength side accompanying the Z-
isomerization (Table 1). Furthermore, a characteristic
maximum absorption wavelength at the UV-A region of the
Z-isomers could also contribute to their greater UV-shielding
abilities (Figure 2A). Thus, astaxanthin Z-isomers may better
reduce UV-induced skin damage than the all-E-isomer. Indeed,
our recent in vivo study showed that guinea pigs supplemented
with Z-isomer-rich astaxanthin showed less UV-induced skin
damage than those supplemented with all-E-isomer-rich
astaxanthin.'* The antioxidant activity results varied depending
on the assay used. Namely, all-E-isomer-rich astaxanthin
showed greater singlet oxygen scavenging activity than the Z-
isomer-rich astaxanthin (Figure 3A), whereas the opposite
results were obtained on DPPH radical and hydroxyl radical
scavenging activities (Figure 3B,C). Sakemi et al. reported that,
in the other carotenoid, lycopene, the all-E-isomer showed
higher singlet oxygen scavenging activity than the Z-isomers,*”
indicating that carotenoids commonly have decreased singlet
oxygen scavenging activity upon isomerization from the all-E-
to the Z-isomers. Carotenoids quench singlet oxygen through a
physical mechanism involving the transfer of excitation energy,
followed by thermal deactivation.”* Accordingly, the presence
of Z-structures in the polyene chain of carotenoid molecules
might reduce the efficiency of the excitation energy transfer.
Nevertheless, astaxanthin had potent singlet oxygen scavenging
activity even in its Z-isomers (ICy, value = 1.77 uM). Yang et
al. reported similar results on the radical scavenging activities
of astaxanthin isomers, showing that several astaxanthin Z-
isomers (i.e., the 9Z- and 13Z-isomers) exhibited greater

19315

oxygen radical absorbing capacity and DPPH radical
scavenging activity.'® The mechanisms underlying these effects
are currently unknown, but it could be due to differences in
thermodynamic stability among astaxanthin Z-isomers. In
other words, the higher energy levels of astaxanthin Z-isomers
compared with the all-E-isomer may be responsible for its
higher reactivity with radical species.”**

Several clinical trials showed that astaxanthin on the dermal
layer contributed to the improvement of wrinkles.”*” > This
indicates that astaxanthin serves to maintain the extracellular
matrix (ECM) of the dermis layer. In particular, it is believed
that astaxanthin quenches singlet molecular oxygen,*>*' which
is involved in the damage of collagen-based ECM-producing
fibroblasts,” and also inhibits enzymatic activities and/or
suppresses the gene expression of MMPs,"*™* which are
involved in the degradation of ECM. In this study, we found a
direct inhibitory effect on elastase (Figure 4A). This is a novel
finding regarding the effect of astaxanthin on degradation of
the ECM in the dermis. In the present study, seemingly
astaxanthin isomers, especially the Z-isomers, suppressed the
production of collagen from fibroblasts (Figure 4D). It should
be noted that this is because the amount of type I collagen
production was evaluated based on the amount of supernatant
fluid in the culture medium, and only the excretory portion of
type I collagen production into the culture medium under
naive conditions was evaluated. Some information on the effect
of astaxanthin on collagen biosynthesis suggests that, under
oxidative stress, such as UV or other light irradiation or the
addition of pro-oxidants, skin fibroblasts are impaired by

https://doi.org/10.1021/acsomega.2c08173
ACS Omega 2023, 8, 19311-19319


https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

A all-E-Isomer-rich astaxanthin M Z-lsomer-rich astaxanthin B all-E-lsomer-rich astaxanthin Bl Z-lsomer-rich astaxanthin

140 140

120 | 120 |  m

T T T T
- T
§ 100 1 = = 100 A T
z . <
E 80 A T E 80 A
© 8
% 60 - i > 60 1
o] ok 3
[ %]
LI_“J, 40 A *k i © 40
k% o
20 = 20
0 T T T
0.0 0.8 1.6 3.1 6.3 125 250 50.0 0 1 5 10
Concentration (uM) Concentration (uM)
all-E-Isomer-rich astaxanthin M Z-lsomer-rich astaxanthin D all-E-lsomer-rich astaxanthin Bl Z-Isomer-rich astaxanthin

120 120
g -
© 100 A T T T T T e & 100 A T T
s T I 2
c = *
S 80 - $ 80 1
5 g [
8 © "
5 60 A = 60 A
o S T
S 40 = 40

i 3 i
2 8
o ©
(_3“ 20 A 2 20 A I I I
> =
T
0 T T T 0 T T T
0 1 5 10 0 1 5 10

Concentration (uM)

Concentration (uM)

Figure 4. (A) Anti-elastase activity, (B) proliferation- and (C) hyaluronic acid production-promoting effects, and (D) release rate of type I collagen
of all-E- and Z-isomer-rich astaxanthin. The error bars show standard deviations across three independent tests. Asterisks (*) indicate a statistically
significant difference between carotenoids rich in all-E-isomers and Z-isomers (*p < 0.05, **p < 0.01, Welch’s t-test).

singlet oxygen and by the production of inflammatory
cytokines.*’~*’ Although astaxanthin has been shown to
exert a preventive effect on the inhibition of collagen
biosynthesis by protecting against these insults, there are no
reports of direct regulation of gene expression or biosynthesis
promotion on naive fibroblasts. Therefore, the dose-dependent
decrease in the rate of collagen released into the medium by
the astaxanthin isomer may be due to the enhancement of
ECM integrity by them as a result of suppression or direct
inhibition and/or the gene expression of MMPs, including
elastase. Therefore, the balance between type I collagen
production and proteolysis by astaxanthin isomers should also
be examined in the future.

We observed large differences in skin-whitening actions
between all-E- and Z-isomer-rich astaxanthin. Namely, all-E-
isomer-rich astaxanthin showed little anti-melanin formation
activity and inhibitor activity of melanin precursor (DHICA)
darkening, whereas Z-isomer-rich astaxanthin exhibited strong
activities for both (Figure SB,C). As the anti-tyrosinase activity
of all-E- and Z-isomer-rich astaxanthin was nearly equivalent
(Figure SA), the skin-whitening effects of Z-isomer-enriched
astaxanthin could be due to the regulation of related gene
expression, such as tyrosinase-related proteins 1 and 2 (TRP-1
and -2) and rnicrolphthalmia—associated transcription factor
(MITF) genes.”>”*" In fact, Nakajima et al. reported that
astaxanthin significantly suppressed expression of TRP-1 and
MITF at the transcriptional and translational levels (note that
the astaxanthin isomer ratio was not stated).”> The superior
UV-light-shielding ability of astaxanthin Z-isomers could have
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contributed to the inhibitory activity of melanin precursor
darkening.”> Further research is required to elucidate the
mechanisms underlying the potent skin-whitening actions of
astaxanthin Z-isomers, but our observations describing these
effects of the Z-isomers are an important finding for their
application in skin care supplements and cosmetics.

In conclusion, we investigated the effects of the astaxanthin
E/Z-isomer ratio on skin-related physicochemical properties
and biological activities and showed significant differences in
their properties and activity between all-E- and Z-isomers. Z-
Isomer-rich astaxanthin had many superior properties related
to improving skin conditions compared with the all-E-isomer-
rich astaxanthin, including UV-A- and UV-B-shielding abilities,
DPPH and hydroxyl radical scavenging activities, anti-elastase
activity, anti-melanin formation activity, and inhibitor activity
of melanin precursor (DHICA) darkening. The facts that the
Z-isomers have extremely high anti-elastase activity and skin-
whitening actions (i.e., anti-melanin formation activity and
inhibitor activity of melanin precursor darkening) are
particularly valuable discoveries. Thus, as a skin condition-
improving agent for use in supplements and cosmetics, the Z-
isomers may be superior to the all-E-isomer. However, it
should be noted that the all-E-isomer is superior to the Z-
isomers in singlet oxygen scavenging activity and the Z-isomers
may inhibit type I collagen production. These differences in
skin-related biological activities between astaxanthin isomers
are not correlated with their antioxidant activity, which might
be associated with the regulation of specific gene expression.
Even when (all-E)-carotenoids, which are the predominant

https://doi.org/10.1021/acsomega.2c08173
ACS Omega 2023, 8, 19311-19319


https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

120

all-E-lsomer-rich astaxanthin M Z-lsomer-rich astaxanthin

Tyrosinase activity (%)

T‘ T‘

1004 7 gl T _ o
80 -
60 -
40 -
20 -
0 , , ,
0.0 0.8 1.6

3.1

T- ‘ T I v
12.5 25.0 50.

6.3 0

Concentration (uM)

all-E-Isomer-rich astaxanthin M Z-Isomer-rich astaxanthin

20

120

Z 100

T
T * -
s
80 A
60 -
40 |
20 A
0 T T T
0 1 5

Concentration (uM)

Melanin production rate (%

C

120

all-E-Isomer-rich astaxanthin M Z-Isomer-rich astaxanthin

100 A

" m o ~
80 -
sk

60 -

40

20 1

0 T T T

0 1 5

*
20

Melanin precursor darkening rate (%)

*

Concentration (uM)

Figure S. (A) Anti-tyrosinase and (B) anti-melanin formation activities and (C) inhibitor activity of melanin precursor (DHICA) darkening of all-
E- and Z-isomer-rich astaxanthin. The error bars show standard deviations across three independent tests. Asterisks (*) indicate a statistically
significant difference between carotenoids rich in all-E-isomers and Z-isomers (*p < 0.05, **p < 0.01, Welch’s t-test).

isomer in foods, are orally ingested, Z-isomers are still detected
in human and animal skins; however, their functions and
mechanisms are unknown. The differences in skin-related
physicochemical properties and biological activities between
the all-E- and Z-isomers described in this study would be
important in uncovering these mechanisms.

B AUTHOR INFORMATION

Corresponding Author

Masaki Honda — Faculty of Science & Technology, Meijo
University, Nagoya, Aichi 468-8502, Japan; ® orcid.org/
0000-0001-9470-7442; Email: honda@meijo-u.ac.jp

Author
Yasuhiro Nishida — Fuji Chemical Industries, Co., Ltd,
Toyama 930-040S, Japan

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.2c08173

Funding

This work was supported by Adaptable and Seamless
Technology transfer Program through Target-driven R&D

19317

(A-STEP) from Japan Science and Technology Agency (JST)
(grant number: JPMJTR20U7).

Notes

The authors declare no competing financial interest.

B REFERENCES

(1) Maoka, T. Carotenoids in marine animals. Mar. Drugs 2011, 9,
278-293.

(2) Maoka, T. Carotenoids as natural functional pigments. J. Nat.
Med. 2020, 74, 1—-16.

(3) Higuera-Ciapara, I; Felix-Valenzuela, L.; Goycoolea, F. M.
Astaxanthin: a review of its chemistry and applications. Crit. Rev. Food
Sci. Nutr. 2006, 46, 185—196.

(4) Ambati, R. R; Phang, S. M.; Ravi, S.; Aswathanarayana, R. G.
Astaxanthin: sources, extraction, stability, biological activities and its
commercial applications—a review. Mar. Drugs 2014, 12, 128—152.

(5) Fakhri, S.; Abbaszadeh, F.; Dargahi, L.; Jorjani, M. Astaxanthin:
A mechanistic review on its biological activities and health benefits.
Pharmacol. Res. 2018, 136, 1-20.

(6) Davinelli, S.; Nielsen, M. E.; Scapagnini, G. Astaxanthin in skin
health, repair, and disease: A comprehensive review. Nutrients 2018,
10, No. 522.

https://doi.org/10.1021/acsomega.2c08173
ACS Omega 2023, 8, 19311-19319


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masaki+Honda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9470-7442
https://orcid.org/0000-0001-9470-7442
mailto:honda@meijo-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yasuhiro+Nishida"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?ref=pdf
https://doi.org/10.3390/md9020278
https://doi.org/10.1007/s11418-019-01364-x
https://doi.org/10.1080/10408690590957188
https://doi.org/10.3390/md12010128
https://doi.org/10.3390/md12010128
https://doi.org/10.1016/j.phrs.2018.08.012
https://doi.org/10.1016/j.phrs.2018.08.012
https://doi.org/10.3390/nu10040522
https://doi.org/10.3390/nu10040522
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c08173?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(7) Singh, K. N Patil, S; Barkate, H. Protective effects of
astaxanthin on skin: Recent scientific evidence, possible mechanisms,
and potential indications. J. Cosmet. Dermatol. 2020, 19, 22—27.

(8) Suganuma, K; Nakajima, H.; Ohtsuki, M, Imokawa, G.
Astaxanthin attenuates the UVA-induced up-regulation of matrix-
metalloproteinase-1 and skin fibroblast elastase in human dermal
fibroblasts. J. Dermatol. Sci. 2010, 58, 136—142.

9) Tominaga, K;; Hongo, N.; Karato, M.; Yamashita, E. Cosmetic
benefits of astaxanthin on humans subjects. Acta Biochim. Pol. 2012,
59, 1151-1154.

(10) Petri, D.; Lundebye, A. K. Tissue distribution of astaxanthin in
rats following exposure to graded levels in the feed. Comp. Biochem.
Physiol. C 2007, 145, 202—209.

(11) 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, No. e0171178.

(12) Honda, M.; Murakami, K,; Osawa, Y.; Kawashima, Y.;
Hirasawa, K.; Kuroda, I. Z-Isomers of astaxanthin exhibit greater
bioavailability and tissue accumulation efficiency than the all-E-
isomer. J. Agric. Food Chem. 2021, 69, 3489—349S.

(13) Honda, M.; Takasu, S.; Nakagawa, K.; Tsuda, T. Differences in
bioavailability and tissue accumulation efficiency of (all-E)- and (Z)-
carotenoids: A comparative study. Food Chem. 2021, 361,
No. 130119.

(14) Honda, M.; Kageyama, H.; Zhang, Y.; Hibino, T.; Goto, M.
Oral Supplementation with Z-isomer-rich astaxanthin inhibits ultra-
violet light-induced skin damage in guinea pigs. Mar. Drugs 2022, 20,
No. 414.

(15) Yang, C,; Zhang, H; Liu, R; Zhu, H; Zhang, L.; Tsao, R.
Bioaccessibility, cellular uptake, and transport of astaxanthin isomers
and their antioxidative effects in human intestinal epithelial Caco-2
cells. J. Agric. Food Chem. 2017, 65, 10223—10232.

(16) Yang, C; Zhang, L.; Zhang, H.; Sun, Q; Liu, R;; Li, J.; Wu, L;
Tsao, R. Rapid and efficient conversion of all-E-astaxanthin to 9Z- and
13Z-isomers and assessment of their stability and antioxidant
activities. J. Agric. Food Chem. 2017, 65, 818—826.

(17) Yang, C.; Hassan, Y. I; Liu, R.; Zhang, H; Chen, Y.; Zhang, L.;
Tsao, R. Anti-inflammatory effects of different astaxanthin isomers
and the roles of lipid transporters in the cellular transport of
astaxanthin isomers in Caco-2 cell monolayers. J. Agric. Food Chem.
2019, 67, 6222—6231.

(18) Honda, M.; Kageyama, H.; Hibino, T.; Sowa, T.; Kawashima,
Y. Efficient and environmentally friendly method for carotenoid
extraction from Paracoccus carotinifaciens utilizing naturally occurring
Z-isomerization-accelerating catalysts. Process Biochem. 2020, 89,
146—154.

(19) Su, F.; Xu, H; Yang, N; Liu, W.; Liu, J. Hydrolytic efficiency
and isomerization during de-esterification of natural astaxanthin esters
by saponification and enzymolysis. Electron. J. Biotechnol. 2018, 34,
37—42.

(20) Honda, M. Z-Isomers of lycopene and f-carotene exhibit
greater skin-quality improving action than their all-E-isomers. Food
Chem. 2023, 421, No. 135954.

(21) Mukai, K. Antioxidant activity of foods: development of singlet
oxygen absorption capacity (SOAC) assay method. J. Nutr. Sci.
Vitaminol. 2019, 6S, 285—302.

(22) Sharma, O. P.; Bhat, T. K. DPPH antioxidant assay revisited.
Food Chem. 2009, 113, 1202—1205.

(23) Ukeda, H.; Shimamura, T.; Tsubouchi, M.; Harada, Y.; Nakai,
Y.; Sawamura, M. Spectrophotometric assay of superoxide anion
formed in Maillard reaction based on highly water-soluble tetrazolium
salt. Anal. Sci. 2002, 18, 1151—1154.

(24) Castillo, M. J.; Nakajima, K.; Zimmerman, M.; Powers, J. C.
Sensitive substrates for human leukocyte and porcine pancreatic
elastase: a study of the merits of various chromophoric and
fluorogenic leaving groups in assays for serine proteases. Anal
Biochem. 1979, 99, 53—64.

(25) Dusemund, B.; Barrach, H. J. Double-antibody enzyme-linked
immunosorbent microassay for quantification of collagen types I and
1L J. Immunol. Methods 1982, 50, 255—268.

(26) Rennard, S. I; Berg, R;; Martin, G. R,; Foidart, J. M.; Robey, P.
G. Enzyme-linked immunoassay (ELISA) for connective tissue
components. Anal. Biochem. 1980, 104, 205—214.

(27) Yuan, H.; Tank, M.; Alsofyani, A.; Shah, N.; Talati, N.; LoBello,
J. C; Kim, J. R;; Oonuki, Y.; de la Motte, C. A,; Cowman, M. K.
Molecular mass dependence of hyaluronan detection by sandwich
ELISA-like assay and membrane blotting using biotinylated
hyaluronan binding protein. Glycobiology 2013, 23, 1270—1280.

(28) Chang, T. S. An updated review of tyrosinase inhibitors. Int. J.
Mol. Sci. 2009, 10, 2440—2475.

(29) Ohguchi, K.; Koike, M.; Suwa, Y.; Koshimizu, S.; Mizutani, Y.;
Nozawa, Y.; Akao, Y. Inhibitory effects of whisky congeners on
melanogenesis in mouse B16 melanoma cells. Biosci. Biotechnol.
Biochem. 2008, 72, 1107—1110.

(30) Siegrist, W.; Eberle, A. N. In situ melanin assay for MSH using
mouse B16 melanoma cells in culture. Anal. Biochem. 1986, 159, 191—
197.

(31) Itoh, T.; Umekawa, H.; Furuichi, Y. Potential ability of hot
water adzuki (Vigna angularis) extracts to inhibit the adhesion,
invasion, and metastasis of murine B16 melanoma cells. Biosci.
Biotechnol. Biochem. 2005, 69, 448—454.

(32) Maeda, K; Hatao, M. Involvement of photooxidation of
melanogenic precursors in prolonged pigmentation induced by
ultraviolet A. J. Invest. Dermatol. 2004, 122, 503—509.

(33) Sakemi, Y.; Sato, K.; Hara, K.; Honda, M.; Shindo, K. Biological
activities of Z-lycopenes contained in food. J. Oleo Sci. 2020, 69,
1509—1516.

(34) Ramel, F; Birtic, S.; Cuiné, S.; Triantaphylideés, C.; Ravanat, J.
L.; Havaux, M. Chemical quenching of singlet oxygen by carotenoids
in plants. Plant Physiol. 2012, 158, 1267—1278.

(35) Honda, M; Kudo, T.; Kuwa, T.; Higashiura, T.; Fukaya, T.;
Inoue, Y.,; Kitamura, C.; Takehara, M. Isolation and spectral
characterization of thermally generated multi-Z-isomers of lycopene
and the theoretically preferred pathway to di-Z-isomers. Biosci.
Biotechnol. Biochem. 2017, 81, 365—371.

(36) Guo, W. H,; Tu, C. Y.; Hu, C. H. Cis-trans isomerizations of /3
carotene and lycopene: A theoretical study. J. Phys. Chem. B 2008,
112, 12158—12167.

(37) Yamashita, E. The Effects of a dietary supplement containing
astaxanthin on skin condition. Carotenoid Sci. 2006, 10, 91—95.

(38) Tominaga, K.; Hongo, N.; Fujishita, M.; Takahashi, Y.; Adachi,
Y. Protective effects of astaxanthin on skin deterioration. J. Clin.
Biochem. Nutr. 2017, 61, 33—39.

(39) Tsukahara, H.; Matsuyama, A,; Abe, T.; Kyo, H,; Ohta, T,;
Suzuki, N. Effects of intake of astaxanthin contained drink on skin
condition. Jpn. J. Complement. Altern. Med. 2016, 13, 57—62.

(40) Miki, W. Biological functions and activities of animal
carotenoids. Pure Appl. Chem. 1991, 63, 141—146.

(41) 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.

(42) Zhang, X. S.; Zhang, X.; Zhang, Q. R; Wu, Q; Li, W,; Jiang, T.
W.; Hang, C. H. Astaxanthin reduces matrix metalloproteinase-9
expression and activity in the brain after experimental subarachnoid
hemorrhage in rats. Brain Res. 2015, 1624, 113—124.

(43) Huang, L. J; Chen, W. P. Astaxanthin ameliorates cartilage
damage in experimental osteoarthritis. Mod. Rheumatol. 2015, 25,
768—771.

(44) Bikadi, Z.; Hazai, E.; Zsila, F.; Lockwood, S. F. Molecular
modeling of non-covalent binding of homochiral (35,3’S)-astaxanthin
to matrix metalloproteinase-13 (MMP-13). Bioorg. Med. Chem. 2006,
14, 5451—54S8.

(45) Kishimoto, Y.; Tani, M.; Uto-Kondo, H.; lizuka, M.; Saita, E.;
Sone, H.; Kurata, H,; Kondo, K. Astaxanthin suppresses scavenger

https://doi.org/10.1021/acsomega.2c08173
ACS Omega 2023, 8, 19311-19319


https://doi.org/10.1111/jocd.13019
https://doi.org/10.1111/jocd.13019
https://doi.org/10.1111/jocd.13019
https://doi.org/10.1016/j.jdermsci.2010.02.009
https://doi.org/10.1016/j.jdermsci.2010.02.009
https://doi.org/10.1016/j.jdermsci.2010.02.009
https://doi.org/10.18388/abp.2012_2168
https://doi.org/10.18388/abp.2012_2168
https://doi.org/10.1016/j.cbpc.2006.12.008
https://doi.org/10.1016/j.cbpc.2006.12.008
https://doi.org/10.1371/journal.pone.0171178
https://doi.org/10.1371/journal.pone.0171178
https://doi.org/10.1021/acs.jafc.1c00087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.1c00087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.1c00087?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.foodchem.2021.130119
https://doi.org/10.1016/j.foodchem.2021.130119
https://doi.org/10.1016/j.foodchem.2021.130119
https://doi.org/10.3390/md20070414
https://doi.org/10.3390/md20070414
https://doi.org/10.1021/acs.jafc.7b04254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.7b04254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.7b04254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b04962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b04962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b04962?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.9b02102?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.procbio.2019.10.005
https://doi.org/10.1016/j.procbio.2019.10.005
https://doi.org/10.1016/j.procbio.2019.10.005
https://doi.org/10.1016/j.ejbt.2018.05.002
https://doi.org/10.1016/j.ejbt.2018.05.002
https://doi.org/10.1016/j.ejbt.2018.05.002
https://doi.org/10.1016/j.foodchem.2023.135954
https://doi.org/10.1016/j.foodchem.2023.135954
https://doi.org/10.3177/jnsv.65.285
https://doi.org/10.3177/jnsv.65.285
https://doi.org/10.1016/j.foodchem.2008.08.008
https://doi.org/10.2116/analsci.18.1151
https://doi.org/10.2116/analsci.18.1151
https://doi.org/10.2116/analsci.18.1151
https://doi.org/10.1016/0003-2697(79)90043-5
https://doi.org/10.1016/0003-2697(79)90043-5
https://doi.org/10.1016/0003-2697(79)90043-5
https://doi.org/10.1016/0022-1759(82)90163-6
https://doi.org/10.1016/0022-1759(82)90163-6
https://doi.org/10.1016/0022-1759(82)90163-6
https://doi.org/10.1016/0003-2697(80)90300-0
https://doi.org/10.1016/0003-2697(80)90300-0
https://doi.org/10.1093/glycob/cwt064
https://doi.org/10.1093/glycob/cwt064
https://doi.org/10.1093/glycob/cwt064
https://doi.org/10.3390/ijms10062440
https://doi.org/10.1271/bbb.70734
https://doi.org/10.1271/bbb.70734
https://doi.org/10.1016/0003-2697(86)90327-1
https://doi.org/10.1016/0003-2697(86)90327-1
https://doi.org/10.1271/bbb.69.448
https://doi.org/10.1271/bbb.69.448
https://doi.org/10.1271/bbb.69.448
https://doi.org/10.1046/j.0022-202X.2004.22223.x
https://doi.org/10.1046/j.0022-202X.2004.22223.x
https://doi.org/10.1046/j.0022-202X.2004.22223.x
https://doi.org/10.5650/jos.ess20163
https://doi.org/10.5650/jos.ess20163
https://doi.org/10.1104/pp.111.182394
https://doi.org/10.1104/pp.111.182394
https://doi.org/10.1080/09168451.2016.1249454
https://doi.org/10.1080/09168451.2016.1249454
https://doi.org/10.1080/09168451.2016.1249454
https://doi.org/10.1021/jp8019705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8019705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3164/jcbn.17-35
https://doi.org/10.1625/jcam.13.57
https://doi.org/10.1625/jcam.13.57
https://doi.org/10.1351/pac199163010141
https://doi.org/10.1351/pac199163010141
https://doi.org/10.1016/j.brainres.2015.07.020
https://doi.org/10.1016/j.brainres.2015.07.020
https://doi.org/10.1016/j.brainres.2015.07.020
https://doi.org/10.3109/14397595.2015.1008724
https://doi.org/10.3109/14397595.2015.1008724
https://doi.org/10.1016/j.bmc.2006.04.047
https://doi.org/10.1016/j.bmc.2006.04.047
https://doi.org/10.1016/j.bmc.2006.04.047
https://doi.org/10.1007/s00394-009-0056-4
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

receptor expression and matrix metalloproteinase activity in macro-
phages. Eur. J. Nutr. 2010, 49, 119—126.

(46) Yoon, H. S,; Cho, H. H; Cho, S.; Lee, S. R; Shin, M. H,;
Chung, J. H. Supplementating with dietary astaxanthin combined with
collagen hydrolysate improves facial elasticity and decreases matrix
metalloproteinase-1 and -12 expression: a comparative study with
placebo. J. Med. Food 2014, 17, 810—816.

(47) Chou, H. Y,; Lee, C.; Pan, J. L.; Wen, Z. H,; Huang, S. H.; Lan,
C. W,; Liu, W. T,; Hour, T. C,; Hseu, Y. C,; Hwang, B. H.; Cheng, K.
C.; Wang, H. M. Enriched astaxanthin extract from Haematococcus
pluvialis augments growth factor secretions to increase cell
proliferation and induces MMP1 degradation to enhance collagen
production in human dermal fibroblasts. Int. J. Mol. Sci. 2016, 17,
No. 95S.

(48) Chou, H. Y,; Ma, D. L; Leung, C. H; Chiu, C. C.; Hour, T. C,;
Wang, H. D. Purified astaxanthin from Haematococcus pluvialis
promotes tissue regeneration by reducing oxidative stress and the
secretion of collagen in vitro and in vivo. Oxid. Med. Cell. Longevity
2020, 2020, No. 4946902.

(49) Liu, X; Osawa, T. Cis astaxanthin and especially 9-cis
astaxanthin exhibits a higher antioxidant activity in vitro compared
to the all-trans isomer. Biochem. Biophys Res. Commun. 2007, 357,
187—193.

(50) Tuerxuntayi, A; Liu, Y. Q.; Tulake, A.; Kabas, M.; Eblimit, A.;
Aisa, H. A. Kaliziri extract upregulates tyrosinase, TRP-1, TRP-2 and
MITF expression in murine B16 melanoma cells. BMC Complement.
Altern. Med. 2014, 14, No. 166.

(51) Cheli, Y.; Ohanna, M.; Ballotti, R.; Bertolotto, C. Fifteen-year
quest for microphthalmia-associated transcription factor target genes.
Pigm. Cell Melanoma Res. 2010, 23, 27—40.

(52) Nakajima, H.; Fukazawa, K; Wakabayashi, Y.; Wakamatsu, K.;
Senda, K.; Imokawa, G. Abrogating effect of a xanthophyll carotenoid
astaxanthin on the stem cell factor-induced stimulation of human
epidermal pigmentation. Arch. Dermatol. Res. 2012, 304, 803—816.

19319

https://doi.org/10.1021/acsomega.2c08173
ACS Omega 2023, 8, 19311-19319


https://doi.org/10.1007/s00394-009-0056-4
https://doi.org/10.1007/s00394-009-0056-4
https://doi.org/10.1089/jmf.2013.3060
https://doi.org/10.1089/jmf.2013.3060
https://doi.org/10.1089/jmf.2013.3060
https://doi.org/10.1089/jmf.2013.3060
https://doi.org/10.3390/ijms17060955
https://doi.org/10.3390/ijms17060955
https://doi.org/10.3390/ijms17060955
https://doi.org/10.3390/ijms17060955
https://doi.org/10.1155/2020/4946902
https://doi.org/10.1155/2020/4946902
https://doi.org/10.1155/2020/4946902
https://doi.org/10.1016/j.bbrc.2007.03.120
https://doi.org/10.1016/j.bbrc.2007.03.120
https://doi.org/10.1016/j.bbrc.2007.03.120
https://doi.org/10.1186/1472-6882-14-166
https://doi.org/10.1186/1472-6882-14-166
https://doi.org/10.1111/j.1755-148X.2009.00653.x
https://doi.org/10.1111/j.1755-148X.2009.00653.x
https://doi.org/10.1007/s00403-012-1248-y
https://doi.org/10.1007/s00403-012-1248-y
https://doi.org/10.1007/s00403-012-1248-y
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c08173?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

