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Abstract

Purpose Polycystic ovary syndrome (PCOS), the most common endocrinopathy in women, is typically accompanied by a
defective oxidative defense system. Here, we investigated the effect of astaxanthin (AST) as a powerful antioxidant on the
oxidative stress (OS) response and assisted reproductive technology (ART) outcomes in PCOS patients.

Methods In this double-blind, randomized, placebo-controlled trial, PCOS patients were randomly assigned into two groups.
The intervention group received 8 mg AST, and the control group received the placebo daily for 40 days. The primary out-
comes were the serum and follicular fluid (FF) levels of the OS biomarkers and the expression levels of the specific genes
and proteins in the oxidative stress response pathway. The secondary outcomes were considered ART outcomes.

Results According to our findings, a 40-day course of AST supplementation led to significantly higher levels of serum
CAT and TAC in the AST group compared to the placebo group. However, there were no significant intergroup differences
in the serum MDA and SOD levels, as well as the FF levels of OS markers. The expression of Nrf2, HO-1, and NQ-1 was
significantly increased in the granulosa cells (GCs) of the AST group. Moreover, the MII oocyte and high-quality embryo
rate were significantly increased in the AST group compared to the placebo group. We found no significant intergroup dif-
ference in the chemical and clinical pregnancy rates.

Conclusion AST treatment has been shown to increase both serum TAC levels and activation of the Nrf2 axis in PCOS
patients’ GCs.

Trial Registration ClincialTrials.gov Identifier: NCT03991286.

Keywords Astaxanthin - PCOS - Antioxidant status - Nrf2/ARE - Granulosa cell

Introduction hyperandrogenism manifestations and the polycystic mor-
phology of the ovaries [1, 2].

PCOS phenotypes are usually associated with impaired
glucose and lipid metabolism, leading to a higher preva-

lence of obesity, type 2 diabetes (T2D), depression, and

Polycystic ovarian syndrome (PCOS) is a common endo-
crine disorder in women of reproductive age. This disor-
der has a controversial etiology and is accompanied by
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cardiovascular diseases in the affected patients. Moreover,
these patients are in a chronic hyper-inflammatory state,
leading to elevated levels of C-reactive protein (CRP) and
OS in most of the affected individuals [3, 4]. PCOS can be
associated with a wide range of manifestations. Due to the
heterogeneity in etiology and characteristics, the affected
individuals may have endocrine, reproductive, metabolic,
or even psychological involvements [3, 5], leading to a sub-
stantial health burden.

Although PCOS has long been studied, the related patho-
physiology and etiology are not yet illustrated. Considering
the PCOS pathophysiology, this problem is highly associated
with excessive ROS production, the progressive elevation
of serum OS biomarkers, and decreased antioxidant capac-
ity. Thus, PCOS can be considered a challenging OS condi-
tion. On the other hand, many conditions associated with
PCOS, including insulin resistance (IR), androgen excess,
and abdominal and systemic obesity, may increase the local
or systemic hyper-inflammation caused by the elevated OS,
thereby mutually aggravating the metabolic abnormalities
[6-9].

A recent study by Fatima et al. reported reduced levels
of vitamin E, glutathione, and vitamin C in women with
PCOS, indicating elevated oxidative stress. Moreover, they
found a relationship between OS biomarkers and insulin-
related parameters [7]. Another study reported that women
with PCOS had elevated levels of oxidative stress, which
were the highest in those with IR and infertility [10]. Also,
a meta-analysis including 68 studies showed significantly
higher levels of several OS by-products and promoters, such
as homocysteine, asymmetric dimethylarginine (ADMA),
and malondialdehyde (MDA) (which also enhanced ROS
production), in the women with PCOS compared to the con-
trol group. Also, some circulating antioxidant markers, such
as glutathione, were decreased in these individuals [11].

Finding an effective treatment for PCOS is still challeng-
ing. The current drug treatment has been restricted because
of the contraindications in PCOS patients, the prevalence of
the side effects, their related infertility, low efficiency, and
patients’ preferences for alternative items [12—14]. However,
other treatments, such as supplementation with bioactive
molecules with remarkable antioxidant activity, are needed
for patients with PCOS. Antioxidant supplementation could
probably be a promising therapeutic intervention for PCOS
patients with infertility and insulin resistance [14—18].

As a fat-soluble xanthophyll carotenoid, astaxanthin
(AST), is an abundantly found carotenoid in Haemato-
coccus microalgae. This bioactive molecule is a more
potent scavenger of free radicals than other carotenoids,
with several times the singlet oxygen quenching activity
of Vitamin E (a-tocopherol) [19-21]. Numerous studies
have established that AST exhibits significant antioxidant
activity against various free radicals, reactive nitrogen
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species (RNS), and reactive oxygen species (ROS). Addi-
tionally, AST exhibited potent antioxidant activity against
lipid peroxidation, which is explained by the fact that AST
traps free radicals at its conjugated polyene chain as well
as in its polar terminal ring moieties, providing antioxi-
dant activity on both the membrane surface and inside the
membrane through intra- and inter-molecular hydrogen
bonding [22, 23]. More recently, a meta-analysis showed
that AST might be effective in OS suppression by increas-
ing the plasma total antioxidant capacity (TAC), reducing
the total lipid peroxidation (isoprostane (ISP) and MDA),
and improving the SOD [24]. It has been confirmed that
the antioxidant effects of AST are exerted through the Nrf2
signaling pathway [25]. Nuclear factor erythroid 2-related
Factor 2 (Nrf2) is the primary sensor of OS and a regulator
of cellular redox homeostasis. Under stressful conditions,
Nrf2 is released from its inhibitor Keapl, regulating the
expression of different cytoprotective genes, including
NADPH quinone oxidoreductasel (NQ-1), heme oxyge-
nase-1 (HO-1), and superoxide dismutase (SOD) [26, 27].
As previously reported by our laboratory, AST had a pro-
tective effect against OS in the ex vivo human granulosa
cells (HGCs) by activating the Nrf2 signaling pathway.
Moreover, it could suppress the OS in animal models with
PCOS [28, 29].

Although several studies have investigated the cellu-
lar mechanisms through which AST exerts its effects on
the oxidative stress markers and the Nrf2-ARE pathway,
no clinical trials have ever investigated its effects on the
oxidative stress biomarkers in women with PCOS. Accord-
ingly, the present study aimed to investigate the effect of
AST on the expression regulation of some essential genes
in the Nrf2-ARE pathway in the GCs of the women with
PCOS, assess the FF and serum levels of some oxidative
stress and antioxidant markers, and investigate the rela-
tionship of these markers with the ART outcome.

Materials and methods

The current RCT (randomized controlled trial) was con-
ducted at the Fertility Clinic of Shariati Hospital, Tehran,
Iran. The study was registered in the ClinicalTrials.gov
Protocol Registration System (ClinicalTrials.gov identi-
fier: NCT03991286). It was also approved by the Ethics
Committee of Tehran University of Medical Sciences (the
ethics committee reference number was IR TUMS.MEDI-
CINE.REC.1398.702.). All the participants submitted their
informed consent. Prior to acquiring the written informed
permissions from the research subjects, the investigators
provided them with enough explanations.
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Study population

Women aged 18-40 with PCOS according to the Rotter-
dam criteria, and with at least two of the following symp-
toms were recruited for the study during the period from
December 2019 to September 2020: (a) clinical/biochemi-
cal signs of hyperandrogenism (HA); (b) oligo/anovula-
tion; (c) polycystic ovarian morphology. The couples did
not have a background of severe male factor infertility.
The patients with FSH > 10 mg/ml, ovary tumors, severe
endometriosis, endocrine diseases (e.g., hypo/hyperthy-
roidism, Cushing’s syndrome, and hyperprolactinemia),
other female factors of infertility (e.g., excluding tubal
and cervical factors), and autoimmune diseases such as
systemic lupus erythematosus (SLE) were excluded from
the study. All the endocrine evaluations were performed
on the first day. The physical and demographic charac-
teristics, drug history, menstrual history, and husbands’
sperm quality were documented in a questionnaire.

Fig. 1 Participant enrollment,
randomization, and follow-up

Randomization and blinding

The patients who satisfied the inclusion criteria were ran-
domly assigned to one of two groups, AST or placebo, by
the use of the balanced block randomization method, with
block sizes of 4. The patients and investigators were blinded
to the treatment (Fig. 1).

Intervention and ovarian stimulation

The participants in the intervention (AST) group received
AST 8 mg/day (2 x4 mg capsules) orally (Algalife Pure
astaxanthin, Reykjanesber, Iceland) for 40 days (from
day 1 of the previous cycle before the ovulation induction
until the day of the egg retrieval). The 40-day period was
selected based on previous studies and patient inclination
[15, 30, 31]. The subjects in the placebo group were given
oral placebo capsules, resembling AST in shape. The AST
dose (8 mg/day) was selected based on a review of the
previous studies on clinical trials of the natural AST, the
approved dose levels, and the toxicological studies with
natural and synthetic AST [30]. A flexible antagonist
regime was applied for all the subjects. To summarize,

Assessed for eligibility

(n=49)

Decline to participate (n=2)

Withdrawal from the ART process
because of the Covid-19 pandemic
(n=5)

Randomized (n= 42) ]

Allocated to Astaxanthin
group (n=21)

|

Spontaneous pregnancy

(n=1)

Analyzed
(n=20)

Allocated to placebo
group (n=21)

Covid-19 infection (n=1)

Analyzed
(n=20)
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all the patients took oral contraception (OCP-Ovocept
LD®, Aburaihan, Iran) for a 21-day period before ovula-
tion induction. Recombinant follicle-stimulating hormone
(150-300 IU/day, Gonal-F®, Merck Serono SA, Switzer-
land) was administered from day 3 of the menstrual cycle
and continued until the HCG injection. The transvaginal
sonography was performed for routine monitoring of the
patients. Once two or more follicles reached > 14 mm in
size, the GnRH (gonadotropin-releasing hormone) antago-
nist (cetrorelix acetate Cetrotide 0.25 mg, Merck Serono
SA, Switzerland) was administered. Cetrotide was discon-
tinued after a minimum of two follicles achieved a diam-
eter of > 18 mm, and 10,000 IU HCG (Ovitrelle, Merck
Serono SA, Switzerland) were injected for the final oocyte
maturation. The oocyte retrieval took place 34-36 h fol-
lowing the transvaginal ultrasound-guided trigger injec-
tion. All the participants underwent the standard ICSI
protocol.

Follicular fluid and blood collection and biochemical
measurement

Two blood specimens were taken from all the patients:
one prior to the intervention on day 1 of the last cycle and
one following the end of the intervention, on the follicles
puncture day. The specimens were centrifuged (1500% g
for 10 min) and the serum was separated.

In order to prevent blood contamination, FF was aspi-
rated only from the first follicle during the oocyte retrieval
(without any diluting fluid). The samples were centri-
fuged (300 X g for 10 min) and the clarified supernatants
were collected. The serum and FF aliquots were stored
at — 80 °C until the assay.

To reduce the systematic error and inter-assay varia-
tions, the biomarkers of the oxidative stress (the levels of
TAC and MDA, as well as SOD and CAT activities) in FF
and serum were measured in duplicate, a blinded fashion,
in pairs (prior/post-intervention) simultaneously, and in
the same analytical run randomly. All the tests were per-
formed using the enzyme-linked immunosorbent assay kits
(Zellbio, GmbH, Germany). The levels of the antioxidant

Table 1 Primers sequence and expected length of amplicons

enzymes were reported in unit/ml, and MDA and TAC as
uM.

GC preparation

The primary granulosa cells (GCs) were purified by density
centrifugation based on the previous studies with some mod-
ifications [32]. Briefly, at the time of oocyte retrieval, FF
derived from all the follicles of each individual was pooled
and immediately centrifuged at 700 X g for 10 min at room
temperature (RT). The supernatant removed and the pellet
was being resuspended in 2 mL phosphate-buffered saline
(PBS) (Sigma, Germany). The suspension was gently lay-
ered on 3-mL Ficoll-Paque (Lymphodex, Inno-Train, Ger-
many) density gradient media and centrifuged at 400 X g for
20 min. The GL cell layer at the interface of the Ficoll-Paque
column was collected and washed three times with 3 mL of
PBS. The purified GCs were immediately stored at—80 °C
until the RNA extraction.

Gene expression

The total RNA from the GCs of each individual was
extracted by TRIzol reagent (Invitrogen) as per the manufac-
turer’s instruction. Following the RNA extraction, the sam-
ples were eluted in the final volume of 30 pl of nuclease-free
water. The quality and quantity of RNAs were evaluated by
the use of electrophoresis and NanoDrop spectrophotometer,
respectively. In the RT-PCR method, the RNA (1 pg) was
reverse-transcribed into the complementary DNA (cDNA)
using the cDNA synthesis kit (Yekta Tajhiz Azma, Iran).
It is worth noting that, for the whole RNA cDNA synthe-
sis, a combination of random hexamer and oligo(dt) was
employed. The product of this procedure was utilized as a
template for real-time PCR. Specific primers for Nrf2, NQ-1,
HO1, and GAPDH (a housekeeping internal control gene)
were designed for unique target amplification. (Table 1). The
final QRT-PCR reaction volume was 20 ul comprising 12.5 ul
RealQ and 2 x Master Mix Green (Amplicon, Denmark),
2 pl of primer mixture of both reverse and forward primers
(10 uM), 1 pl of target cDNA, and 4.5 ul DEPC water. The
running PCR procedure was proceeded by an amplification
step of 40 cycles (95 °C for 15 s and 60 °C for 1 min) on

Target Gene Forward sequence Reverse sequence Product length
(bp)

NRF2 5'- TTCCTTCAGCAGCATCCTCTC-3’ 5-AATCTGTGTTGACTGTGGCATC-3' 86

HO-1 5'- TGACACCAAGGACCAGAGC-3' 5'"-TAAGGACCCATCGGAGAAGC-3' 149

NQ-1 5'"-TATCCTGCCGAGTCTGTTCTG-3' 5'-AACTGGAATATCACAAGGTCTGC-3' 104

GAPDH 5'-AGTCCACTGGCGTCTTCAC-3’ 5'-ATCTTGAGGCTGTTGTCATACTTC-3' 148

@ Springer



Journal of Assisted Reproduction and Genetics (2022) 39:995-1008

999

a Real-Time ABI® StepOne thermocycler equipped with
48-well optical reaction plates. The related melting curve
was calculated as described above. All the PCR reactions
were carried out in duplicate. The 222" method was used to
determine the relative expression levels of the genes.

Western blot analysis

The expressions of Nrf2 and Keap1 proteins were performed
by the use of Western blot analyses according to the previ-
ous studies with some modifications [33, 34]. The RIPA
lysis buffer was used to lyse the cells for Western blotting.
The centrifugation (14,000 rpm, 30 min, 4 °C) was used to
remove the lysates. The protein concentration was meas-
ured with the Bradford protein Quantification kit, as recom-
mended by the manufacturer. The cell lysates were mixed
with an equal volume of the 2 X Laemmli sample buffer.
Then, 30 pg protein per lane was subjected to SDS-PAGE
(sodium dodecyl sulfate—polyacrylamide gel electrophoresis)
and after a 5-min boiling, transferred to an Immune-BlotTM
polyvinylidene difluoride (PVDF) membrane (0.2 um). The
membranes were blocked with 5% BSA (Sigma-Aldrich,
MO, USA) in 0.1% Tween 20 for 1 h, and incubated over-
night with anti-Nrf2 (Cat No: ab92946, Abcam, UK), anti-
Keapl1 (Cat No: ab226997, Abcam, UK), and anti-beta actin-
loading control antibodies (Cat No: ab8227, Abcam, UK)
at RT. In the next step, the membranes were washed with
Tris-buffered saline containing 0.1% Tween 20 (TBST) (3
times), followed by incubating with goat anti-rabbit IgG
H&L (HRP) (Cat No: ab6721, Abcam, Cambridge, UK) sec-
ondary antibody for 1 h at RT. Eventually, the membranes
were incubated for 5 min with enhanced chemiluminescence
(ECL), and the signals were visualized using an ECL detec-
tion system. The expression of proteins was normalized
against fB-actin.

ART outcomes

On the puncture day, about 2 h after the surgery, the cuamulus
oocyte complexes (COCs) were denuded by the hyaluroni-
dase enzyme. The quality and maturity of the oocytes were
examined under a microscope [26] and categorized as GV
(germinal vesicle), MI (metaphase I), and MII (metaphase
II) concerning the maturity stage. The mature oocytes under-
went intracytoplasmic sperm injection (ICSI) (day 0), and
the fertilization was confirmed 17-20 h after insemination
by the presence of two pronuclei (2PN) and two polar bod-
ies (PBs). The fertilization rate was determined by divid-
ing the number of fertilized oocytes by the total number of
inseminated oocytes. The ASEBIR criteria [35] were used to
determine the grades A and B with excellent quality of day
3 embryos according to the number of blastomeres, the cell

symmetry, the percentage of fragmentation, the presence of
pitting, the multi-nucleation, and the vacuoles.

The ART outcome was calculated as follows: MII oocyte
rate: the numbers of the MII oocytes divided by the total
number of the oocytes; the fertilization rate: the numbers
of the fertilized oocytes divided by the total numbers of
the inseminated oocytes; the high-quality embryo rate: the
number of grade 1-2 embryos divided by the total number
of the embryos. The rates were represented as a percentage.
Individuals were checked again on days 12—14 following the
embryo transfer, and chemical pregnancy rates (according
to the—HCQG test) and then the clinical pregnancy (based
on the presence of the gestational sac on ultrasound) were
determined.

Sample size and statistical analysis

Calculation of the sample size was based on variable TAC
values over a 12-week treatment period [36]. A sample size
of 17 in each group would yield 80% power (f=0.2; two-
tailed P=0.05). Assuming a 15% loss of the follow-up and
dropout (withdrawal) rates, a sample size of 20 in each group
would yield 80% power at a =0.05 for both the outcomes.
The data analysis was performed using the SPSS soft-
ware version 22. Moreover, variables were described using
the mean and standard deviation (SD). The data normal-
ity was evaluated using the Shapiro—Wilk and Kolmogo-
rov—Smirnov tests. The continuous variables with normal
distribution underwent intergroup and intragroup compari-
sons using the independent and paired t-tests, respectively.
Moreover, the data without normal distribution were investi-
gated using the non-parametric test of the Mann—Whitney U
test. Also, intergroup comparisons of the chemical and clini-
cal pregnancy rates were performed using Fisher’s exact and
chi-squared tests. The correlations between the OS markers
(both serum and FF levels) and the ART outcomes were
investigated using Pearson’s correlation coefficient. In addi-
tion, all the statistical tests were two-sided. Eventually, the
significance level was considered as 0.05, and the Graph Pad
Prism software version 8 was used to plot the related graphs.

Results
Subjects

A total number of 49 individuals were chosen randomly
(Fig. 1). Finally, 20 individuals in the treatment group and
20 individuals in the control group completed the research
as planned, and these 40 participants were included in the
final analysis. The recruiting period was from Dec. 2019 to
Nov. 2020, and the follow-up ended in June 2021, when the
study was terminated.
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Table2 Demographic and Characteristic Treatment group (n=20) Control group (n=20) P value

hormonal features of two groups

of PCOS patients Age (y) 30.60+4.98 30.45+3.98 0.917
BMI (kg/m?) 28.91+4.52 27724547 0.458
E2 (pg/mL) 85.79+46.76 80.12+38.45 0.678
P (ng/mL) 1.26+0.86 1.27+0.87 0.978
PRL (ng/mL) 11.72+6.31 12.14+5.78 0.828
LH (mU/mL) 16.01+7.47 14.06 +7.91 0.430
FSH (mU/mL) 4.79+1.97 4.69+1.44 0.857
AMH 12.28+6.30 12.78 +6.29 0.800
TSH 2.18+1.04 2.04+£0.98 0.658

Values are presented as mean=+ SD. Treatment group received AST; control group received placebo. No
statistically significant differences were found between the treatment group and the control group. BMI
body mass index, E2 estradiol, P progesterone, PRL prolactin, LH luteinizing hormone, FSH follicle-stimu-
lating hormone, AMH anti-Miillerian hormone, TSH thyroid-stimulating hormone

Table 2 compares the demographic characteristics and
the baseline laboratory results of the two groups. The age
and BMI parameters were comparable among the groups.
The median age in the AST and the placebo groups were
30.6+1.115 and 30.45 +0.89 years, respectively. Among the
40 participants, 18 individuals (45 percent) were under the
age of 30. In the AST and placebo groups, the mean BMIs
were 27.72+4.52 (18.9-39.7) and 28.9+5.47 (21.1-38.3)
kg/m?, respectively. The two groups’ hormonal profiles in
serum, including LH, FSH, AMH, thyroid hormones, and
the level of progesterone hormone, were similar. Moreover,
all of the patients had primary infertility. The individuals
had no background of chronic diseases, smoking and/or
drinking histories, or taking particular medications. There
was no background of significant male infertility in any of
the couples. A flexible antagonist ovarian stimulation regi-
men was employed for all the patients.

Serum and follicular fluid antioxidants
and oxidative stress profile

Table 3 displays the data from all the assessments of the oxi-
dative stress indicators. There was no significant difference
in the CAT serum levels between the AST group and the
control one after the intervention (P> 0.05). But, its levels in
the Placebo group significantly decreased (P <0.05), and the
values were 6.83 +2.48 (U/mL) and 3.91 +2.61 (U/mL) in
the baseline and on the day of oocyte retrieval, respectively.

The levels of MDA and SOD in serum were not different
between the two groups when compared to baseline values
(P>0.05).

Evaluating the second laboratory assessment (after treat-
ment) in the two groups revealed that the blood level of
TAC, reflecting the total antioxidant status, was significantly
lower (P =0.025) in the control group and significantly
higher (P=0.035) in the intervention group in comparison
with the baseline, and also significantly differed between
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the two groups (P =0.004). However, the FF levels of the
antioxidant/OS parameters did not reveal any statistically
significant difference between the two groups (P> 0.05).

Upregulation of Nrf2 and its downstream target
genes by AST

To investigate the differential gene expressions between the
GCs from the women in the AST treatment group versus
the placebo group, the relative mRNA levels were measured
by RT-qPCR. The gene expression results showed that the
expression level of Nrf2 significantly increased in the treat-
ment group compared to the placebo group (P=0.009). This
increase was also observed in the expression levels of HO-1
and NQ1, the Nrf2 downstream targets (P=0.001 and 0.007,
respectively) (Fig. 2).

To confirm the effectiveness of astaxanthin in stimulating
the Nrf2 antioxidant pathway, we also evaluated the expres-
sion of Nrf2 protein and its main inhibitor, Keap1, by West-
ern blotting. The protein expression demonstrated a similar
increase in Nrf2 in the AST treatment group (P <0.001).
But in contrast to the expectations, the expression of Keapl
protein, as Nrf2 inhibitor, increased in the AST group as
well (P=0.014) (Fig. 3).

Comparison of ART outcomes

Comparing the ovulation induction and the criteria of ART
outcomes among the two groups, we observed that the MII
oocyte rate and the high-quality embryo rate were sub-
stantially higher in the AST group (P =0.029 and * 0.001,
respectively). However, there was no significant difference
between the two groups in terms of the number of recov-
ered oocytes, the total embryos, and the fertilization rate
(Table 4).

Also, we did not find any significant intergroup difference
in the clinical and chemical pregnancy rates (Fig. 4). The
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Table 4 Comparison of ART
outcomes between astaxanthin
and placebo groups

Variable Intervention (AST) Placebo P value (inter-
vention vs
placebo)

Number of retrieved follicles 29.05+13.00 32.37+11.01 0.393

Mature oocytes (M-1I) rate (%) 71.73+11.61 63.00+12.79 0.029*

Number of embryos 15.50+7.54 14.75+4.88 0.71

Fertilization rate (%) 78.347+18.56 77.04+20.01 0.82

High-quality embryo rate (%) 52.93+9.7 39.94+13.04 “0.001 ek

#Values are presented as the mean =+ SD.

cycle. Nonetheless, no significant change was observed
in both groups” MDA and SOD levels. Also, AST could
increase the serum TAC levels in women with PCOS.
According to these results, it is highly probable that AST
significantly increased the serum antioxidant capacity. The
results of other similar studies investigating the effects of
antioxidants on PCOS are compatible with ours in this
regard [43-45].

@ Springer

On the other hand, we did not find similar effects in the
follicular fluid because there was no significant intergroup
difference in the levels of OS markers in the follicular fluid,
although we detected higher TAC and CAT levels in the fol-
licular fluid of the AST group compared to the control group,
the observed increase was not significant. These results are
compatible with the study by Gong et al. which found no
significant improvement in the SOD, MDA, and TAC levels
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Fig.4 Comparison of pregnancy (chemical/clinical) rate between AST and placebo groups
Table 5 Correlations between oxidative stress markers with ART outcome
Oxidative Stress markers Total oocyte MII rate fertility rate Embryo number High-quality
embryo rate
Ts p Ts p Ts p Ts p Ts 14
Serum
CAT (U/ml) 0.080 0.624 0.376* 0.017 —0.089 0.584 0.168 0.300 0.220 0.172
SOD (U/ml) -0.292 0.067 0.183 0.258 0.125 0.441 —0.091 0.577 —-0.050 0.759
TAC (uM) —-0.236 0.142 —0.038 0.816 -0.010 0.951 -0.204 0.206 0.492" 0.001
MDA (uM) 0.275 0.086 0.125 0.443 0.029 0.861 0.317" 0.046 —0.099 0.542
Follicular fluid
CAT (U/ml) -0.172 0.288 0.268 0.095 0.106 0.517 —0.035 0.831 0.071 0.665
SOD (U/ml) 0.007 0.964 -0.127 0.453 0.145 0.373 0.014 0.932 -0.272 0.090
TAC (uM) —0.037 0.819 —0.041 0.804 0.122 0.454 0.116 0.477 0.373" 0.018
MDA (uM) 0.007 0.964 —-0.359" 0.023 —0.050 0.760 —0.157 0.334 —0.175 0.279

r,: Pearson correlation coefficient, MDA malondialdehyde, SOD superoxide dismutase, TAC total antioxidant capacity, CAT catalase.

“Correlation is significant at the 0.05 level (2-tailed).
*Correlation is significant at the 0.01 level (2-tailed).

in the follicular fluid of the individuals treated with growth
hormone and the control group. However, growth hormone
treatment could reduce the total oxidant status (TOS) and
the OS Index (OSI) of the follicular fluid in women with
PCOS [46]. Thus, future studies should investigate these
markers, as well as the presence of AST and its oxidation
fragments in FF. Also, these findings can be explained by
the fact that follicular fluid is made of extravasated plasma
and the secretions by the GCs and oocytes. Thus, the levels
of OS markers in this fluid reflect the OS level of the ova-
ries and the systemic OS levels [47]. Moreover, systemic
OS is closely associated with hyperandrogenism, obesity,

and IR. According to recent studies, women with different
phenotypes of PCOS respond differently to various treat-
ments and have different ART outcomes [48, 49]. Therefore,
the classification of the involved individuals based on their
PCOS phenotypic characteristics may increase the accuracy
of the results.

Despite the unknown underlying mechanism of antioxi-
dant defenses in reducing the OS in the HGCs, some stud-
ies have noted the role of the Nrf2-Keap1/ARE pathway in
this regard. According to Akino et al., Nrf2 can be a potent
survival factor for follicle preservation [50]. Also, Wang
et al. reported that humanin (HN), a mitochondrial-derived
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peptide, plays an essential role in the oxidative stress regula-
tion in the GCs and ovaries of PCOS patients by regulating
the Keap1/Nrf2 signaling pathway [51]. Therefore, targeting
the Nrf2-signaling pathway may improve oxidative stress in
women with PCOS.

Various studies have reported the ability of AST in induc-
ing the Nrf2/ARE (antioxidant response elements) pathway
[20, 52, 53]. In addition, our previous study indicated the
improving effect of AST on the OS in HGCs by upregulat-
ing the HO-1 and NQ-1 expressions by activating the Nrf2
[28]. The results of our previous study are also compatible
with the present study results, which demonstrated that AST
could activate the Nrf2 defense system and significantly
promote the Nrf2 expression, allowing it to manage the
expression of downstream preserver genes, such as NQ-1
and HO-1. Keapl is the most crucial negative regulator of
Nrf2 activity. This molecule prevents the nuclear entrance of
Nrf2 by binding to it [27]. Therefore, we expected decreased
Keapl expression by increasing the Nrf2 protein expression
levels. However, Western blot analysis showed an increased
Keapl expression, which was incompatible with the results
of an experimental study on the effect of AST on HGCs [28].
This observed effect can be due to the negative feedback
loop between Keapl and Nrf2. According to Lu et al., there
is positive feedback between Nrf2 and Keapl, so increased
Nrf2 expression will increase the Keapl expression. In other
words, there is an autoregulatory loop between Keapl and
Nrf2 that controls their cellular abundance [54].In addition
to the Nrf2 cytosolic binding due to the Keap! inhibitory
effect, some other factors can also regulate the Nrf2 gene
transcription. Some of these alternative mechanisms, includ-
ing microRNAs[55], phosphorylation of Nrf2 by protein
kinases [56-58], and acetylation of Nrf2 [59], were high-
lighted in recent studies. Also, phosphorylated p62 can acti-
vate the Nrf2 via direct competition with Nrf2 in binding to
Keapl [60, 61]. Therefore, the observed increase in Keapl
expression may be a cellular response to the increased NRF2
expression due to other regulatory pathways. Further studies
can reveal the exact etiology of this observation.

According to our results, there was a significant inter-
group difference in the rates of M-II oocytes and high-qual-
ity embryos. Therefore, the AST may improve the oocyte
function and its potential for generating higher quality
embryos, so the higher quality of embryos on day 3 may
be due to the higher oocyte quality caused by AST. These
results are compatible with some previous studies reporting
the improving effect of antioxidants supplementation on the
ART outcome in women with or without PCOS [31, 46, 62].
In addition, we found no intergroup difference in the chemi-
cal and clinical pregnancy rates (Fig. 5). Previous studies
have established that numerous factors can affect the preg-
nancy outcome, such as sperm quality and other exogenous
factors, including embryo handling, freezing and storage,

@ Springer

and endometrial condition [63—-67]. Therefore, oxidative
stress and antioxidants status levels may not be the only fac-
tor affecting this process.

According to our results, serum and FF levels of the TAC
had a significant positive correlation with the high-quality
embryo rate. Moreover, the serum levels of CAT were posi-
tively correlated with the MII oocyte rate. Also, the serum
MDA levels had a significant positive correlation with the
total number of embryos, while the MDA levels in the FF
negatively correlated with the MII oocyte rate. A study by
Liu et al. found that the TOC levels of serum and FF had a
significant negative correlation with the blastocyst formation
and high-quality embryo rate. However, they reported no
significant relationship between the serum TAC and MDA
levels with the IVF outcomes. Also, they reported that FF
TAC levels were positively correlated with blastocyst for-
mation, while the MDA levels had a significant negative
relationship with the blastocyst formation and high-quality
embryo rate [68]. Incompatible with the study by Liu et al.,
Naigaonkar et al. found no relationship between TAC lev-
els and IVF-related parameters [69]. A recent prospective
cohort study [37] found that the serum MDA and GPx lev-
els were positively correlated with the IVF- or ICSI-related
outcomes. However, they reported that mild systematic OS
on the trigger day in non-obese young women with PCOS
did not affect the live birth rate. The controversies in the
mentioned studies can be due to different study populations
and sample sizes. Therefore, it is recommended to perform
further studies on different populations with larger sample
sizes to illustrate the potential relationships between the OS
markers and the ART outcomes.

Women with PCOS may have different phenotypic char-
acteristics. Therefore, the main limitation of the present
study was the sample size, which was too small to analyze
the outcomes related to the PCOS subtypes. Moreover, fac-
tors such as reactive oxygen species and homocysteine, a
significant marker of oxidative stress, as well as reductive
stress markers, were not measured in this study. As a result,
it is unknown whether the enrolled patients were under oxi-
dative stress at baseline. Measuring these markers may aid
in determining the efficacy and mechanism of action of AST.
Nevertheless, the present study results provided a scientific
basis for further RCTs.

Conclusion

Astaxanthin supplementation in women with PCOS was
associated with increased serum antioxidant parameters.
Also, AST could increase the expression of the Nrf2 and
Nrf2-regulated downstream genes in GCs and improve the
oocyte maturation and rates of high-quality embryos. How-
ever, it did not affect the pregnancy outcome. Eventually,
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Fig.5 Astaxanthin-antioxidant impacts on PCOS patients. Astax-
anthin increased serum TAC and CAT levels but did not affect fol-
licular fluid antioxidant status. AST could increase the expression of

additional research will be required to determine the effi-
cacy and mechanism of action of AST, the optimal dosage,
duration, and timing of treatment, as well as the therapeutic
effect of AST administration in various PCOS subgroups.
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