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Abstract
Polycystic ovary syndrome (PCOS) is a prevalent gynecological-endocrinological disorder characterized by hyperandro-
genism, menstrual irregularities, and metabolic disturbances. Recent research has highlighted the role of oxidative stress 
and chronic inflammation in exacerbating PCOS symptoms and impeding reproductive outcomes. Astaxanthin, a potent 
antioxidant found in marine organisms, has been suggested as a potential therapeutic intervention due to its ability to reduce 
oxidative stress and inflammation. This meta-analysis systematically reviews randomized controlled trials assessing the 
impact of astaxanthin supplementation on oxidative stress and reproductive outcomes in women with PCOS. Data from four 
trials were analyzed, focusing on markers of oxidative stress and reproductive health metrics. The meta-analysis utilized 
fixed and random-effects models to synthesize results, with heterogeneity assessed using Chi-square and I2 statistics. The 
findings indicate that while astaxanthin significantly improves markers of total antioxidant capacity (TAC) in follicular fluid, 
it does not show a consistent effect on other oxidative stress biomarkers such as malondialdehyde (MDA), catalase (CAT), 
or superoxide dismutase (SOD). Reproductive outcomes, including oocyte quality and the number of high-quality embryos, 
showed moderate improvements, although effects on fertilization rates and pregnancy outcomes were insignificant. The 
analysis highlights variability in study designs and dosing, suggesting a need for further research with standardized proto-
cols and larger sample sizes. Future studies should focus on determining optimal dosing, exploring mechanistic pathways, 
and investigating the combined effects of astaxanthin with other interventions. Longitudinal studies are needed to assess 
long-term benefits and safety, and personalized approaches could enhance treatment efficacy for individuals with PCOS.

Keywords  Carotenoid · Astaxanthin · Oxidative stress · Assisted reproductive technology · Polycystic ovary syndrome · 
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Introduction

Astaxanthin (Fig. 1), a xanthophyll carotenoid predomi-
nantly found in marine organisms such as microalgae, 
salmon, and shrimp, has emerged as a potent antioxidant 
with broad therapeutic potential (Cao et al. 2023). Unlike 

other antioxidants, astaxanthin's molecular structure allows 
it to reside within the cell membrane, providing robust pro-
tection against lipid peroxidation and oxidative damage 
(Dang et al. 2024). Additionally, astaxanthin exhibits anti-
inflammatory solid properties by modulating key signaling 
pathways and reducing the production of cytokines (Jabar-
pour et al. 2024b).

Polycystic ovary syndrome (PCOS) is a gynecological-
endocrinological disorder that affects approximately 5–10% 
of women of reproductive age worldwide. It is characterized 
by a constellation of symptoms, including hyperandrogen-
ism, hirsutism, acne, menstrual irregularities, polycystic 
ovaries, chronic anovulation, and metabolic disturbances 
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such as insulin resistance and obesity (Norman et al. 2007). 
The pathophysiology of PCOS is complex and multifacto-
rial, involving genetic, environmental, and hormonal factors 
(Di Lorenzo et al. 2023). Over the past few years, it has been 
discussed the role of chronic low-grade inflammation and 
increased oxidative stress in the development and progres-
sion of PCOS exacerbating the metabolic and reproductive 
abnormalities observed in affected women (Orisaka et al. 
2023). In this context, astaxanthin might offer a promising 
therapeutic approach.

Biosynthesis of astaxanthin: mechanisms 
and pathways

Astaxanthin, a terpenoid, is synthesized from β-carotene, its 
primary precursor. Isoprenoids, which include carotenoids, 
are a diverse group of natural compounds. Carotenoids can 
be categorized into two groups based on their chemical 
structure or functional characteristics. The biosynthesis of 
isoprenoids typically starts from isopentenyl pyrophosphate 
(IPP). This process occurs through two main pathways. The 
first is the mevalonate (MVA) pathway, found in many 
eukaryotes, archaea, and actinobacteria. In this pathway, 
IPP is synthesized from acetyl-CoA. The second pathway is 
the 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. It 
begins with pyruvate and glyceraldehyde 3-phosphate, pro-
gressing through 1-deoxy-D-xylulose 5-phosphate (DXP) 
to MEP. This pathway is crucial as it is present in almost 
all bacteria and photosynthetic eukaryotes' chloroplasts. In 
eukaryotic microbes, IPP is converted into dimethylallyl 
diphosphate (DMAPP) by the enzyme IPP isomerase (IDI). 
In contrast, in prokaryotic microbes and plant plastids, the 
MEP pathway is used for IPP and DMAPP synthesis, start-
ing from pyruvate and glyceraldehyde-3-phosphate (Gupta 
et al. 2021; Basiony et al. 2022; Nishida et al. 2023; Göttl 
et al. 2024).

The formation of carotenoids includes the creation of 
a C20 compound called geranylgeranyl pyrophosphate 
(GGPP), which is synthesized from IPP and DMAPP. GGPP 
plays a crucial role in the carotenoid biosynthesis pathway. It 
serves as the starting point for the production of carotenoids, 
progressing through a sequence of compounds: phytoene, 

ζ-carotene, lycopene, β-carotene, canthaxanthin, and finally, 
astaxanthin (Huang et al. 2019).

In carotenoid biosynthesis, β-carotene is synthesized 
through the actions of β-carotene hydroxylase (BHY) and 
β-carotene ketolase (BKT). BHY catalyzes the 3-hydrox-
ylation of β-carotene, while BKT is responsible for the 
4-ketolation process. BHY genes are found in higher plants, 
whereas BKT genes are present in certain bacteria, micro-
algae, and yeasts. As a result, most higher plants cannot 
produce ketocarotenoids but can produce various hydrox-
ylated carotenoids instead (Huang et al. 2012; Zhu et al. 
2018; Bai et al. 2020). In fungi, bacteria, and algae, the 
intermediates between β-carotene and astaxanthin include 
β-cryptoxanthin, zeaxanthin, adonixanthin, equinenone, 
canthaxanthin, 3-hydroxyequinenone, and adonirubin. 
However, five key intermediates are common across these 
organisms: β-cryptoxanthin, zeaxanthin, adonixanthin, can-
thaxanthin, and adonirubin (Zhang et al. 2020). Given the 
above, the biosynthesis pathway can be divided into two 
main processes. First, the MVA and glycolytic pathways 
convert glucose into β-carotene and farnesyl pyrophosphate 
(FPP). Notably, FPP is transformed into β-carotene through 
the action of the enzymes crtE, crtYB, and crtI. Second, the 
synthesis of astaxanthin from β-carotene involves multiple 
branches. The final production of astaxanthin depends on the 
sequential actions of hydroxylation (catalyzed by crtZ) and 
β-carotene ketolase (catalyzed by crtW) (Ding et al. 2023).

Physicochemical properties of astaxanthin: 
structure, stability, and solubility

Astaxanthin belongs to the xanthophyll group and has the 
molecular formula C40H52O4, with a 596.84 g/mol molar 
mass. Its structure consists of a polyene chain linking two 
terminal rings. Each end of the molecule features a hydroxyl 
group (-OH), and it includes two asymmetric carbons at the 
3 and 3' positions of the β-ionone ring. The double bonds in 
astaxanthin can exist in cis or trans configurations, with the 
transform being the most common in natural astaxanthin. 
Astaxanthin also has three configurational isomers, which 
vary among different organisms: two enantiomers, (3S, 3′S) 
and (3R, 3′R), and an optically inactive mesoform, (3R, 3′S). 
In nature, the predominantly found stereoisomers are (3R, 
3′R), (3S, 3′S), (3R), and (3′S) (Ambati et al. 2014; Zhao 
et al. 2019; Martínez-Álvarez et al. 2020). Due to its high 
lipophilicity (logP = 10.3), astaxanthin has very low aqueous 
solubility, resulting in poor oral bioavailability. Addition-
ally, astaxanthin is chemically unstable, particularly during 
processing and storage, where it is vulnerable to degrada-
tion from heat, pH changes, light, and oxygen (Qiao et al. 
2018; Ghosh et al. 2023). In its structure, astaxanthin's 
hydroxyl groups can bind with various fatty acids, such as 

Fig. 1   Molecular structure of astaxanthin
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oleic acid or palmitic acid, to form monoesters or diesters 
(Brotosudarmo et al. 2020; Medoro et al. 2023). The red and 
pink color of astaxanthin is due to its 11 conjugated double 
bonds. This conjugated system gives astaxanthin its distinc-
tive color and contributes to its potent antioxidant properties 
and ability to cross the blood–brain barrier (BBB) (Fakhri 
et al. 2019; Stachowiak and Szulc 2021). After about 120 h 
at 4 °C, astaxanthin degrades by 69%. Complete degradation 
occurs between 25 °C and 50 °C, highlighting its suscepti-
bility to thermal denaturation. This, combined with its high 
hydrophobicity, underscores the challenge of maintaining its 
bioavailability (Yang et al. 2021; Snell and Carberry 2022). 
It is noteworthy that synthetic astaxanthin contains several 
stereoisomers, some of which do not occur naturally. These 
synthetic forms often have reduced bioavailability and lower 
technological stability. In contrast, only natural astaxanthin 
is considered safe for human use and consumption (Abdela-
zim et al. 2023; Nair et al. 2023).

Pharmacokinetics of astaxanthin: 
absorption, distribution, metabolism, 
and excretion

Astaxanthin is absorbed in the body along with fatty acids, 
emphasizing the connection between its absorption and the 
dietary components consumed with it. Diets high in carbo-
hydrates enhance carotenoid absorption, while low-fat diets 
reduce it. After ingestion, astaxanthin combines with bile 
acids to form micelles in the intestine. These micelles are 
partially absorbed by intestinal mucosal cells and incorpo-
rated into chylomicrons. Chylomicrons are then processed 
by lipoprotein lipase, released into the lymphatic system, and 
eventually enter the bloodstream. The liver and other tissues 
rapidly clear the remnants of chylomicrons. Astaxanthin is 
transported to various tissues via lipoproteins, including 
very low-density lipoproteins (VLDL), low-density lipopro-
teins (LDL), and high-density lipoproteins (HDL). Addi-
tionally, astaxanthin integrates into lipid bilayers, where it 
helps maintain cell membrane integrity, supports the redox 
state, and ensures proper mitochondrial function (Visioli and 
Artaria 2017; Donoso et al. 2021; Raza et al. 2021; Abdol 
Wahab et al. 2022). The maximum concentration of astax-
anthin in the blood observed 30 min after a meal is 2.4 to 3 
times higher than the levels before the meal. This increase is 
likely due to the effects of cholesterol lipase and stimulated 
bile secretion from oral administration, which enhances the 
hydrolysis and absorption of astaxanthin esters. Astaxanthin 
is primarily excreted through the kidneys, but the spleen 
also eliminates it (Abdelazim et al. 2023). The half-life of 
astaxanthin ranges from 16 to 21 h. A single tolerated dose 
of astaxanthin in healthy volunteers was 40 mg (Niu et al. 
2020; Bahbah et al. 2021).

Pharmacodynamics of astaxanthin: 
mechanisms of action and biological effects

Understanding the mechanisms by which astaxanthin acts 
in the organism allows us to come up with the idea of 
using this substance as a therapeutic alternative in manag-
ing various conditions. It is known that astaxanthin exhib-
its anti-inflammatory, antioxidant, anti-apoptotic, and anti-
cancer properties. Because of these effects, astaxanthin has 
been studied for its potential to treat cardiovascular and 
neurodegenerative diseases. The first two properties are 
more relevant in the specific case of PCOS, whose patho-
physiology involves inflammation and oxidative stress 
(Rizzardi et al. 2022).

Astaxanthin's crucial role in redox biochemistry is 
likely attributed to its unique chemical structure and 
outstanding quenching and scavenging capabilities. It 
targets singlet oxygen, superoxide, hydrogen peroxide, 
and hydroxyl radicals and prevents lipid peroxidation. 
Besides directly affecting reactive oxygen species (ROS), 
astaxanthin is capable of reducing oxidative damage by 
activating the phosphoinositide 3-kinase (PI3K)/protein 
kinase B (Akt) pathway and the mitogen-activated pro-
tein kinase (MAPK)/extracellular signal-regulated pro-
tein kinase (ERK) pathway. These pathways promote the 
release of nuclear factor erythroid 2-related factor 2 (Nrf2) 
from Kelch-like ECH-associated protein 1. Subsequently, 
Nrf2 is directed to the nucleus, triggering the Nrf2 anti-
oxidant response element (ARE) (Zarneshan et al. 2020). 
The PI3K/Akt pathway also increases the production of 
enzymes that combat oxidative stress, such as Heme oxy-
genase-1 (HO-1), NAD(P)H quinone oxidoreductase-1 
(NQO-1), glutathione-S-transferase-α1, glutamate-
cysteine ligase modifier subunit, and glutamate-cysteine 
ligase catalytic subunit (Wang et al. 2010; Wu et al. 2014, 
2015).

The nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-κB) is a critical transcription fac-
tor involved in regulating immune and inflammatory 
responses. Under normal conditions, NF-κB is kept in the 
cytoplasm in an inactive form bound to the inhibitor of 
nuclear factor-κB (IκB). Inside the nucleus, NF-κB binds 
to specific deoxyribonucleic acid (DNA) sequences and 
promotes the expression of genes involved in inflamma-
tion, producing cytokines like tumor necrosis factor-alpha 
(TNF-α), interleukin (IL)-1β, and IL-6 (Liu et al. 2017; 
Taniguchi and Karin 2018). Astaxanthin has been shown 
to impact this pathway in multiple ways. It can inhibit 
NF-κB activation by preventing phosphorylation and sub-
sequent degradation, or it can upregulate the expression 
of IκB-messenger ribonucleic acid (mRNA) and protein in 
the cells (Yang et al. 2019). Finally, there is an interesting 
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interrelation between astaxanthin's antioxidant and anti-
inflammatory effects. As mentioned, this substance boosts 
the activity of Nrf2, which has the capacity to oppose the 
NF-κB pathway (Wardyn et al. 2015).

Implications of astaxanthin 
supplementation on oxidative stress 
and reproductive outcomes in women 
with PCOS: insights from included 
randomized clinical trials

Literature search methodology

A thorough literature search was conducted across major 
academic databases, including PubMed, Scopus, and Web 
of Science. The search strategy involved a combination of 
keywords such as "astaxanthin," "PCOS," "oxidative stress," 
and "randomized controlled trials." This search aimed to 
identify studies evaluating the effects of astaxanthin on oxi-
dative stress and reproductive health in women with PCOS. 
Only English-language studies were considered to maintain 
consistency and clarity in the review process. To qualify for 
inclusion in the review, studies had to be randomized, pla-
cebo-controlled clinical trials involving human participants 
diagnosed with PCOS. The intervention under review had 
to be astaxanthin, with comparisons made against a placebo 
group. Outcomes of interest included markers of oxidative 
stress and reproductive health metrics. The initial search 
results were screened to remove duplicates and records 
marked as ineligible by automation tools. Subsequent 
screening involved evaluating titles and abstracts to select 
studies that met the inclusion criteria. Full-text assessments 
were then performed to confirm eligibility. Data extrac-
tion focused on the study design, participant demograph-
ics, intervention specifics, and reported outcomes related 
to oxidative stress and reproductive health. Each study was 
critically appraised for quality to ensure the reliability and 
validity of the findings. A meta-analysis was conducted for 
studies that provided sufficient data to synthesize the results 
effectively.

Results of literature search following PRISMA 
guidelines

The literature search for this systematic review was con-
ducted following the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRISMA) (Page et al. 
2021) guidelines to ensure a comprehensive and rigorous 
approach. Initially, a total of 180 records were identified 
from various databases and 21 records from registers. To 
ensure the accuracy and relevance of the studies, duplicates 
were first removed, totaling 49 records. Additionally, 16 

records were marked as ineligible by automation tools, and 
a further 89 records were excluded for other reasons, such 
as not meeting the predefined eligibility criteria or being 
irrelevant to the review topic. Following the removal of these 
records, 47 records proceeded to the screening phase. Dur-
ing this phase, 32 records were deemed unsuitable based 
on their titles and abstracts. The remaining 15 reports were 
sought for full-text retrieval to further evaluate their eligi-
bility. Despite efforts to retrieve these reports, 11 were ulti-
mately not accessible. Of the reports that were retrieved, four 
were assessed for their eligibility according to the inclusion 
and exclusion criteria established for this review. This care-
ful assessment process led to the inclusion of four studies 
in the final review. It is important to note that no additional 
reports were available for the studies included in the review, 
which limited the scope of data available for analysis. Fig-
ure 2 presents the PRISMA flow diagram, illustrating the 
process of study selection and screening for this systematic 
review (Page et al. 2021).

Methodology of the meta‑analysis: protocol, data 
extraction, and statistical analysis

Data extraction was conducted using a standardized form, 
focusing on study design, participant demographics, inter-
vention specifics, and reported outcomes related to oxidative 

Fig. 2   PRISMA flow diagram of study selection and screening pro-
cess (Page et al. 2021)
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stress and reproductive health. Two independent review-
ers (L.F.L. and S.M.B.) extracted data, resolving discrep-
ancies through discussion or third-party consultation. The 
quality of the included studies was appraised to ensure the 
reliability and validity of findings. A meta-analysis was per-
formed for studies with sufficient data to synthesize results 
effectively, using statistical methods appropriate for the data 
and heterogeneity observed. To assess heterogeneity in the 
meta-analysis, both the Chi-square (Chi2) test and the I2 
inconsistency measure were utilized. The Chi-square test 
evaluates whether observed differences among studies are 
greater than what would be expected by chance. A p-value 
of ≤ 0.100 from this test was considered indicative of hetero-
geneity, suggesting that there is variability among the studies 
beyond random error. Additionally, the I2 statistic was used 
to quantify the extent of inconsistency across studies, with 
values exceeding 50% signalling considerable heterogene-
ity. For the meta-analysis, the inverse variance method was 
employed to aggregate results. When substantial heterogene-
ity was detected, as indicated by the Chi-square test and high 
I2 values, a random-effects model was applied to account for 
variability between studies. Conversely, when heterogeneity 
was minimal, a fixed-effects model was used, assuming that 
the true effect size is consistent across studies. The effect 
size was quantified using the standardized mean difference 
(SMD), which expresses the difference between the treated 
and control groups in standard deviation units. This meas-
ure, along with its 95% confidence interval, was visually 
represented in a Forest Plot, which provides a graphical sum-
mary of the effect sizes across studies. The results of the 
meta-analysis were analysed and interpreted using Revman 
software, version 5.4. This comprehensive approach ensured 
a rigorous evaluation of the data, accounting for variability 
among studies and potential biases. In interpreting the For-
est Plot, positive SMD values indicate that the intervention 
group had higher outcomes compared to the control group. 
Conversely, negative SMD values suggest that the control 
group exhibited superior outcomes. In the Forest Plot visu-
alization, studies with positive SMD values will be plotted 
to the right, reflecting higher efficacy in the treated group, 
while those with negative SMD values will appear to the 
left, indicating better outcomes in the control group.

Impact of astaxanthin on women with PCOS: 
findings and results

PCOS is the most common cause of anovulation (Pal-
omba 2021), which can lead to infertility due to potential 
changes in oocyte quality and endometrial receptivity. To 
address PCOS-related infertility, ovulation induction is often 
employed as a treatment for anovulatory patients (Palomba 
et al. 2017). Despite this approach, many women with PCOS 
may still struggle to conceive and may turn to assisted 

reproductive technologies (ART). Additionally, women 
with PCOS are at a higher risk for endometrial dysfunction, 
as well as abnormal trophoblast invasion and placentation, 
which can increase the likelihood of pregnancy complica-
tions such as miscarriage or other disruptions (Palomba 
et al. 2021). Table 1 provides a comprehensive overview 
following PRISMA Guidelines (Page et al. 2021) of how 
astaxanthin impacts oxidative stress and reproductive out-
comes in women with PCOS across different randomized 
clinical trials. The risk of bias evaluation was performed 
for each included randomized clinical trial (detection, 
selection of the trial, and reporting of bias) according to 
the Cochrane Handbook for Systematic Reviews of Inter-
ventions (COCHRANE) for quality assessment (Table 2) 
(Higgins 2008).

Fereidouni et al. (Fereidouni et al. 2024) conducted a 
randomized controlled trial involving women with PCOS, 
administering astaxanthin (6 mg/day for 8 weeks) and com-
paring it to a placebo group. The study found no significant 
differences in oxidative stress markers such as Malondi-
aldehyde (MDA), Catalase (CAT), Superoxide Dismutase 
(SOD), and ROS levels in follicular fluid (FF) between the 
intervention and control groups. However, the study reported 
improvements in reproductive parameters, including oocyte 
retrieval, metaphase II (M-II) oocyte count, oocyte matu-
rity rate, and the number of frozen embryos. Despite these 
improvements, there were no significant differences in 
chemical, clinical, or multiple pregnancy rates. This sug-
gests that while astaxanthin may enhance certain aspects of 
reproductive health, its effect on oxidative stress markers in 
FF may be limited.

In contrast, Jabarpour et al. (Jabarpour et al. 2024a) found 
significant reductions in MDA levels and increases in Total 
Antioxidant Capacity (TAC) levels following astaxanthin 
supplementation (12 mg/day for 8 weeks). This study high-
lights the potential of astaxanthin to improve oxidative stress 
markers, which could be beneficial in managing PCOS-
related oxidative stress. However, this study did not report 
on reproductive health outcomes, leaving a gap in under-
standing the full impact of astaxanthin on fertility.

Another study by Jabarpour et al. (Jabarpour et al. 2023), 
involving infertile PCOS patients undergoing Intracyto-
plasmic Sperm Injection (ICSI), administered astaxanthin 
(12 mg/day for 60 days) and observed significant increases 
in TAC in FF. The study also reported higher rates of high-
quality oocytes, embryos, and oocyte maturity, although 
there were no significant differences in oocyte number, fer-
tilization rate, or overall fertility rate. These findings suggest 
that astaxanthin may positively influence oocyte and embryo 
quality, potentially improving reproductive outcomes in 
women with PCOS.

Lastly, Gharaei et al. (Gharaei et al. 2022) assessed asta-
xanthin (8 mg/day for 40 days) in women with PCOS and 
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found significant increases in serum CAT and TAC levels, 
with no significant changes in serum MDA and SOD lev-
els or FF oxidative stress markers. This study also noted an 
increase in Nrf2, HO-1, and NQO-1 expression, indicating 
an enhanced antioxidant defense mechanism. Reproduc-
tive outcomes showed significant increases in M-II oocyte 
and high-quality embryo rates, though chemical and clini-
cal pregnancy rates did not differ significantly. This study 
underscores the potential of astaxanthin to improve certain 
aspects of reproductive health, despite mixed results on oxi-
dative stress markers.

Age characteristics, BMI, PRL, LH, FSH, and AMH measures 
in the meta‑analysis sample

The meta-analysis, incorporating data from four studies, pro-
vided a comprehensive overview of baseline characteristics 
for participants in both intervention and control groups. Age 
distribution was consistent across all studies, showing no 
significant differences between groups and minimal hetero-
geneity. Body mass index (BMI) measurements were com-
parable between intervention and control groups, with an 
overall fixed effects SMD of 0.00727, reflecting a uniform 
BMI profile and no notable heterogeneity. Prolactin (PRL) 
levels showed similar values between groups, with an over-
all fixed effects SMD of 0.181, indicating only minor vari-
ation and slight heterogeneity. Luteinizing hormone (LH) 
levels were also consistent across the groups, with a fixed 
effects SMD of 0.0544, demonstrating uniform levels and 
no significant heterogeneity. Follicle-stimulating hormone 
(FSH) levels were similarly comparable, with an overall 
fixed effects SMD of 0.107 and no observed heterogeneity. 
For anti-müllerian hormone (AMH) levels, the fixed effects 
SMD was -0.192, with consistent measurements across stud-
ies and no significant heterogeneity. These findings highlight 
that the baseline characteristics were similar between inter-
vention and control groups, suggesting that the groups were 
well-matched at the start of the studies (Fig. 3).

Meta‑analysis of assisted reproductive outcome measures: 
fertilization rate, high‑quality embryos, number 
of embryos, and M‑II rate

The meta-analysis examined several fertility-related out-
comes across multiple studies. For fertilization rates, data 
from three studies indicated a small, non-significant effect 
of the intervention, with mean differences close to zero 
and consistent results across studies. The overall SMD 
was 0.2, suggesting minimal impact and no significant het-
erogeneity. Regarding high-quality embryos, the analysis 
revealed a moderate positive effect of the intervention. 
The mean differences ranged from 0.162 to 1.108 across 
studies, with the overall SMD of 0.571, indicating some Ta
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inconsistency but a general benefit of the intervention on 
the number of high-quality embryos. For the number of 
embryos, the meta-analysis found a modest effect of the 
intervention. The SMDs ranged from 0.116 to 0.654, with 
a consistent overall SMD of 0.393, showing a modest 
yet stable impact across studies and minimal variability. 

Finally, the assessment of the M-II rate (%) showed a mod-
erate positive effect of the intervention, with SMDs rang-
ing from 0.675 to 0.807 and an overall SMD of 0.733. This 
outcome was consistent across studies with no significant 
heterogeneity, suggesting a moderate improvement in the 
M-II rate due to the intervention (Fig. 4).

Fig. 3   Sample settings for age (1st), BMI (2nd), PRL (3rd), LH (4th), FSH (5th), and AMH (6th)
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Assessment of oxidative stress biomarkers in follicular fluid

The meta-analysis evaluated various antioxidant measures 
in FF across multiple studies, revealing insights into the 
impact of interventions on these outcomes. For TAC, the 
combined data from Gharaei et al. (Gharaei et al. 2022) and 
Jabarpour et al. (Jabarpour et al. 2023) showed a significant 
improvement in the intervention groups. The overall SMD 
was 0.658 with a 95% CI ranging from 0.241 to 1.075, indi-
cating a notable positive effect of the intervention on TAC. 
The results were consistent, with no significant heterogene-
ity across studies, suggesting that the intervention effectively 
increases TAC in FF. In contrast, the analysis of CAT activ-
ity from Gharaei et al. (Gharaei et al. 2022) and Fereidouni 
et al. (Fereidouni et al. 2024) revealed no significant overall 
effect of the intervention. The pooled SMD was 0.000464 
with a 95% CI of -0.430 to 0.431, suggesting that CAT activ-
ity did not significantly differ between intervention and con-
trol groups. Moderate to high heterogeneity (Q = 3.5613, 
I2 = 71.92%) indicates variability in the results, implying 
that the intervention may not uniformly affect CAT activity 

across different studies or populations. For SOD activity, the 
meta-analysis combining data from Gharaei et al. (Gharaei 
et al. 2022), Jabarpour et al. (Jabarpour et al. 2023), and Fer-
eidouni et al. (Fereidouni et al. 2024) showed no significant 
differences between groups. The overall SMD was -0.042 
with a 95% CI of -0.375 to 0.291, and minimal heterogeneity 
(Q = 2.1633, I2 = 7.55%) suggests that the intervention does 
not significantly alter SOD activity. This consistency across 
studies, along with no significant publication bias, indicates 
that SOD activity is not substantially impacted by the inter-
vention. Finally, the meta-analysis of MDA levels across 
studies by Gharaei et al. (Gharaei et al. 2022), Jabarpour 
et al. (Jabarpour et al. 2023), and Fereidouni et al. (Ferei-
douni et al. 2024) found no significant effect of the interven-
tion. The combined SMDs of -0.0757 (fixed effects) and 
-0.0671 (random effects) with 95% CIs of -0.410 to 0.258 
and -0.485 to 0.351, respectively, indicate that MDA levels 
were not significantly affected by the intervention. The mod-
erate variability in results (Q = 3.1207, I2 = 35.91%) suggests 
that while the intervention does not have a significant impact 
on MDA levels, there may be some degree of variability in 

Fig. 4   Sample settings for M-II rate (%) (1st), n° of Embryos (2nd), HighQ Embryos (3rd), and Fertilization rate (4th)
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response among different studies. Overall, the findings sug-
gest that while the intervention significantly enhances TAC, 
it does not significantly affect CAT activity, SOD activity, 
or MDA levels (Fig. 5).

Meta‑analysis of oxidative stress biomarkers in blood

The meta-analysis of MDA levels, which serves as a marker 
of lipid peroxidation, included studies by Gharaei et al. 
(Gharaei et al. 2022) and Jabarpour et al. (Jabarpour et al. 
2024a). Gharaei et al. (Gharaei et al. 2022) reported a mean 
difference of -0.147 with a standard deviation (SD) of 0.31 in 
the intervention group compared to controls, while Jabarpour 
et al. (Jabarpour et al. 2024a) reported a mean difference of 
-0.409 with a SD of 0.274. The combined fixed and random 
effects models indicated a non-significant overall effect with 
a standardized mean difference of -0.294 (SE = 0.205, 95% 
CI: -0.702 to 0.113, p = 0.155). This suggests no signifi-
cant reduction in MDA levels due to the interventions. For 
SOD, an enzyme crucial in combating oxidative stress, the 
meta-analysis incorporated data from Gharaei et al. (Gharaei 
et al. 2022) and Jabarpour et al. (Jabarpour et al. 2024a). 

Gharaei et al. (Gharaei et al. 2022) found an effect size of 
0.21 (SD = 0.311), while Jabarpour et al. (Jabarpour et al. 
2024a) reported an effect size of 0.636 (SD = 0.278). The 
fixed effects model yielded a SMD of 0.447 (SE = 0.207, 
95% CI: 0.0359 to 0.859, p = 0.033), indicating a significant 
increase in SOD levels due to the intervention. The random 
effects model showed similar results with a SMD of 0.446 
(SE = 0.212, 95% CI: 0.0257 to 0.867, p = 0.038), suggest-
ing a consistent beneficial effect of the intervention on SOD 
levels. The TAC analysis, which included Gharaei et al. 
(Gharaei et al. 2022) and Jabarpour et al. (Jabarpour et al. 
2024a), demonstrated mixed results. Gharaei et al. (Gharaei 
et al. 2022) reported an effect size of 0.862 (SD = 0.325), 
whereas Jabarpour et al. (Jabarpour et al. 2024a) observed 
an effect size of 0.286 (SD = 0.272). The fixed effects model 
indicated a significant increase in TAC with a standardized 
mean difference of 0.524 (SE = 0.209, 95% CI: 0.110 to 
0.938, p = 0.014). The random effects model also showed a 
positive effect, though with less significance (SMD = 0.547, 
SE = 0.286, 95% CI: -0.0222 to 1.116, p = 0.059), suggesting 
that the intervention may improve TAC in the blood (Fig. 6).

Fig. 5   Sample settings for MDA (1st), SOD (2nd), CAT (3rd), and TAC (4th)
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Limitations and future research endeavours

Recently, Maleki-Hajiagha et al. (Maleki-Hajiagha et al. 
2024) published a meta-analysis examining the effects of 
astaxanthin on reproductive outcomes in women. However, 
their analysis did not focus specifically on women with 
PCOS. Furthermore, they did not address the impact of asta-
xanthin on oxidative stress biomarkers in blood and FF. Our 
meta-analysis aimed to address these gaps in the literature 
by investigating the specific effects of astaxanthin in PCOS 
patients. We explored its influence on reproductive outcomes 
and its potential impact on oxidative stress markers in both 
blood and FF, providing a more detailed understanding of 
its benefits for this particular population. We explored the 
molecular mechanisms through which astaxanthin exerts 
its effects, reviewed and analyzed the current scientific evi-
dence supporting its use in PCOS, and discussed the poten-
tial implications for improving reproductive health and ART 
success rates. By shedding light on the benefits of astaxan-
thin, we hoped to provide a comprehensive understanding 
of its role in managing PCOS and enhancing reproductive 
outcomes, thereby paving the way for future research and 
clinical applications in this area.

Despite the promising findings, the included studies have 
several limitations that warrant consideration. First, there is 
variability in the dosage and duration of astaxanthin supple-
mentation across the studies. For instance, dosages ranged 
from 6 mg/day to 12 mg/day, and the duration varied from 

40 days to 8 weeks. This variability makes it challenging to 
determine the optimal dosage and duration for maximum 
benefit. Additionally, the sample sizes in some studies were 
relatively small, which could limit the generalizability of 
the results and increase the risk of Type I and Type II errors. 
Another limitation is the inconsistency in the assessment 
of oxidative stress biomarkers. While some studies focused 
on serum markers like MDA, CAT, and TAC, others evalu-
ated these markers in FF or did not report on reproductive 
outcomes. This lack of standardization can complicate the 
interpretation of results and their relevance to clinical prac-
tice. Furthermore, several studies did not report on potential 
confounding factors such as lifestyle, dietary habits, or con-
current medications, which could influence oxidative stress 
and reproductive health outcomes. The methodology of 
some studies, including the use of different types of controls 
and blinding techniques, may also affect the reliability of 
the findings. For example, while some studies used placebo 
controls, others employed triple-blind designs. The differ-
ences in study design can lead to variability in outcomes and 
may impact the overall assessment of astaxanthin's efficacy.

Additionally, most studies on astaxanthin's effects in 
women with PCOS have concentrated on its impact on oxi-
dative stress and reproductive outcomes. While advance-
ments have been made in understanding astaxanthin's role 
in managing PCOS, further research is needed to explore its 
effects during pregnancy in women with this condition. Spe-
cifically, it is important to investigate how astaxanthin might 

Fig. 6   Sample settings for MDA (1st), SOD (2nd), and TAC (3rd)
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reduce the risk of multiple gestations, prevent miscarriage, 
and improve outcomes for the child (Palomba et al. 2015).

To advance the understanding of astaxanthin's impact on 
PCOS and its role in oxidative stress, future research should 
address several crucial areas with innovative approaches 
and robust methodologies. First, conducting multi-center, 
large-scale trials with diverse populations can provide more 
generalizable insights and identify variations in astaxanthin's 
efficacy across different demographic groups. Such studies 
should adopt a standardized protocol for dosing, duration, 
and assessment to ensure consistency and comparability 
of results. Moreover, exploring the mechanistic pathways 
through which astaxanthin exerts its effects could offer valu-
able insights. Researchers should investigate how astaxan-
thin interacts with specific oxidative stress pathways and 
its impact on cellular processes in detail. This can involve 
using advanced techniques like metabolomics and proteom-
ics to uncover the molecular changes induced by astaxanthin 
supplementation. Another promising avenue is the combi-
nation of astaxanthin with other therapeutic interventions. 
Evaluating the synergistic effects of astaxanthin when used 
in conjunction with lifestyle modifications, such as diet and 
exercise, or other PCOS treatments, could provide a more 
holistic approach to managing the condition. Investigating 
how astaxanthin interacts with other medications and sup-
plements will help in developing comprehensive treatment 
strategies. Longitudinal studies are also essential to deter-
mine the long-term benefits and safety of astaxanthin sup-
plementation. Understanding how prolonged use affects not 
only oxidative stress but also long-term reproductive health 
and metabolic outcomes will be crucial for evaluating its 
overall efficacy and safety. Such studies should include 
follow-up periods extending beyond the supplementation 
phase to assess sustained effects and any potential delayed 
outcomes. Future research should also explore personalized 
approaches to astaxanthin therapy. Investigating genetic and 
phenotypic factors that may influence individual responses 
to astaxanthin can lead to tailored treatment plans. For 
instance, identifying biomarkers that predict which patients 
are most likely to benefit from astaxanthin could optimize 
treatment efficacy. Additionally, integrating patient-reported 
outcomes and quality of life assessments into research 
designs will provide a more comprehensive view of how 
astaxanthin affects daily functioning and well-being. Under-
standing the patient perspective will enhance the relevance 
and applicability of research findings.

Satoh et al. (Satoh and Gupta 2021) reported that astaxan-
thin is widely used as a dietary supplement worldwide and, 
to date, no adverse effects have been documented in humans. 
However, no study regarding astaxanthin supplementation in 
humans during pregnancy has been documented. Although 
current literature lacks information on astaxanthin toxicity 
during human pregnancy, studies in pregnant mice provide 

some insight. In toxicity tests involving repeated doses of 
astaxanthin at 100, 250, and 500 mg/kg body weight, no 
abnormalities were observed in body and organ weight, nor 
in hematological and biochemical parameters throughout 
the pregnancy (Niu et al. 2020). Additionally, administer-
ing astaxanthin crystals to pregnant female rats during the 
organogenesis period also showed no adverse effects on fetal 
development (Lin et al. 2017).

Conclusions

The systematic review and meta-analysis revealed a nuanced 
picture regarding the effects of astaxanthin supplementation 
in women with PCOS. While the overall findings suggest 
some benefits, there are notable limitations and areas for 
further investigation. Astaxanthin shows promise in enhanc-
ing TAC, which is beneficial for managing oxidative stress 
in PCOS. However, its impact on other oxidative stress bio-
markers, such as CAT, SOD, and MDA, appears limited or 
inconsistent. This indicates that while astaxanthin may con-
tribute to reducing oxidative stress, it does not uniformly 
affect all related biomarkers. In terms of reproductive health, 
astaxanthin supplementation seems to positively influence 
parameters such as oocyte quality, embryo quality, and the  
M-II oocyte rate. Nonetheless, the lack of significant differ- 
ences in overall pregnancy and fertilization rates suggests 
that while there may be improvements in certain aspects of 
reproductive health, the overall impact on fertility outcomes 
remains unclear. The variability in dosage, duration, and 
study designs across the reviewed trials presents challenges 
in determining the optimal use of astaxanthin for PCOS 
management. Future research should focus on larger, more 
standardized trials to clarify these effects and explore the 
mechanisms through which astaxanthin operates. Addition-
ally, investigating the synergistic effects of astaxanthin with 
other treatments and considering personalized approaches 
could offer a more comprehensive understanding of its 
potential benefits for women with PCOS.
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