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Abstract

Context Oxidative stress (OS) plays a harmful role in female reproduction and fertility. Several studies explored
various dietary interventions and antioxidant supplements, such as astaxanthin (AST), to mitigate the adverse effects
of OS on female fertility. Ameliorative effects of AST on female fertility and the redox status of reproductive organs
have been shown in several animal and clinical studies.

Objectives The main objective of present systematic review and meta-analysis of both animal and clinical studies
was to provide a comprehensive overview of the current evidence on the effects of AST on female fertility and
reproductive outcomes. The effect of AST on redox status, inflammatory and apoptotic markers in reproductive
organs were included as the secondary outcomes.

Data sources We systematically searched electronic databases including PubMed, Scopus, and Web of Science,
until January 1, 2024, using specified search terms related to AST, female reproductive performance, and infertility,
considering the diverse synonyms found in the literature for interventional studies that compared oral AST
supplementation with placebo or control in human or animal models.

Data extraction Two independent reviewers extracted data on study characteristics, outcomes, and risk of bias.
We pooled the results using random-effects models and assessed the heterogeneity and quality of evidence. We
descriptively reported the data from animal models, as meta-analysis was not possible.

Data analysis The meta-analysis of clinical trials showed that AST significantly increased the oocyte maturation rate
(MD: 840, 95% Cl: 4.57 to 12.23, 1% 0%) and the total antioxidant capacity levels in the follicular fluid (MD: 0.04, 95%
Cl:0.02 to 0.06, I 0%). The other ART and pregnancy outcomes and redox status markers did not show statistically
significant changes. The animal studies reported ameliorative effects of AST on redox status, inflammation, apoptosis,
and ovarian tissue histomorphology.
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Conclusion This systematic review shows that AST supplementation may improve assisted reproductive technology
outcomes by enhancing oocyte quality and reducing OS in the reproductive organs. However, the evidence is limited
by the heterogeneity, risk of bias, and small sample size of the included studies.

Graphical Abstract

= ASTAKANTHIN AND FEMALE FERTILITY

== SUMMARY Astaxanthin may improve ovarian function and oocyte maturation by modulating
2| oxidative stress, inflammation, and apoptosis. However, considering the low number of
—J included studies and their methodological flaws, more high-quality studies are still needed.

women underwent ART

i [ ] . . p .
&3‘0\’ DESIGN SYStematic Review 'r:) ??é?f;;:‘c’::f CGD 4 RCTs involving 143 infertile
f,‘;@ and Meta-analysis disrdars
i

Astaxanthin

META-ANALYSIS <€ «

ART OUTCOMES

Higher oocyte
Maturation rate

PREGNANCY OUTGOMES
No Significant Effect

REDOX MARKERS OF
FOLLIGULAR FLUID
Significant Increase
of Total Antioxidant
Capacity

REDOX MARKERS OF
SERUM
No Significant
Effect, High
Heterogeneity

DESCRIPTIVE
SYNTHESIS OF
OUTGOMES REPORTED
BY ANIMAL MODELS

COMPARISON

OUTCOMES

5 s

Placebo 1. ART Outcomes
or Sham 2. Redox Status (o o~ -
-10 =5 2 0 2
Number of Oocytes
Oocyte Maturation —_—
Number of Embryos -t
Fertilization Rate $-
05 025 01 0 01 025 0.5
Chemical Pregnancy —_—
Clinical Pregnancy —_—
-4 -2 -1 0 1 2 4
Catalase —_—
Malondialdehyde .o
Superoxide Dismutase &
Total Antioxidant Capacity —0=
=10 ) =2 ORI 5 10
Catalase
Malondialdehyde
Superoxide Dismutase —— s
Total Antioxidant Capacity o
Redox Status Inflammation Apoptosis Ovarian Histomorphology
Enhanced Decrease of inflammatory Ameliorative effects  Increase in quantity and quality

some of redox cytokines and modulation
status markers ©f inflammatory signaling

pathways

of follicles and granulosa cells
and decrease in the apoptotic
and necrotic cells

on apoptotic and
anti-apoptotic
signaling pathways

Keywords Astaxanthin, Infertility, Fertility, Reproduction, Oxidative stress, Assisted reproductive technology

Introduction

Infertility, which according to the World Health Orga-
nization definition is described as “the failure to achieve
a clinical pregnancy after 12 months or more of regular
unprotected sexual intercourse” [1], impacts approxi-
mately 1 in 6 couples globally [2]. Close to 50% of infertil-
ity cases can be traced back to female factors, as outlined
in previous studies [3]. These factors span a spectrum,
ranging from hormonal imbalances and anatomical
abnormalities to the inevitable decline in oocyte quantity
and quality associated with aging. Despite these known

factors, a considerable portion of infertility cases remains
unexplained.

Oxidative stress (OS) plays a deleterious role in female
reproduction and fertility and occurs when the body
produces free radicals, including reactive oxygen spe-
cies (ROS), exceeding its antioxidant defense capacity
[4]. Physiological levels of ROS are necessary for nor-
mal reproductive system performance, while their over-
abundance can exert detrimental effects on fertility [5].
OS can damage the DNA and mitochondria of ovar-
ian follicles and oocytes and compromise their viability
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and fertilization potential [6, 7]. Also, a growing body of
evidence has linked OS to the etiology of various female
reproductive disorders, including polycystic ovary syn-
drome (PCOS), endometriosis, and diminished ovarian
reserve [8—10]. Accordingly, several studies explored var-
ious dietary interventions and antioxidant supplements
to mitigate the adverse effects of OS on female reproduc-
tive performance and fertility.

Among various antioxidants, Astaxanthin
(3,3'-dihydroxy-B, p’-carotene-4,4’-dione, (AST)), a
xanthophyll carotenoid [11] widely recognized as the
“king of antioxidants’; stands out as a compelling choice,
warranting further exploration and scrutiny. AST’s anti-
oxidant potential has been shown to be superior to vita-
min C, vitamin E, coenzyme Q10, and alpha-lipoic acid,
according to reports [12]. Numerous investigations have
consistently demonstrated the multifaceted benefits of
AST, encompassing its antioxidant, anti-inflammatory,
and anti-apoptotic properties by engaging various mol-
ecules and signaling pathways [13]. AST enhances anti-
oxidant defense via activating the nuclear factor erythroid
2-related factor 2/heme oxygenase-1 (Nrf2/HO-1) signal-
ing pathway, and consequently neutralizes free radicals
and safeguards cell membranes [14]. Nrf2/HO-1 activa-
tion by AST promotes oocyte maturation rate (OMR) and
high-quality embryo yield in infertile women undergoing
assisted reproductive technology (ART) [15]. Additionally,
considering the modulatory effect of AST on the nuclear
factor kappa B (NF-«B) signaling, it can regulate inflam-
matory responses which are responsible for the patho-
genesis of various infertility-associated disorders like
endometriosis and PCOS [16, 17]. Moreover, AST poten-
tially promotes fertility by mitigating apoptosis of the
granulosa cells (GCs) through phosphoinositide 3-kinase/
protein kinase B (PI3K/Akt) signaling pathway [18].

While the detrimental impact of OS on female fertil-
ity is recognized, and the potential benefits of AST as a
powerful antioxidant have been explored, there remains
a significant gap in the literature: the absence of a com-
prehensive review that synthesizes the disparate findings.
This gap hinders the ability to draw definitive conclusions
about AST’s role and mechanism of action in improving
female reproductive health and its therapeutic value in
treating infertility. Our study aims to bridge this gap by
providing a systematic review that not only consolidates
evidence from both animal and clinical studies but also
critically examines the methodological diversity, offering
recommendations to standardize future research in this
domain.

Materials and methods

We performed a systematic review and meta-analysis
in accordance with a predetermined protocol aligned
with the guidelines of the Cochrane Collaboration. We
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aimed to review the existing evidence on the effect of
AST compared to placebo or blank control on fertility
and reproductive outcomes in human or animal models.
We developed the study question according to the PICO
framework, which specifies the population, intervention,
comparison, and outcome of interest.

Reporting standards

We adhered to the guidelines outlined in the Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) statement for the execution and docu-
mentation of systematic reviews. The PRISMA checklist
is shown in supplementary file S1.

Criteria for considering studies for this review
We applied the following inclusion and exclusion criteria
to select the studies for our systematic review:

Inclusion criteria

Study type

Interventional design in both laboratory and clinical
settings.

Study design

For clinical settings, only randomized controlled trials
with either parallel or cross-over design. For laboratory
settings, only studies that used target models or diseases
of reproductive related disorders or pathologies, such
as PCOS, endometriosis, aging, or experimental ovar-
ian injuries (induced by ischemia-reperfusion or toxic
agents).

Intervention and control

Oral AST supplementation in any dosage or duration
compared to placebo in clinical studies. Oral consump-
tion or intraperitoneal injection of AST compared to
negative, positive, or sham control groups in animal
studies.

Outcomes of interest

Our review systematically included clinical and animal
studies that reported effect of AST supplementation on
different reproductive and fertility outcomes. Addition-
ally, as a secondary objective, we reviewed studies that
investigated the primary cellular and molecular mecha-
nisms of action of AST on reproductive organs. This
included an assessment of redox status markers, inflam-
mation markers, and apoptosis markers in women or
female animal models with reproductive disorders or
infertility. Our inclusive approach aimed to provide a
comprehensive analysis of AST’s effects on reproductive
health, thereby encompassing a broad spectrum of bio-
logical pathways.
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Exclusion criteria
We excluded studies if:

+ They had a non-experimental design (case studies,
case series, cross-sectional, case-control, cohort, and
other retrospective studies).

+ They had a quasi-randomized design (non-
randomized or uncontrolled).

+ They enrolled transgenic and ex vivo animal models.

+ They harvested genitourinary tissues other than
ovaries, such as the uterus, fallopian tubes, vagina, or
any other organs, such as the liver.

+ They isolated and cultured cells other than oocyte,
GCs, and theca cells, such as endometrial cells,
trophoblastic cells, or different types of cell lines,
such as KGN.

+ They used non-mammalian animal models.

+ They had an in-vitro design and used AST as a
culture or cryopreservation medium additive.

+ DPrecise details regarding the research method or
results couldn'’t be extracted.

+ They were exclusively presented in the form of
abstracts, ongoing clinical studies, review articles,
letters to the editor, or editorials.

Search methods for identification of studies

We systematically searched electronic databases, includ-
ing PubMed, Scopus, and Web of Science, until January 1,
2024, using specified search terms related to AST, female
reproductive performance, and infertility, considering
the diverse synonyms found in the literature. Addition-
ally, we examined citation lists of relevant publications,
review articles and included studies for further pertinent
research. Following the Cochrane Collaboration guide-
lines, we explored grey literature through gray literature
databases and unpublished trials via the Open Grey data-
base and clinical trials registration databases. Detailed
search information is accessible in supplementary file S2.

Data collection and analysis

Selection of studies

The search results of different databases were combined,
and duplicated articles were removed. All search results
were reviewed by two independent reviewers (A.MH.
and A.S.) by screening the title and abstract, followed by
a full-text review. Disagreements were settled by discus-
sion and third-party opinion (K.M.).

Data extraction and management

Two reviewers (A.MH. and A.S.) independently extracted
the following data from each eligible study using a pre-
defined, standardized, electronic data extraction form.
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Disagreements were settled by discussion and the super-
visor’s opinion (K.M.).

For clinical studies

Author’s name, year of publication, study location, study
population, baseline characteristics of study participants,
AST dosage, duration and route of administration, study
outcomes, and outcome measures.

For animal models

Author’s name, year of publication, study location, animal
species and breed, animals age, study design, model and
method of model development, study groups and sample
size in each group, study outcomes and outcome mea-
sures, AST dosage, duration, administration route and
dissolvent, and signaling pathways evaluated by study.

Assessment of risk of bias in included studies

Two reviewers (A.MH. and A.S.) independently reviewed
full text of included studies and assessed the risk of bias
for the included studies. We used the RoB 2 tool [19] for
clinical randomized trials and the SYRCLE’s tool [20] for
animal interventional studies. These tools are based on
the criteria recommended by the Cochrane Handbook
for Systematic Reviews of Interventions. The RoB 2 tool
is designed to assess the risk of bias in randomized tri-
als included in systematic reviews. The SYRCLE’s risk of
bias tool is specifically developed for animal interven-
tion studies. It is based on the Cochrane RoB tool but
has been adjusted to address aspects of bias that play a
specific role in animal studies. Both of these tools include
signaling questions to facilitate judgment and covers
domains such as selection bias, performance bias, detec-
tion bias, attrition bias, reporting bias, and other biases.
The assessment was conducted in several stages:

Initial training

Both reviewers underwent a training session to famil-
iarize themselves with the criteria of the RoB 2 and
SYRCLE’s tools. They independently assessed a set of
training studies and compared their evaluations to ensure
consistency in their understanding and application of the
assessment criteria.

Independent assessment

Each reviewer independently assessed the risk of bias in
the included studies. The assessment covered the follow-
ing domains:

Selection bias Evaluated based on the adequacy of ran-
dom sequence generation and allocation concealment.
Studies were considered at low risk if they described a
random and adequately concealed allocation process.
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Performance bias Assessed by examining blinding of
participants and personnel. Studies that did not blind par-
ticipants or personnel were rated at high risk.

Detection bias Determined by the blinding of outcome
assessment. Studies were judged at low risk if the outcome
assessors were blinded to the intervention.

Attrition bias Based on the completeness of outcome
data. Studies with high dropout rates or incomplete out-
come data were considered at high risk.

Reporting bias Identified through selective reporting.
Studies were at high risk if they did not include pre-speci-
fied outcomes or reported results selectively.

Other sources of bias Examined additional factors such
as sample size calculation and funding sources.

Consensus meeting

In cases of discrepancy, the reviewers discussed their
assessments to reach a consensus. If no agreement could
be reached, a third reviewer (K.M.) was consulted to
make a final decision.

Risk of bias reporting

The results of the risk of bias assessment were summa-
rized in figures and tables (Figure 2 and Table 3), with
each study receiving a judgment of ‘low risk, ‘high risk;
or ‘unclear risk’ for each domain. Additional tables also
included notes on the rationale for each judgment (sup-
plementary file S4 and S5).

Overlapping authorships

We acknowledge that one of our authors (F.A.) have co-
authored some of the studies that are included in our
review. This may create a potential or perceived conflict
of interest for our review team. To address this issue, we
ensured that the reviewer who is a co-author of some of
the included studies was not involved in screening, data
extraction, quality assessment, and synthesis of that
study. We also documented and justified any decisions
or judgments that we made in relation to the inclusion
or exclusion of studies, the extraction or analysis of data,
and the interpretation or presentation of findings.

Study outcomes

Primary outcomes

For clinical studies, our meta-analysis primarily focused
on ART and pregnancy outcomes, including the total
number of oocytes and embryos, OMR, fertilization rate,
chemical pregnancy rate, clinical pregnancy rate, miscar-
riage rate, and live birth rate were selected. Definitions
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for these outcomes are provided below to ensure consis-
tency and clarity across studies.

OMR is defined as the number of mature oocytes
(oocytes advanced from Germinal Vesicle and prophase
I to metaphase II of meiosis divisions) per total number
of retrieved oocytes. The fertilization rate is defined as
the number of fertilized oocytes (confirmed by visualiza-
tion of two pronuclei, either followed by spermatozoon
intracytoplasmic injection or conventional In-vitro Fer-
tilization) per total number of microinjected (or sper-
matozoon co-incubated) mature oocytes. The chemical
pregnancy rate is defined as the number of chemical
pregnancies (diagnosed only by the detection of beta
Human Chorionic Gonadotropin in serum or urine)
divided by the number of embryo transfer cycles. The
Clinical pregnancy rate is defined as the number of clini-
cal pregnancies (diagnosed by ultrasonographic visual-
ization of one or more gestational sacs, definitive clinical
signs of pregnancy, and also clinically documented ecto-
pic pregnancy) divided by the number of embryo transfer
cycles [1].

For animal model studies, indicators of reproduc-
tive performance and fertility of mammalians, including
fertility, prolificacy (the number of offspring produced
per mating or per birth), offspring survival rate, sexual
maturity (the age at which an animal becomes capable
of reproducing), reproductive lifespan (the duration of
reproductive activity were planned to be reviewed. Indi-
cators of reproductive performance in rodents (rats and
mice) were estrous cycle length, gestation length, litter
size, litter weight, birth weight, and weaning age.

Secondary outcomes

In addition to ART and pregnancy outcomes, our sys-
tematic review aimed to extract data on AST’s cellu-
lar mechanisms of action in reproductive disorders.
Therefore, we assessed studies regarding redox status,
inflammation, and apoptosis markers in ovarian tissue,
follicular fluid (FF), or serum in women or female animal
models with reproductive disorders or infertility, as these
represent the main documented mechanistic pathways
influenced by AST [21]. These markers included reac-
tive oxygen species (ROS) such as superoxide, hydrogen
peroxide, and hydroxyl radical; antioxidant molecules or
enzymes that can scavenge ROS and prevent or repair
oxidative damage, such as glutathione (GSH), superox-
ide dismutase (SOD), catalase (CAT), and total antioxi-
dant capacity (TAC); oxidative products that reflect the
extent of oxidative damage, such as malondialdehyde
(MDA), protein carbonyls, and thiobarbituric acid reac-
tive substances (TBARS); inflammatory cytokines like
interleukins (IL183, IL2, IL6, IL8, etc.), tumor necrosis
factor-alpha (TNF-«), interferon gamma (IFNy), etc.; and
apoptosis markers like caspase-3, PARP, Bcl-2, etc.
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Measures of treatment effect

We planned to collect dichotomous data for rates of
chemical pregnancy, clinical pregnancy, live birth, and
miscarriage and for the continuous data like total num-
ber of retrieved oocytes, OMR, total number of embryos,
and fertilization rate and redox status markers measure-
ments we collected mean differences (MDs) and the
associated standard deviations (SDs). We performed
two steps of statistical analysis to examine the effect of
AST and placebo on the ART outcomes and redox sta-
tus. We used Review Manager software (Version 5.4,
The Cochrane Collaboration, 2020) and STATA software
(Version 11) for the analysis.

Meta-analysis of clinical trials

We used a random-effects model to calculate the pooled
mean difference (MD) with 95% confidence interval
(CI) for the continuous outcomes, such as redox status
markers in FF and serum. We used the metaprop com-
mand in STATA to pool the chemical and clinical preg-
nancy rates as proportions, with exact binomial and
score-test-based confidence intervals for proportions
near boundaries (near 0 or 100%). We also calculated
the risk difference (RD) and risk ratio (RR) with corre-
sponding 95% confidence intervals (Cls) for each end-
point in the intervention versus placebo groups. The
results were displayed on forest plots. We statistically
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analyzed the heterogeneity using the x* test and quan-
tified the degree of heterogeneity with the I? statistic
(0-50%: mild to moderate heterogeneity; above 50%:
considerable heterogeneity). We planned to assess pub-
lication bias using funnel plots and Egger’s regression
test, contingent upon having a sufficient number of
studies in each meta-analysis.

Descriptive synthesis of animal models

We did not perform a meta-analysis of the animal mod-
els because none of them reported the eligible fertility
and reproductive outcomes of this review and they just
reported some qualitative reproductive outcomes like
ovarian histopathological characteristics. Moreover, each
study used different methods for investigating redox sta-
tus markers. Therefore, we summarized the data of ani-
mal studies descriptively, to present the main results and
trends.

Results

Literature search and characteristics of included studies
Figure 1 illustrates the systematic review’s flow diagram.
In the initial search, 948 articles were potentially relevant
(236 from PubMed, 296 from Web of Science, and 416
from Scopus). After removing duplicates, 672 studies
remained. A preliminary screening of titles and abstracts
excluded 663 records that didn’t meet inclusion criteria.

Records identified through database
searching
(n=948)

Additional records identified
through other sources
(n=0)

I

|

Records after duplicates removed
(n=672)

:

[Screening} [ Identification ]

Records screened
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Fig. 1 Study flow diagram
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The eligibility of the remaining 9 full texts was assessed,
and all meeting the criteria were included in the final
assessments.

Table 1 summarizes the main characteristics of the
clinical studies included. These four trials were carried
out from 2022 to 2023. All trials were conducted in
Iran. The sample size of trials ranged from 40 to 53 par-
ticipants. The intervention dosage ranged from 6 mg/
day to 12 mg/day and duration ranged from 6 to 12
weeks. The trials include samples from different causes
of infertility including PCOS [15, 22, 23] and Endome-
triosis [16].

Table 2 outlines the main characteristics of the
included animal studies. These five studies were con-
ducted between 2021 and 2023. Four studies were

Table 1 Main characteristics of the included clinical studies
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conducted in the turkey [17, 24-26] and one in Iran [18].
Four studies developed their models of reproductive dis-
order in Rats [17, 24—26] and one in Mice [18]. The inter-
vention dosage ranged from 0.1 mg/kg to 100 mg/kg and
the duration ranged from single dose consumption to 14
days. Some studies used oral forms and some intraperito-
neal injections. There were also some studies that did not
report the exact route or duration of administration. The
studies include experimental models of PCOS [17, 18]
and ovarian injury [24-26].

Through a hand search of grey literature, a total of nine
clinical trials aiming at the evaluation of the effect of AST
on reproductive performance, fertility, or ART outcomes
were retrieved, of which 4 articles have not yet been pub-
lished (Supplementary file S3).

Study Country Design Study popula- Basal AST dosage, Study Outcome measures
tion (gropus and  characteristics duration and outcomes
Sample size in administration
each group) route
Gharaei Iran Doble Infertile women aged 18-40 8 mg per day 1. Redox 1. Redox status: serum and FF levels of
etal. blinded with PCOS al- for 6 weeks, status MDA, TAC, SOD, and CAT; the expres-
(2022) placebo- located to orally 2. ART sion levels of Nrf2, HO-1, NQ-1, and
[15] controlled 1. AST(n:20) outcomes Keap1 mRNA or proteins
RCT 2. Placebo (n:20) 2. ART outcomes: Total number of oo-
cytes and Embryos, OMR, high-quality
embryo rate, and the rates of fertiliza-
tion, chemical and clinical pregnancies
Jabar-  Iran Triple Infertile women Aged 18-40, 12mgperday  1.ERStress 1.ER stress markers: The relative
pour blinded- with PCOS al- BMI<35 for 8 weeks, 2. Redox expression levels of GRP78 and CHOP
etal. placebo located to orally status proteins, and mMRNA expression levels
(2023) controlled 1. AST(n:27) 3. ART of CHOP, GRP78, XBP1, ATF6, and ATF4
[22] RCT 2. Placebo (n:26) outcomes 2. Redox status: FF level of SOD, TAC,
and MDA
3. ART outcome: Total number of oo-
cytes and Embryos, OMR, high-quality
embryo rate, oocytes quality (morphol-
ogy), and the rates of fertilization,
chemical and clinical pregnancies
Rostami  Iran Triple Infertile women 20 to 40 years 6 mg per day 1. Inflam- 1. Inflammation: serum and FF level of
etal. blinded with Endometrio-  BMI<30 for 12 weeks, mation IL-1B3, IL-6, and TNF-a
(2022) placebo- sis allocated to orally 2. Redox 2. Redox status: serum and FF level of
[16] controlled 1. AST(n:25) status MDA, TAC, and SOD; 3. ART outcomes:
RCT 2. Placebo (n:25) 3.ART Total number of oocytes, OMR, the
outcomes  number of high-quality embryos and
transferred embryos, and the rates
of fertilization, chemical, clinical, and
multiple pregnancies
Jabar-  Iran Triple Infertile women Aged 18-40, 12mgperday 1.Metabolic 1. Metabolic Status: Fasting Insulin,
pour blinded with PCOS al- BMI<35 for 8 weeks, Status FBS, lipid profiles (TC, LDL, HDL) and IR
etal. placebo- located to orally 2. Redox markers including HOMA-Ir and QUICKI
(2023) controlled 1. AST(n:27) status 2. Redox status: Serum level of SOD,
[23] RCT 2. Placebo (n:26) TAC, and MDA

ART: Assisted Reproductive Technology; AST: Astaxanthin; ATF: Activating Transcription Factor; BMI: Body Mass Index; CAT: Catalase; CHOP: CCAAT/Enhancer-
Binding Protein Homologous Protein; ER: Endoplasmic Reticulum; FBS: Fasting Blood Glucose; FF: Follicular Fluid; GRP78: 78-kDa Glucose-Regulated Protein; HDL:
High-Density Lipoprotein; HO-1: Heme Oxygenase-1; HOMA-IR: Homeostatic Model Assessment for Insulin Resistance; IL-1B: Interleukin-1 Beta; IL-6: Interleukin-6;
IR: Insulin Resistance; Keap1: Kelch-like ECH-Associated Protein; LDL: low-Density Lipoprotein; MDA: Malondialdehyde; NQ-1: NADPH Quinone Oxidoreductasel;
NRF2: Nuclear Factor Erythroid 2-Related Factor 2; OMR: Oocyte Maturity Rate; PCOS: Polycystic Ovary Syndrome; QUICKI: Quantitative Insulin-Sensitivity Check
Index RCT: Randomized Clinical Trial; SOD: Superoxide Dismutase; TAC: Total Antioxidant Capacity; TC: Total Cholesterol; TNF-a: Tumor Necrosis Factor-Alpha; XBP1:

X-Box-Binding Protein 1
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Risk of bias assessment

Clinical studies

The summary of the risk of bias assessments for clini-
cal studies according to the review authors’ judgements
about each methodological bias is shown in Fig. 2. The
detailed risk of bias assessments with review author’s
comments for each individual clinical study is presented
in supplementary file S4.

All four studies were randomized and reported their
sequence generation methods, so they had low risk in
this domain, while selection bias was at high risk in two
studies [15, 16] because they did not report concealment.
All four studies had a low risk of bias for performance,
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detection, and attrition domains. We obtained the study
protocols for all four studies, but we found some report-
ing bias in two studies [15, 16]. These studies had some
inconsistencies between their protocol and their reported
outcomes, and some of their statistical analyses seemed
to be post hoc.

Animal models

The summary of the risk of bias assessments for animal
studies are shown in Table 3. Also, details of the risk of
bias assessments with the reviewer’s comments for each
individual animal model study are presented in supple-
mentary file S5.
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Fig. 2 Risk of bias in clinical trials according to ROB 2 Toll; (a) Methodological risk of bias summary: review authors’judgments about each methodological
bias item for each included study; (b) Methodological risk of bias graph: review authors' judgments about each methodological bias item presented as
percentages across all included studies; OS: oxidative stress, ART: assisted reproductive technology
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Table 3 Summary of potential sources of bias in animal model studies according to SYRCLE risk of bias assessment tool
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Author, Year Selection bias

Performance bias

Detection bias

Attrition bias

Sequence  Baseline Allocation Random Blinding Random Blinding  Incomplete Selective
generation characteristics concealment housing outcome outcome outcome
assessment data reporting
Ebrahimi, unclear low risk high risk highrisk  high risk high risk high risk unclear low risk
2021
Gunyeli, 2021 unclear low risk high risk highrisk  high risk high risk unclear high risk high risk
Kukurt, 2022 high risk low risk high risk highrisk  high risk high risk high risk low risk low risk
Toktay, 2022 unclear low risk high risk highrisk  high risk high risk high risk low risk low risk
Toktay, 2023 unclear low risk high risk highrisk  high risk high risk high risk low risk low risk

We evaluated the risk of bias for each animal study
using the SYRCLE Risk of Bias Assessment Tool. We
found that all five studies had high risk of bias in several
domains, such as allocation concealment, random hous-
ing, blinding, and random outcome assessment. Only one
study [26] had high risk of bias in sequence generation,
while the others had unclear risk. All studies had low
risk of bias in baseline characteristics and most of them
(except for [24]) had low risk of bias in selective outcome
reporting. One study had high risk of bias in incomplete
outcome data [24], while one study [18] had unclear risk.
The rest had low risk of bias in this domain.

Meta-analysis of clinical studies

Effect of AST on ART outcomes

We assessed the effect of AST (#=72) compared to pla-
cebo (n=71) on four ART outcomes, including the total
number of retrieved oocytes, OMR, total number of
embryos, and fertilization rate in three studies [15, 16, 22]
with a total of 143 infertile participants. The total num-
ber of embryos was not reported in Rostami et al. [16].
The results are summarized in Fig. 3. There was no sig-
nificant difference between the AST and placebo groups
in the total number of retrieved oocytes (MD=0.71, 95%
CI: -3.66 to 5.07, p=0.75). However, there was a high het-
erogeneity among the three studies included in this anal-
ysis (I°=69%).

The OMR was significantly higher in the AST group
than in the placebo group (MD=8.40, 95% CI: 4.57 to
12.23, p<0.0001), with no heterogeneity among the three
studies (=0%).

The total number of embryos and the fertilization rate
were also higher in the AST group than in the placebo
group, but the differences were not statistically signifi-
cant (MD=1.00, 95% CI: -0.30 to 2.30, p=0.13 for total
number of embryos; MD=3.41, 95% CI: -0.79 to 7.61,
p=0.11 for fertilization rate). There was no heterogeneity
among the two studies included in these analyses (I*=0%
for both outcomes).

Effect of AST on pregnancy outcomes
We assessed the effect of AST compared to placebo
on chemical and clinical pregnancy rates. The rates of

miscarriage and live birth were reported in none of the
included studies.

There were three studies [15, 16, 22] enrolling 143 infer-
tile women underwent ART that compared pregnancy
outcomes between AST (n:72) and placebo group (n:71).
The results are shown in Fig. 4 and supplementary file S6.
The mean rate of chemical pregnancy was higher in the
AST group than in the placebo group (51% vs. 44%), but
the difference was not statistically significant (RR=1.17,
95% CI: 0.83 to 1.64, p=0.38). In consonance, the risk dif-
ference (RD) was 8% in favor of the AST group compared
with the placebo group (RD: 0.08, 95% CI: -0.08 to 0.24;
P=0.34). There was no heterogeneity among the three
studies included in this analysis (I*=0%).

The clinical pregnancy rate was also higher in the AST
group than in the placebo group (43% vs. 38%), but the
difference was not statistically significant (RR=1.24, 95%
CIL 0.63 to 2.43, p=0.53). In consonance, the risk differ-
ence (RD) was only 5% in favor of the AST group com-
pared with the placebo group (RD: 0.05, 95% CI: -0.11
to 0.21; P=0.53). There was no heterogeneity among the
three studies included in this analysis (I>=0%).

Antioxidative, anti-inflammatory and antiapoptotic effect of
AST in clinical studies

In our meta-analysis of clinical studies, redox status
markers were consistently reported, allowing for a robust
quantitative synthesis. All included clinical studies pro-
vided data on these markers, which were subjected to
meta-analysis. In contrast, inflammatory cytokines were
reported in a single study [16], precluding a meta-analysis
for this marker due to insufficient data. Similarly, apopto-
sis markers were not reported in any of the included clin-
ical studies, highlighting a gap in the current literature
and an opportunity for future research.

Effect of AST on redox status markers in FF
We compared the level of redox status markers between
AST (n=72) and placebo group (#=71) in three studies
[15, 16, 22] with a total of 143 infertile participants. The
results are summarized in Fig. 5.

We measured four markers of redox status: MDA,
TAC, SOD, and CAT. All three studies reported MDA,
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a Intervention
Study or Subgroup Mean SD Total
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Gharaei, R 2022 2905 13 20
Jabarpour, M (1) 2023 21.26 4.34 27
Rostami, S 2023 146 7.79 25

Total (95% CI) T2

Heterogeneity: Tau®= 9.72; Chi*=6.40, df= 2 (P=0.04); F=69%

Test for overall effect. Z=032 (P=0.75)

b Intervention

Placebo Mean Difference Mean Difference
SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
3237 1. 20 20.4% -3.32[10.79,4.15) .
4.88 26 437%  -0.74[3.23,1.75) ——
6.44 25 359% 4.76[0.80,8.72) "
71 100.0% 0.71 [-3.66, 5.07]

10 -5
Favours [Intervention]

"

10
Favours [Placebo]

4

Placebo Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Gharaei, R 2022 71.73 11.61 20 63 12.79 20 25.6% 8.73[1.16,16.30] . E—
Jabarpour, M (1) 2023  76.39 8.07 27 68.81 10.34 26 58.5% 7.58([2.57,12.59] —i—
Rostami, S 2023 7552 13.54 25 204 25 15.9% 10.88([1.28, 20.48] —_—
Total (95% CI) 72 71 100.0%  8.40[4.57,12.23] <

it ' . 2= = - R= + + + -
Heterogeneity: Tau®*= 0.00; Chi*=0.37, df=2 (P=0.83); F=0% 30 10 1 10 20

Test for overall effect. Z= 4.30 (P < 0.0001)

Favours [Intervention]

Favours [Placebo]

C
Intervention Placebo

Study or Subgroup Mean SD Total Mean

Mean Difference
SD Total Weight IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

Gharaei, R 2022 155 7.54 20 1475 488 20 109%
Jabarpour, M (1) 2023 12.07 2.49 27 11.04 261 26 89.1%
Total (95% CI) 47 46 100.0%

Heterogeneity: Tau*= 0.00; Chi*=0.02, df=1 {(P=0.90);, F=0%
Test for overall effect: Z=1.51 (P=0.13)

d Intervention

0.75[-3.19, 4.69]
1.03 [-0.34, 2.40] -

y o

1.00 [-0.30, 2.30] -
4 20 2 1
Favours [Intervention] Favours [Placebo]

Placebo Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% ClI
Gharaei, R 2022 78.34 18.56 20 77.04 201 20 12.3% 1.30[-10.66,13.26]
Jabarpour, M (1) 2023  81.24 7.39 27 77.86 1013 26 76.9% 3.38[1.41,817) -——
Rostami, 5 2023 79.64 16.67 25 73.61 28.07 25 10.8% 6.03[6.77,18.83) >
Total (95% ClI) 72 71 100.0% 3.41[-0.79,7.61] o
Heterogeneity: Tau*= 0.00; Chi*=0.28, df=2 (P=087); F=0%

Testfor overall effect: Z=1.59 (P=0.11)
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Fig. 3 Meta-analysis of mean difference of the effect of Astaxanthin (intervention) compared to the placebo in different ART outcomes; (a) total number
of retrieved oocytes, (b) oocytes maturity rate, (c) total number of embryos, (d) fertilization rate

TAC, and SOD levels, while CAT level was reported only
by Rosatmi et al. [16] and Gharaei et al. [15]. Gharaei et al.
and Rostami et al. used the same enzyme-linked immu-
nosorbent assay (ELISA) (ZellBio GmbH, Germany) that
indirectly measured SOD activity by the reduction of a
water-soluble tetrazolium salt by superoxide anion at
450 nm. Jabarpour et al. [22] used a different ELISA kit
(NAVAND, Iran) that directly measured SOD activity by
the inhibition of pyrogallol autoxidation by superoxide
anion at 420 nm. These two methods had different sensi-
tivity, specificity, and assay ranges for SOD measurement,
which may explain the outlier value reported by Jabar-
pour et al. Therefore, we excluded Jabarpour et al. from
our meta-analysis, as their data were not comparable
with the other studies.

There was no significant difference between the AST
and placebo groups in the pooled mean difference of
CAT (MD=0.24, 95% CI [-0.59, 1.07], p=0.57) or MDA
(MD = -0.06, 95% CI [-0.26, 0.14], p=0.55) in FF. There
was also no significant difference between the groups in
the pooled mean difference of SOD (MD=0.24, 95% CI

[-1.81, 2.28], p=0.82) in FF. However, the pooled mean
difference of TAC was significantly higher in the AST
group than in the placebo group (MD=0.04, 95% CI
[0.02, 0.06], p=0.0002) in FF. There was no heterogeneity
among the studies for any of the outcomes.

Effect of AST on redox status markers in serum
We compared the level of redox status markers of serum
between AST (n=72) and placebo group (n=71) in three
studies [15, 16, 23] with a total of 143 infertile partici-
pants. The results are summarized in Fig. 6.

We measured four markers of redox status: MDA,
TAC, SOD, and CAT. All three studies reported MDA,
TAC, and SOD levels, while CAT level was reported only
by Rosatmi et al. [16] and Gharaei et al. [15]. Also, like the
redox status markers of FF, the SOD measurement meth-
ods were different, so just the Gharaei et al. and Rostami
et al. that used the same ELISA kit (ZellBio GmbH, Ger-
many) were included in meta-analysis.

As shown in Fig. 6a, the pooled mean difference of
CAT was higher in the serum of AST group than in the
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Risk Difference

d
Intervention Placebo Risk Difference

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl
Gharaei, R 2022 1" 20 11 20 27.5% 0.00[-0.31,0.31]
Jaharpour, M (1) 2023 12 27 ] 26 381% 0.10[-0.16, 0.36]
Rostami, S 2023 14 25 1" 25 345% 012 [-0.16, 0.40]
Total (95% CI) 72 71 100.0% 0.08 [-0.08, 0.24]
Total events 37 N

Heterogeneity: Tau®*= 0.00; Chi*=0.36, df= 2 (P=0.84); F=0%

Test for overall effect: Z=0.96 (P = 0.34)

M-H, Random, 95% ClI
—
__.—

—cuniiiie--

.05 -025 0 025 05
Favours [Intervention] Favours [Placebo]

b

Intervention Placebo Risk Difference Risk Difference
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl M-H, Random, 95% CI
Gharaei, R 2022 10 20 9 20 26.6% 0.05 [-0.26, 0.36) =
Jaharpour, M (1) 2023 10 27 8 26 39.3% 0.06 [[0.19,0.32] B I E—
Rostami, S 2023 11 25 10 25 34.0% 0.04 [[0.23,0.31] e e —
Total (95% CI) 72 71 100.0% 0.05[-0.11,0.21] —=<slifiiie=-
Total events N 27

Heterogeneity: Tau®*= 0.00; Chi*=0.01, df= 2 (P=0.99); F=0%
Test for overall effect: Z=0.63 (P =0.53)
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Fig. 4 Meta-analysis of risk difference of the effect of Astaxanthin (intervention) compared to the placebo on the chemical pregnancy and clinical preg-

nancy; (a) the chemical pregnancy (b) the clinical pregnancy

placebo group, but not significantly (MD=1.43, 95% CI:
-4.67 to 7.54). As shown in Fig. 6b, the pooled mean dif-
ference of MDA in serum was lower in the AST group
than in the placebo group, but not significantly (MD
= -3.72, 95% CI: -9.70 to 2.26). As shown in Fig. 6¢, the
pooled mean difference of SOD of serum was higher in
the AST group than in the placebo group, but not sig-
nificantly (MD=2.08, 95% CI: -2.15 to 6.32). As shown
in Fig. 6d, the pooled mean difference of TAC of serum
was also not significantly different between the groups
(MD=0.02, 95% CI: -0.03 to 0.07). There was high het-
erogeneity among the studies for all redox status markers
of serum.

Publication bias in clinical studies

Regarding the assessment of publication bias, our results
do not include funnel plot analysis or Egger’s regression
test. This decision was based on the number of studies
included in our meta-analyses, which did not meet the
minimum recommended threshold of 10 studies for these
tests to be effective. As a result, we have not reported on
publication bias, in line with best practice recommen-
dations for systematic reviews with a limited number of
studies [27].

Descriptive synthesis of outcomes reported by animal
models

The findings of the studies were heterogeneous in terms
of the animal models, the doses and durations of AST
treatment, the outcomes measured, and the methods

used. However, some common themes emerged from the
synthesis of the findings. We grouped the findings into
four categories: redox status, inflammation, apoptosis,
and ovarian tissue histomorphology. We summarized the
findings of each individual study in Table 4.

Redox status

All studies reported that AST improved the redox status
of the ovarian tissue and/or other reproductive organs
by reducing OS and increasing antioxidant capacity. The
indicators of redox status varied across studies, but they
included markers such as ROS, MDA, TAC, total oxidant
capacity, oxidative stress index, SOD, GSH, paraoxonase
1 activity, nitric oxide, thiol, and total thiol. Also, a study
reported that AST improved the lipid profile by increas-
ing high-density lipoprotein and decreasing cholesterol,
low-density lipoprotein, and triglyceride levels.

Inflammation

Four studies reported that AST reduced the inflamma-
tion in the reproductive organs by decreasing the expres-
sion or levels of inflammatory markers, such as inducible
nitric oxide synthase, C-reactive protein), granulocyte
colony-stimulating factor, interleukin-1 beta, interleu-
kin-6, tumor necrosis factor-alpha, and NF-kB. Some
studies also reported that AST improved hyperemia
(increased blood flow), inflammatory cells, and necrotic
changes induced by methotrexate or ischemia/reperfu-
sion injury [24—26]. So, it seems that AST can ameliorate
ovarian damage caused by inflammatory reactions.
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a Intervention Placebo Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% Cl IV, Random, 95% CI
Gharaei, R 2022 482 207 20 383 244 20 24.0% 0.99[-0.41,2.39]
Rostami, S 2023 064 0.08 25 064 017 25 76.0% 0.00 [-0.07,0.07]
Total (95% CI) 45 45 100.0% 0.24 [-0.59, 1.07]

Heterogeneity: Tau®*=0.23; Chi*=1.91,df=1 (P=0.17), F= 48%
Test for overall effect: Z= 0.56 (P = 0.57)
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Total (95% CI) 72 71 100.0% -0.06 [-0.26, 0.14]
Heterogeneity: Tau?= 0.01; Chi*= 2.35, df= 2 (P = 0.31); F=15% i‘ 52 3 é i
Testfor overall effect Z= 0.59 (P = 0.55) Favours [Intervention] Favours [Placebo]
C
Intervention Placebo Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
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Fig. 5 Meta-analysis of mean difference of the effect of Astaxanthin (intervention) compared to the placebo on different Redox status markers in Fol-
licular fluid; (a) Catalase, (b) Malondialdehyde, (c) Superoxide dismutase, (d) Total Antioxidant Capacity

Apoptosis

Three studies reported that AST reduced the apoptosis
in the reproductive organs by decreasing the expression
or levels of apoptotic markers, such as caspase-3 and
annexin V/propidium iodide. One study also reported
that AST improved the expression or levels of the anti-
apoptotic signaling pathway, AKT 1,2,3 [18].

Ovarian tissue histomorphology

All studies reported that AST improved ovarian tissue his-
tomorphology by increasing the number or quality of fol-
licles, especially the graafian and corpus luteum follicles,
and decreasing the number of cystic, atretic, or necrotic
follicles. Some studies also reported that AST improved
the GCs organization and reduced the loss of oocytes.

Discussion

To the best of our knowledge, there hasn’t been a system-
atic review and meta-analysis assessing the effect of AST
supplementation on female fertility and reproduction.

The current review contained 4 RCTs and 5 animal stud-
ies. We found that the quality of the clinical studies was
moderate to high, as two studies had a high risk of selec-
tion and reporting bias. Results of the meta-analysis of
RCTs revealed that AST significantly increased the OMR
and TAC in FF compared with placebo or no treatment.
There was no significant difference in the other out-
comes, such as the total number of oocytes, embryos,
and fertilization rate, or the chemical and clinical preg-
nancy rates, between the groups. However, there was
a high heterogeneity among the studies for the number
of oocytes. We also found that AST did not significantly
affect the serum levels of any of the redox status mark-
ers. Considering the high heterogeneity among the stud-
ies for all serum redox markers, these results should be
interpreted with caution. The results suggested that AST
had beneficial effects on ovarian function and quality and
maturation of oocytes, probably by improving the local
redox status in FF rather than the systemic redox sta-
tus. However, considering the small number of clinical
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a
Intervention Placebo Mean Difference Mean Difference
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Fig. 6 Meta-analysis of mean difference of the effect of Astaxanthin (intervention) compared to the placebo on different Redox status markers in serum;
(a) Catalase, (b) Malondialdehyde, (c) Superoxide dismutase, (d) Total Antioxidant Capacity

studies included and the high heterogeneity among them,
these results are not precise.

The animal studies we included suggested that AST
had beneficial effects on fertility and reproductive perfor-
mance in subfertile or infertile models by modulating the
redox status, inflammation, apoptosis, and ovarian tissue
histomorphology. These studies provided evidence that
AST exerts a multifaceted beneficial impact on female
reproductive system performance However it should
be noted that the intrinsic limitations of animal mod-
els, including species diversity and difficulty replicating
human physiology, pose challenges. Systematic reviews
of animal models contribute to refining methodolo-
gies but require cautious interpretation due to potential
translational hurdles.

Our systematic review and meta-analysis synthe-
sized evidence from studies that, their methodological
flaws and limited sample sizes, offered valuable insights
into AST’s mechanisms of action on improving fertility-
related outcomes. The integration of results from both
animal models and clinical trials has uncovered AST’s
fundamental roles in enhancing antioxidant defense,
modulating inflammation, and preventing apoptosis.
These processes are crucial, as cellular impairment in
ovarian cells, including GCs, theca cells, and oocytes,
due to OS, inflammatory states, and apoptotic events, is
known to contribute to female infertility and the patho-
genesis of reproductive disorders such as PCOS, endo-
metriosis, premature ovarian insufficiency, and poor
ovarian response [28—-34].
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Table 4 Main findings of the included animal studies

Fisrt Year Model AST Dos- Summary of Final Results
Author age and
Duration
Ebrahimi, 2021 PCOS 0.1 mg/kgin (1) Redox status: | intracellular ROS in GCs; (2) AKT signaling: 1 total AKT 1,2,3. (3) Apoptosis:
F Combination  An NS | of apoptosis (Annexin) in the AST group; (4) ovarian tissue histomorphology: AST, MTF,
with MTF or  and AST-MTF treatments improved ovarian morphology. 1 corpus luteum and graafian follicles, |
Alone primordial follicles and the emergence of primary and preantral follicles in treated groups.
Gunyeli,| 2021 GUT 100 mg/kg for (1) Redox status: T TAS & | OSI in Ovarian tissue, and NS TAS, TOS, OSl in fallopian tubes & uterine
Damage 7 Days tissue; (2) Inflamation: | iNOS, CRP and G-CSF in whol GUT; (3) Apoptosis: | Cas-3 in whol GUT;
(4) GUT histomorphology: AST effectively reversed all histopathological findings, notably improv-
ing the hyperemia induced by MTX.
Kukurt, A 2022  Ovarian 80 mg/kg (1) Redox status: 1 TAC, GSH, PONT1 activity, | TOC, OSI, MDA, NO, TSA, TT; (2) lipid profile: t HDL,
Damage for 14 Days | cholesterol, LDL and TG levels; (3) ovarian tissue histomorphology: [oss of oocyte, disorganiza-
tion in GCs and necrotic changes, especially in antral follicles was found in the 3-NPA group, while
histipathological findings in in the 3-NPA+ AST group was similar to AST and Control groups.
Toktay, E 2022 Ovarian Single Doses (1) Redox Status: | MDA & 1SOD and 1SOD in I/R+AST50 and I/R+AST100 groups; (2) Apop-
Damage of 50 & tosis: CASPASE 3 antigen in |4+ AST50 group was moderately and in [+AST100 and I/R+AST50
100 mg/kg groups were mildly immune positive, while in I/R+AST100 and NC groups were immune negative;
(3) Inflamation: Despite severly increased expression of IL-1 3, and IL-6 in PC groups immunore-
activity were decreased in both AST treatment groups (I/R+AST50 and I/R+AST100); (4) ovarian
tissue histomorphology: In the treatment groups, especially in the I/R+AST 100, visible minimal
hemorrhage areas were observed. Inflammatory and necrotic cells were not observed neither in
I/R+AST50 nor I/R+AST 100 groups.
Toktay, E 2023  PCOS 10, 20 and (1) Redox status: | MDA & 1 SOD across All AST groups in a dose-dependent manner; (2) Infla-
40 mg/kgin  mation: Despite a severe increase in TNF-g, IL-6, and NF-k3 expression in PC groups, immunore-
Combination  activity decreased across all AST treatment groups particularly in combination of MTF with AST40
with MTFor ~ mg/kg; (3) ovarian tissue histomorphology: In PCOS group many cystic follicles, apoptotic and
Alone for 7 necrotic cells were found. In all 3 PCOS groups wich recieved AST many cortical cystic follicles were
Days observed, while necrotic cells were just found AST 10 group; In AST20 group GCs of the secondary

and Graafian follicles and in AST40 group all follicles were normal. In all 3 PCOS groups that re-
cieved MET + AST no cortical cystic follicle was observed and many normal-looking cortical follicles
were found. In both MTF+AST 20 and 40 groups no necrotic and apoptotic cells were observed

AKT: Protein Kinase B; AST: Astaxanthin; CAT: Catalase; CRP: C-Reactive Protein; G-CSF: Granulocyte Colony-Stimulating Factor; GSH: Glutathione; GUT: Genitourinary
Tissue; HDL: High-density Lipoprotein; IL-1B: Interleukin-1 Beta; IL-6: Interleukin-6; iNOS: Inducible Nitric Oxide Synthase; LDL: Low-density Lipoprotein; MDA:
Malondialdehyde; MTF: Metformin; MTX: Methotrexate; NC: Negative Control; NF-kB: Nuclear Factor Kappa B, NO: Nitric Oxide; OSI: Oxidative Stress Index; PC:
Positive Control; PCOS: Polycystic Ovary Syndrome; PON1: Paraoxonase 1; ROS: Reactive Oxygen Species; SOD: Superoxide Dismutase; TAC: Total Antioxidant
Capacity; TAS: Total Antioxidant Status; TC: Total Cholesterol; TG: Triglyceride; TNF-a: Tumor Necrosis Factor-alpha; TOC: Total Oxidant Capacity; TOS: Total Oxidant

Status; TSA: Total Sialic Acid; TT: Total Thiol

In narrowing our focus to the studies included in our
review, the antioxidative actions of AST is the foremost
documented mechanisms by which it exerts its benefi-
cial effects on reproductive disorders. As observed in the
study by Gharaei et al., [15] AST demonstrated the ability
to enhance Nrf2 expression, improving oocyte matura-
tion and embryo quality. AST’s unique chemical struc-
ture not only affects the Nrf2 pathway but also possesses
natural protective properties against oxidative damage. It
effectively neutralizes free radicals, scavenges singlet oxy-
gen, and inhibits lipid peroxidation, safeguarding cellular
membranes from oxidative damage [14].

The other AST’s mechanism of action that were pro-
posed in included studies was its anti-inflammatory
activity in animal models of ovarian damage and also
endometriosis-associated infertility. The accumulation of
iron in the peritoneal fluid and endometriotic cells ele-
vates OS, which activates the NF-kB pathway in endome-
triotic lesions and peritoneal macrophages, contributing
to the inflammatory response seen in endometriosis [35].

Activation of the NF-kB pathway increases pro-inflam-
matory cytokine levels, negatively impacting oocyte
quality, fertilization, and embryo implantation [36]. AST
prevents the degradation of inhibitor of kappa B alpha, an
inhibitor of NF-kB, thereby downregulates the produc-
tion of pro-inflammatory cytokines [37]. This function
has potential implications for treatment of endometriosis
as also showed in Rostami et al. study [16]. Furthermore,
in the study conducted by Toktay et al., there was a sig-
nificant increase in NF-kB expression in GCs of a PCOS
rat model, providing additional insights into the potential
effects of AST on these pathways [17]. It is worth noting
that recent studies suggest AST’s significant impact on
the complex interplay/crosstalk between Nrf2 and NF-xB
pathways, where Nrf2 activation antagonizes NF-«B,
potentially leading to anti-inflammatory responses [38].
Beyond antioxidative and anti-inflammatory actions
of AST, its anti-apoptotic actions were also investigated.
Excessive cell death, particularly apoptosis in GCs, can
hinder fertility. AST showcases anti-apoptotic properties
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through multiple pathways, including the PI3K/Akt path-
way [18]. Accordingly, Ebrahimi et al. identified a sig-
nificant increase in AKT expression in GCs of a PCOS
mouse model with AST treatment, confirming decreased
intracellular ROS and an insignificant reduction in apop-
tosis [18].

Additionally, AST is suggested to have a protective
effect against endoplasmic reticulum (ER) stress. ER
stress in ovarian cells, can affects follicle development,
oocyte maturation, and ovulation [39]. Moreover, ER
stress has been associated with infertility and pathogen-
esis of different reproductive diseases like PCOS [40-43].
Jabarpour et al. concluded that AST can modify molecu-
lar pathways of ER stress in infertile PCOS women, influ-
encing the expression of genes and proteins involved in
the unfolding protein response and ER stress-induced
apoptosis [22].

In conclusion, AST’s diverse mechanisms of action,
targeting antioxidant defense, inflammation modulation,
and apoptosis mitigation, suggest its potential as a thera-
peutic intervention for enhancing female fertility. How-
ever, it is essential to recognize that our understanding is
not exhaustive. Future research should delve into other
significant signaling pathways affected by AST in repro-
ductive tissues, like mitochondrial function, autophagy,
senescence, and ferroptosis. These areas remain underex-
plored and could unveil further dimensions of AST’s role
in reproductive physiology.

One of the limitations of our meta-analysis was the
high heterogeneity among the clinical studies for the
serum redox status markers. This heterogeneity could be
due to several factors, such as the different methods of
measuring the redox status markers, the different causes
of infertility of the participants, the different doses and
durations of AST supplementation, and the different co-
interventions or confounding factors. These factors may
have affected the baseline and post-intervention levels of
the redox status markers, as well as the response to AST.
Therefore, the results of the serum redox status markers
should be interpreted with caution, and more standard-
ized and comparable studies are needed to assess the
effect of AST on the systemic redox status in infertile
women.

Another limitation of our review was the low number
of clinical studies included, which reduced the preci-
sion and generalizability of our results. We only identi-
fied four RCTs that met our inclusion criteria, and all of
them were conducted in Iran. This could be a strength,
as it minimized the heterogeneity due to the ethnic or
geographic differences among the participants. However,
it could also be a weakness, as it limited the applicability
of our results to other populations or settings. Therefore,
more clinical studies from different countries and regions
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are needed to confirm the effect of AST on fertility out-
comes and redox status in infertile women.

One of the reasons for the low number of studies
on the effect of AST on fertility is the novelty of this
research topic. AST is a relatively new antioxidant that
has been gaining attention for its potential benefits on
various health conditions, such as cardiovascular dis-
ease, diabetes, and neurodegenerative disorders [21].
However, the research on its effects on fertility and
reproduction is still in its infancy, and most of the stud-
ies have been conducted in animal models or in vitro
systems. The first clinical study on AST and fertility was
published in 2022 by Gharaei et al., [15] followed by
three other studies by Rostami et al. [16] and Jabarpour
et al. in 2023 [22, 23].

A strength of our review was the low heterogeneity
among the studies for the ART outcomes, except for
the total number of retrieved oocytes. This indicated
that the results were consistent and robust across the
studies and that the effect of AST on these outcomes
was not influenced by the sources of heterogeneity
mentioned above. However, the high heterogeneity for
the total number of retrieved oocytes could be due to
the different causes of infertility of the participants,
such as endometriosis or PCOS. In one study [16],
endometriosis was the cause of infertility, while in
two others [15, 22], PCOS was the cause of infertility.
PCOS and endometriosis have different effects on the
response to ovarian stimulation. PCOS patients gener-
ally tend to have a higher number of oocytes retrieved
than other causes of infertility, due to their increased
number of antral follicles and higher ovarian reserve.
However, endometriosis patients tend to have a lower
number of oocytes retrieved, due to their reduced
ovarian reserve and the presence of endometrioma.
Therefore, more studies with standardized and compa-
rable methods are needed to assess the effect of AST
on this outcome. Also, more RCTs with a focus on the
underlying molecular mechanisms of AST’s action
to solidify the clinical efficacy of AST in enhancing
female fertility are recommended.

The animal studies that were included in our system-
atic review also encountered some challenges, includ-
ing a limited number of studies, high risk of bias,
considerable heterogeneity due to varied animal mod-
els, dosages, and treatment durations, and inconsistent
outcome measures and methodological approaches.
Furthermore, the analysis of qualitative markers in
animal studies, such as histopathological examinations
further limited the overall interpretation. Therefore,
more rigorous and standardized animal studies are
needed to confirm the effects of AST and to translate
them to human settings.
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Conclusion

This systematic review and meta-analysis was primarily
conducted to assess the impact of AST on reproductive
performance, fertility, and assisted reproductive technol-
ogy (ART) outcomes. Additionally, it aimed to elucidate
the potential mechanisms of action of AST as a second-
ary objective in both infertile women and animal mod-
els of infertility and reproductive disorders. We included
four clinical trials and five animal studies in our analysis.
The results showed that AST significantly increased the
OMR and TAC in FF, but did not have a significant effect
on other ART outcomes, pregnancy outcomes, or redox
status markers in FF or serum in infertile women. The
animal studies suggested that AST improved the redox
status, inflammation, apoptosis, and ovarian tissue his-
tomorphology in various reproductive disorders. How-
ever, the quality of evidence was low to moderate, and the
heterogeneity and inconsistency among the studies were
high. Therefore, more well-designed and rigorous studies
are needed to confirm the efficacy and safety of AST for
improving reproductive health and outcomes.

Abbreviations

ART Assisted Reproductive Technology
AST Astaxanthin

CAT Catalase

FF Follicular Fluid

GCs Granulosa Cells

GSH Glutathione

MDA Malondialdehyde

NF-kB Nuclear Factor kappa B

Nrf2/HO-  1nuclear factor erythroid 2-related factor 2/heme oxygenase-1
OMR Oocyte Maturity Rate
oS Oxidative stress

PCOS Polycystic Ovary Syndrome

PI3K/Akt Phosphoinositide 3-kinase/protein kinase B
ROS Reactive Oxygen Species

ROS Reactive Oxygen Species

SOD Superoxide Dismutase

TAC Total Antioxidant Capacity

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513048-024-01472-7.

Supplementary Material 1: PRISMA 2020 Checklist
Supplementary Material 2: Search strategy

Supplementary Material 3: Unpublished trials retrieved through the WHO
clinical trials registration database

Supplementary Material 4: Details of Risk of bias assessment for Clinical
Trials

Supplementary Material 5: Details of Risk of Bias Assessment in Animal
Model Studies

Supplementary Material 6: Study Additional Plots

Author contributions

All authors contributed to the study conception and design and commented
on previous versions of the manuscript. All authors read and approved the
final manuscript. A detailed contribution statement is provided below: AM-H:

Page 18 of 19

Data collection (systematic search, study selection, data extraction, and risk
of bias assessment), manuscript original draft preparation, and graphical
abstract designing; AS: Data collection (data extraction, and risk of bias
assessment), manuscript original draft preparation; KM: Statistical analyses
and interpretation of results; FA: Study conceptualization; supervision,
interpretation of results; manuscript critical review and editing.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Data availability

The data collection forms, data extracted from included studies, and data used
for all analyses used in the review are not publicly available, however, they will
be available for reasonable reasons.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Anatomy, School of Medicine, Tehran University of
Medical Sciences, Pour Sina St, Tehran 1416753955, Iran

“Students’ Scientific Research Center (SSRC), Tehran University of Medical
Sciences, Tehran, Iran

3Department of Epidemiology and Biostatistics, School of Public Health,
Tehran University of Medical Sciences, Tehran, Iran

“Department of Infertility, Yas Hospital, Tehran University of Medical
Sciences, Tehran, Iran

Received: 16 April 2024 / Accepted: 6 July 2024
Published online: 10 August 2024

References

1. Zegers-Hochschild F, Adamson GD, Dyer S, Racowsky C, De Mouzon J, Sokol
R et al. The International Glossary on Infertility and Fertility Care, 2017. Hum
Reprod [Internet]. 2017 [cited 2023 Mar 2];32:1786-801. https://pubmed.ncbi.
nlm.nih.gov/29117321/.

2. Farquhar C, Marjoribanks J. Assisted reproductive technology: an overview of
Cochrane Reviews. Cochrane Database of Systematic Reviews; 2018.

3. Nik Hazlina NH, Norhayati MN, Shaiful Bahari I, Nik Muhammad Arif NA.
Worldwide prevalence, risk factors and psychological impact of infertility
among women: a systematic review and meta-analysis. BMJ Open. 2022;12.

4. Manokaran K, Bhat P, Nayak D, Baskaran R, Paramasivam P, Ahmed SF et al.
Oxidative stress and female reproductive disorder: a review. Asian Pac J
Reprod. 2022.

5. Banerjee P, Bhattacharya J. Impact of oxidative stress on infertility, with
emphasis on infertility management strategies. Global J Fertility Res. 2019;4.

6. Lul,WangZ CaoJ,ChenY, Dong Y. A novel and compact review on the role
of oxidative stress in female reproduction. Reproductive Biology Endocrinol.
2018.

7. Agarwal A, Aponte-Mellado A, Premkumar BJ, Shaman A, Gupta S. The effects
of oxidative stress on female reproduction: a review. Reproductive Biology
Endocrinol. 2012.

8. SasakiH, Hamatani T, Kamijo S, Iwai M, Kobanawa M, Ogawa S et al. Impact of
oxidative stress on Age-Associated decline in Oocyte Developmental compe-
tence. Front Endocrinol (Lausanne). 2019.

9. Murri M, Luque-ramirez M, Insenser M, Ojeda-ojeda M, Escobar-morreale HF.
Circulating markers of oxidative stress and polycystic ovary syndrome (pcos):
a systematic review and meta-analysis. Hum Reprod Update. 2013;19.


https://doi.org/10.1186/s13048-024-01472-7
https://doi.org/10.1186/s13048-024-01472-7
https://pubmed.ncbi.nlm.nih.gov/29117321/
https://pubmed.ncbi.nlm.nih.gov/29117321/

Maleki-Hajiagha et al. Journal of Ovarian Research

20.

21

22.

23.

24,

25.

(2024) 17:163

Scutiero G, lannone P, Bernardi G, Bonaccorsi G, Spadaro S, Volta CA et al.
Oxidative stress and endometriosis: a systematic review of the literature. Oxid
Med Cell Longev. 2017.

Brotosudarmo THP, Limantara L, Setiyono E, Heriyanto. Structures of Astaxan-
thin and their consequences for therapeutic application. Int J Food Sci. 2020.
Kumar S, Kumar R, Kumari A, Panwar A, Astaxanthin. A super antioxidant from
microalgae and its therapeutic potential. J Basic Microbiol. 2022.

EKPE L, INAKU K, Ekpe EYAME. V. ANTIOXIDANT EFFECTS OF ASTAXANTHIN IN
VARIOUS DISEASES - A REVIEW. Oxid Antioxid Med Sci. 2018.

Ashrafizadeh M, Ahmadi Z, Yaribeygi H, Sathyapalan T, Sahebkar A. Astax-
anthin and Nrf2 Signaling Pathway: a Novel Target for New Therapeutic
approaches. Mini-Reviews Med Chem. 2021;22.

Gharaei R, Alyasin A, Mahdavinezhad F, Samadian E, Ashrafnezhad Z, Amidi

F. Randomized controlled trial of astaxanthin impacts on antioxidant status
and assisted reproductive technology outcomes in women with polycystic
ovarian syndrome. J Assist Reprod Genet [Internet]. 2022 [cited 2023 May
131;39:995-1008. https://link.springer.com/article/https://doi.org/10.1007/
$10815-022-02432-0.

Rostami S, Alyasin A, Saedi M, Nekoonam S, Khodarahmian M, Moeini A et

al. Astaxanthin ameliorates inflammation, oxidative stress, and reproductive
outcomes in endometriosis patients undergoing assisted reproduction: A
randomized, triple-blind placebo-controlled clinical trial. Front Endocrinol
(Lausanne) [Internet]. 2023 [cited 2023 May 13];14:1144323. /pmc/articles/
PMC10067663/.

Toktay E, Selli J, Ali Gurbuz M, Alaca R. Investigation of the effects of astax-
anthin in experimental polycystic ovary syndrome (PCOS) in rats. Iran J Basic
Med Sci [Internet]. 2023 [cited 2024 Jan 14];26:1155-61. https://ijbms.mums.
ac.r/article_22537.html.

Ebrahimi F, Rostami S, Nekoonam S, Rashidi Z, Sobhani A, Amidi F. The Effect
of Astaxanthin and Metformin on Oxidative Stress in Granulosa Cells of

BALB C Mouse Model of Polycystic Ovary Syndrome. Reproductive Sciences
[Internet]. 2021 [cited 2023 May 271;28:2807-15. https://link.springer.com/
article/https://doi.org/10.1007/543032-021-00577-4.

Cochrane Collaboration. RoB 2: a revised Cochrane risk-of-bias tool for ran-
domized trials | Cochrane Bias. Br Med J. 2022.

Chen KY, Ma B, Wang YN, Chen CH, Zhao YQ, Zheng JX et al. SYRCLE's risk of
bias tool for animal studies. Chin J Evidence-Based Med. 2014;14.

Fakhri S, Abbaszadeh F, Dargahi L, research MJ-P. 2018 undefined. Astaxan-
thin: A mechanistic review on its biological activities and health benefits.
Elsevier [Internet]. [cited 2023 May 13]; https://www.sciencedirect.com/
science/article/pii/S10436618183099767casa_token=Jp7YJn2N1plAAAAA:P-
u9lgZjNyG6a83IfGi7upgpONFo0QKM7H-d_HzI7MNToki4SHezgpJ6XM-
doSqHolx7yfYqURw.

Jabarpour M, Aleyasin A, Nashtaei MS, Lotfi S, Amidi F. Astaxanthin treatment
ameliorates ER stress in polycystic ovary syndrome patients: a randomized
clinical trial. Scientific Reports 2023 13:1 [Internet]. 2023 [cited 2023 May
13];13:1-12. https://www.nature.com/articles/s41598-023-28956-8.
Jabarpour M, Aleyasin A, Shabani Nashtaei M, Amidi F. Astaxanthin supple-
mentation impact on insulin resistance, lipid profile, blood pressure, and
oxidative stress in polycystic ovary syndrome patients: A triple-blind random-
ized clinical trial. Phytotherapy Research [Internet]. 2023 [cited 2024 Jan 14];
https://onlinelibrary.wiley.com/doi/full/https://doi.org/10.1002/ptr8037.
Gunyeli |, Saygin M, Ozmen O. Methotrexate-induced toxic effects and the
ameliorating effects of astaxanthin on genitourinary tissues in a female rat
model. Arch Gynecol Obstet. 2021,304.

Toktay E, Tastan TB, Gurbuz MA, Erbas E, Demir O, Ugan RA et al. Potential
protective effect of astaxanthin on ovary ischemia-reperfusion injury. Iran J
Basic Med Sci. 2022;25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 19 of 19

Kukart A, Karapehlivan M. Protective effect of astaxanthin on experimental
ovarian damage in rats. J Biochem Mol Toxicol. 2022;36.

Higgins J, Thomas J, Chandler J, Cumpston M, Li T, Page M. Chapter 10: Ana-
lysing data and undertaking meta-analyses | Cochrane Training. Cochrane
Handbook for Systematic Reviews of Interventions version 62.2021;1.
Rudnicka E, Duszewska AM, Kucharski M, Tyczyrski P, Smolarczyk R. OXIDA-
TIVE STRESS AND REPRODUCTIVE FUNCTION oxidative stress in polycystic
ovary syndrome. Reproduction. 2022.

Ni C, Li D. Ferroptosis and oxidative stress in endometriosis: a systematic
review of the literature. Med (United States). 2024.

Zakiyah M, Asmarinah A. Mechanism of Immune System Dysfunction,
apoptosis and oxidative stress on endometriosis. J Biomed Translational Res.
2023,9.

Surya Udayana IGNB, Praja Adnyana IBP, Diningrat MA, Setiawan WA. Associa-
tion of Endometriosis and oxidative stress. Eur J Med Health Sci. 2022;4.
ShiYQ, Zhu XT, Zhang SN, Ma YF, Han YH, Jiang Y et al. Premature ovarian
insufficiency: a review on the role of oxidative stress and the application of
antioxidants. Front Endocrinol (Lausanne). 2023.

Uppangala S, Fernandes G, Salian SR, Kumar P, Talevi R, Kalthur G et al.
Reduced ovarian response to controlled ovarian stimulation is associated
with increased oxidative stress in the follicular environment. Reprod Biol.
2020;20.

Uckan K, Demir H, Turan K, Sarikaya E, Demir C. Role of Oxidative Stress in
Obese and Nonobese PCOS Patients. Int J Clin Pract. 2022:2022.
Gonzélez-Ramos R, Van Langendonckt A, Defrre S, Lousse JC, Colette S,
Devoto L et al. Involvement of the nuclear factor-kB pathway in the patho-
genesis of endometriosis. Fertil Steril. 2010;94.

Yland J, Carvalho LFP, Beste M, Bailey A, Thomas C, Abrédo MS et al. Endome-
trioma, the follicular fluid inflammatory network and its association with
oocyte and embryo characteristics. Reprod Biomed Online. 2020;40.
Faraone |, Sinisgalli C, Ostuni A, Armentano MF, Carmosino M, Milella L et al.
Astaxanthin anticancer effects are mediated through multiple molecular
mechanisms: a systematic review. Pharmacol Res. 2020.

Zhang H, Tsao R. Dietary polyphenols, oxidative stress and antioxidant and
anti-inflammatory effects. Curr Opin Food Sci 2016.

Liu J, Luo Lfeng, Wang Dliang, Wang W, xiang, Zhu J lin, Li Ychen et al. Cad-
mium induces ovarian granulosa cell damage by activating PERK-elF2a-ATF4
through endoplasmic reticulum stress. Biol Reprod. 2019;100.

Koike H, Harada M, Kusamoto A, et al. 2023 undefined. Roles of endoplasmic
reticulum stress in the pathophysiology of polycystic ovary syndrome. ncbi.
nim.nih.gov [Internet]. [cited 2023 May 11]; Available from: https.//www.ncbi.
nim.nih.gov/pmc/articles/PMC9975510/

Al-Hetty HRAK; Jabbar AD, Eremin VF, Jabbar AM, Jalil AT, Al-Dulimi AG et al.
The role of endoplasmic reticulum stress in endometriosis. Cell Stress Chaper-
ones. 2023.

Yang Y, Pei X, Jin Y, Wang Y, Zhang C. The roles of endoplasmic reticulum
stress response in female mammalian reproduction. Cell Tissue Res. 2016.
Guzel E, Arlier S, Guzeloglu-Kayisli O, Tabak MS, Ekiz T, Semerci N et al. Endo-
plasmic reticulum stress and homeostasis in reproductive physiology and
pathology. Int J Mol Sci. 2017.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://springerlink.bibliotecabuap.elogim.com/article/
https://doi.org/10.1007/s10815-022-02432-0
https://doi.org/10.1007/s10815-022-02432-0
https://ijbms.mums.ac.ir/article_22537.html
https://ijbms.mums.ac.ir/article_22537.html
https://springerlink.bibliotecabuap.elogim.com/article/
https://springerlink.bibliotecabuap.elogim.com/article/
https://doi.org/10.1007/s43032-021-00577-4
https://www.sciencedirect.com/science/article/pii/S1043661818309976?casa_token=Jp7YJn2N1pIAAAAA:P-u9lgZjNyG6a83IfGi7upqpONFo0QKM7H-d_Hzl7MNToki4SHezgpJ6XMdoSqHoIx7yfYqURw
https://www.sciencedirect.com/science/article/pii/S1043661818309976?casa_token=Jp7YJn2N1pIAAAAA:P-u9lgZjNyG6a83IfGi7upqpONFo0QKM7H-d_Hzl7MNToki4SHezgpJ6XMdoSqHoIx7yfYqURw
https://www.sciencedirect.com/science/article/pii/S1043661818309976?casa_token=Jp7YJn2N1pIAAAAA:P-u9lgZjNyG6a83IfGi7upqpONFo0QKM7H-d_Hzl7MNToki4SHezgpJ6XMdoSqHoIx7yfYqURw
https://www.sciencedirect.com/science/article/pii/S1043661818309976?casa_token=Jp7YJn2N1pIAAAAA:P-u9lgZjNyG6a83IfGi7upqpONFo0QKM7H-d_Hzl7MNToki4SHezgpJ6XMdoSqHoIx7yfYqURw
https://www.nature.com/articles/s41598-023-28956-8
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1002/ptr.8037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9975510/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9975510/

	﻿Effect of astaxanthin supplementation on female fertility and reproductive outcomes: a systematic review and meta-analysis of clinical and animal studies
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Reporting standards
	﻿Criteria for considering studies for this review
	﻿Inclusion criteria
	﻿Study type
	﻿Study design
	﻿Intervention and control
	﻿Outcomes of interest


	﻿Exclusion criteria
	﻿Search methods for identification of studies
	﻿Data collection and analysis
	﻿Selection of studies
	﻿Data extraction and management
	﻿For clinical studies
	﻿For animal models


	﻿Assessment of risk of bias in included studies
	﻿Initial training
	﻿Independent assessment
	﻿Consensus meeting
	﻿Risk of bias reporting

	﻿Overlapping authorships
	﻿Study outcomes
	﻿Primary outcomes
	﻿Secondary outcomes

	﻿Measures of treatment effect
	﻿Meta-analysis of clinical trials
	﻿Descriptive synthesis of animal models

	﻿﻿Results
	﻿Literature search and characteristics of included studies
	﻿Risk of bias assessment
	﻿Clinical studies
	﻿Animal models


	﻿Meta-analysis of clinical studies
	﻿Effect of AST on ART outcomes
	﻿Effect of AST on pregnancy outcomes
	﻿Antioxidative, anti-inflammatory and antiapoptotic effect of AST in clinical studies
	﻿Effect of AST on redox status markers in FF
	﻿Effect of AST on redox status markers in serum

	﻿Publication bias in clinical studies
	﻿Descriptive synthesis of outcomes reported by animal models
	﻿Redox status
	﻿Inflammation
	﻿Apoptosis
	﻿Ovarian tissue histomorphology

	﻿Discussion
	﻿Conclusion
	﻿References


