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Introduction

The Developmental Origins of Health and Disease (DOHaD) 
concept proposes that adverse conditions during critical 
developmental windows, such as the intrauterine and early 
postnatal environment, can cause permanent structural and 
functional alterations in specific organs, increasing suscep-
tibility to chronic noncommunicable diseases (NCDs) later 
in life [1–3] - a concept established by metabolic-epigenetic 
programming. One of these conditions may be dietary, and 
according to the World Health Organization, malnutrition 
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Abstract
Epidemiological and experimental evidence indicate that disturbances during pregnancy or lactation can induce metabolic 
programming in offspring, increasing lifelong disease risk. Maternal malnutrition, whether by excess or deficiency, is 
linked to metabolic disorders such as type 2 diabetes, obesity, and cardiovascular diseases. Current research aims to iden-
tify biomarkers of the developmental origins of health and disease (DOHaD). Among these, peroxiredoxins (PRDX1–6) 
have gained attention for their mitochondrial, cytoplasmic, and endoplasmic reticulum roles in antioxidant defense, inflam-
mation, and energy metabolism. This scoping review aimed to understand what is known about the effects of maternal 
malnutrition on the PRDXs in different organs in the offspring, to understand whether these biomolecules have a potential 
role in the DOHaD context. This review followed PRISMA-ScR guidelines and systematically searched PubMed studies 
linking maternal nutritional undernutrition or overnutrition to PRDX expression in offspring. Only studies directly assess-
ing PRDXs after maternal dietary interventions were included; reviews, preprints, and studies without maternal influence 
were excluded. Therefore, we identified 426 manuscripts, of which 346 were removed for being outside the scope of the 
review, 41 for being duplicates, 1 for not reporting the effect on PRDXs, 21 for not being related to maternal diet, 2 were 
review articles, and 1 was used as a model of maternal stress. Therefore, a total of 14 manuscripts were selected, all of 
an experimental nature. Maternal malnutrition affects different PRDX isoforms in several models and organs, outlining 
possible disorders associated with cellular function and stress response. Therefore, maternal undernutrition affects cardiac, 
cerebral, hepatic, ovarian, pancreatic, and adrenal PRDXs, while maternal overnutrition affects PRDXs in the salivary 
glands, intestine, and ovaries, establishing possible metabolic and reproductive risks through biological mechanisms that 
still need to be thoroughly investigated. We highlighted numerous gaps in the literature and provided a solid foundation 
for future experimental and translational studies that will establish whether PRDXs are biomarkers of the developmental 
origins of diseases and maternal malnutrition.
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- including undernutrition, micronutrient deficiencies, 
overweight, obesity, and related NCDs - remains a critical 
global health challenge. In 2022, 2.5 billion adults were 
overweight, including 890 million with obesity, while 390 
million were underweight - contexts that also affect children 
and early life [4]. Improving maternal and adolescent nutri-
tion requires multisectoral strategies - ensuring access to 
nutritious and affordable foods; reducing exposure to ultra-
processed products; strengthening nutrition and social pro-
tection services; and implementing gender-transformative 
policies that combat discrimination and empower women to 
exercise their right to adequate nutrition [5].

Maternal malnutrition, characterized by the depletion 
of macro- and/or micronutrients, remains a major global 
health concern affecting women during pregnancy and lac-
tation. Epidemiological evidence indicates that maternal 
malnutrition around conception is associated with cognitive 
impairments and a higher risk of psychiatric disorders in 
offspring, including depression and schizophrenia [6]. Like-
wise, choline deficiency during pregnancy has been linked 
to abnormal cognitive development in children [7]. In 
humans, maternal protein restriction (MPR) has been shown 
to affect the prefrontal cortex of offspring, increasing the 
risk of depression, dementia, and memory disorders [8, 9]. 
Experimentally, MPR—one of the most widely used mod-
els to simulate food insecurity and nutritional deprivation—
has been shown to impair reproductive [10], renal [11, 12], 
cardiorespiratory [13, 14], hepatic [15–17], gastrointestinal 
[18], muscular [19], and endocrine [20] systems at various 
stages of development, ultimately increasing susceptibility 
to metabolic and chronic diseases later in life.

Conversely, maternal overnutrition often entails exces-
sive intake of specific macronutrients (e.g., lipids or car-
bohydrates), which has been linked to an increased risk of 
metabolic disorders and chronic diseases [21, 22]. Cohort 
studies indicate that a higher pre-gestational body mass 
index elevates the risk of hypertension in offspring [22]. 
Moreover, maternal overnutrition impairs insulin sensitiv-
ity [23] and predisposes offspring to overweight and obe-
sity [24]. In rats, maternal overnutrition before and during 
gestation induces chromosomal instability in male offspring 
and promotes oxidative stress and hypercholesterolemia 
in females [25]. Experimental models further show that 
maternal cafeteria diets reduce sperm quality in offspring 
[26]. Additionally, maternal high-fat diets during pregnancy 
and lactation increase depressive-like behaviors, impair 
cognitive development, and trigger metabolic syndrome 
symptoms [27], while also disrupting hepatic cholesterol 
metabolism [28].

In this context, it is essential to elucidate how maternal 
undernutrition or overnutrition programs offspring at the 
molecular level, particularly with respect to the expression 

and functional regulation of PRDX isoforms. Alterations in 
PRDX dynamics may differentially affect mitochondrial, 
cytoplasmic, and endoplasmic reticulum, influencing redox 
signaling, antioxidant defenses, and inflammatory path-
ways. Such disturbances are unlikely to remain confined to 
isolated cellular events; rather, they may propagate to tis-
sue remodeling and ultimately contribute to systemic dys-
function, reinforcing the potential relevance of PRDXs as 
molecular mediators of developmental programming.

Therefore, this review is based on 3 central questions:

1.	 Given the diverse roles of PRDXs across cellular com-
partments, molecular pathways, and physiological and 
pathological contexts, this review seeks to expand cur-
rent understanding by synthesizing available evidence 
and outlining future research directions.

2.	 Considering the importance of the maternal environ-
ment and the potential outcomes of maternal malnutri-
tion on offspring, this review also aimed to articulate 
how such conditions affect the offspring, from the per-
spective of a broad and growing area – DOHaD.

3.	 As a third pillar of this review, we aim to articulate the 
two aforementioned contexts to understand the current 
state of knowledge regarding maternal malnutrition and 
PRDXs in specific organelles and organs of offspring.

Therefore, the objective of this critical and interpretative 
scoping review was to examine the current body of knowl-
edge on how maternal malnutrition or overnutrition influ-
ences the expression of distinct PRDX isoforms across 
several cells, tissues, and organs in offspring, to elucidate 
their role in fetal metabolic programming and identify poten-
tial convergent adverse effects related to PRDX functions.

Review Methods

Generak Protocol

The protocol for this review was based on PRISMAScR 
(Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses Extension for Scoping Reviews) guidelines 
(​h​t​t​p​​s​:​/​​/​w​w​w​​.​p​​r​i​s​​m​a​-​s​​t​a​t​​e​m​e​​n​t​.​o​r​g​/​s​c​o​p​i​n​g / ​S​u​p​p​l​e​m​e​n​t​a​r​
y Table 1) [29]. 

Search Strategy

The literature search was conducted solely on the PubMed 
platform (​h​t​t​p​​s​:​/​​/​p​u​b​​m​e​​d​.​n​​c​b​i​.​​n​l​m​​.​n​i​​h​.​g​o​v​/), considering 
only articles published in English. PubMed was selected as 
the primary database due to its strong curation of biomedi-
cal, experimental, and translational research, which aligns 
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with the scope of this review. During the search, we used 
the following descriptors: Maternal nutrition and peroxire-
doxin; Maternal malnutrition and peroxiredoxin; Maternal 
diet and peroxiredoxin; Maternal protein restriction and 
peroxiredoxin; Maternal undernutrition and peroxiredoxin; 
Maternal low protein diet and peroxiredoxin; Maternal 
overnutrition and peroxiredoxin; Maternal high fat diet and 
peroxiredoxin; PRDX and nutrition; PRDX and diet; Per-
oxiredoxin and nutrition; Peroxiredoxin and diet. The Bool-
ean operator used during study selection was just “AND” to 
find manuscripts that associated the two correlations. The 
most recent search date was October 19, 2025. Studies were 
selected irrespective of publication year due to the limited 
number of investigations directly examining the effects of 
maternal malnutrition—whether undernutrition or overnu-
trition—on PRDX expression in offspring. The search strat-
egy and all applied filters were systematically documented 
and exported to Excel for organization and transparency. 
Duplicate records were subsequently removed, after which 
a structured inclusion and exclusion process was conducted 
based on predefined eligibility criteria.

Eligibility and Study Selection Criteria

Based on the predefined sources of evidence, we included 
original research articles that explicitly investigated the (1) 
direct impact of maternal malnutrition—either overnutri-
tion or undernutrition—during pregnancy and/or lactation 
on (2) offspring tissues, and that (3) reported alterations in 
at least one PRDX isoform. Eligible studies were required 
to demonstrate a clear experimental design linking mater-
nal dietary intervention to measurable changes in PRDX 
expression or activity in specific offspring organs.

Exclusion criteria comprised studies that: (1) did not 
establish a direct association between maternal nutritional 
status and PRDX modulation in offspring; (2) reported alter-
ations in PRDXs without a maternal dietary component; or 
(3) lacked a defined nutritional challenge during gestation 
and/or lactation. Additionally, meta-analyses, preprints, 
retracted publications, narrative or systematic reviews, 
scoping reviews, scientific integrity reviews, non-peer-
reviewed reports, and comparative articles were excluded to 
ensure the inclusion of original, peer-reviewed experimental 
evidence only (Fig. 1).

Data Extraction and Analysis

During data extraction and collection, two authors (MNF 
and LCG) performed the screening, spreadsheet organiza-
tion, and manuscript information and descriptions (main 
outcomes associated with PRDXs, exposure, period, 
study design, and authors). Subsequently, the inclusion or 

exclusion of each article was discussed and analyzed criti-
cally and collectively among all authors, establishing the 
conclusion criteria with the agreement of all authors. Study 
quality assessment was conducted concurrently through-
out this process, but without determining the risk of bias 
due to the scarcity of studies within the established topic. 
Although a formal risk-of-bias tool was not applied, all 
authors reached unanimous agreement during the selection 
and inclusion process after conducting a rigorous qualita-
tive appraisal of each study. This evaluation considered 
the methodological structure of the manuscripts, the sci-
entific rigor and transparency of the experimental design, 
the credibility and indexing of the journals in which they 
were published, and the overall consistency and reliability 
of the reported findings. Based on this collective and critical 
assessment, the included studies were deemed methodologi-
cally sound and appropriate for discussion within the scope 
of this review.

Functional and Subcellular Characterization of the 
Peroxiredoxin Isoforms

To associate our observations with future insights, we per-
formed in silico analyses of the 6 PRDX isoforms (PRDX1-
6) on the Enrichr platform (​h​t​t​p​​s​:​/​​/​m​a​a​​y​a​​n​l​a​​b​.​c​l​​o​u​d​​/​E​n​​r​
i​c​h​r​/) [30–32], using the Reactome Pathways 2024 ​d​a​t​a​
b​a​s​e to check the 10 most enriched biological pathways, 
COMPARTMENTS Experimental 2025 to understand the 
enriched cellular regions, and CellMarker 2024 to gener-
ally assess cells that express these PRDXs - considering the 
p-value significance. For the cellular and cell enrichment, 
we used Appyter software for graph construction (​h​t​t​p​​s​:​/​​/​
a​p​p​​y​t​​e​r​s​​.​m​a​a​​y​a​n​​l​a​b​​.​c​l​o​u​d​/​#​/), and considered the ​-​L​o​g​1​0​
(​p​-​v​a​l​u​e​)​/​O​d​d​s Ratio and UMAP in the graphics, respec-
tively. These results were used as the basis for the insights 
provided.

Results

During the search and filtering criteria, we found 426 arti-
cles. 346 articles were excluded because they were out of 
our central scope. Subsequently, we analyzed 80 manu-
scripts, and removed 41 (duplicated) and 25 for the follow-
ing reasons: 1 Assessment of malnutrition without effects on 
PRDXs, 21 Non-use of maternal diet models, 2 Review arti-
cles, and 1 Maternal stress model. Therefore, we included 
14 articles, 11 associated with maternal undernutrition and 
PRDXs [14, 17, 20, 33–40] (Table 1) and 3 associated with 
maternal overnutrition and PRDXs [41–43] (Table 2). The 
main results, exposition, macromolecules and percentage of 
diet, period, model, and organ are listed in Tables 1 and 2. 
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nutritional insult, while also exposing clear gaps that war-
rant further mechanistic and translational investigation.

We performed in silico analyses for 6 PRDX isoforms 
to understand their potential biological roles, as well as 
organellar and cellular aspects. We observed enrichment 
of biological processes such as: Detoxification of Reactive 
Oxygen Species, Cellular Response to Chemical Stress, 
TP53 Regulation, Metabolic Genes, Neurodegenerative 
Diseases, Deregulated CDK5 Triggers Multiple Neurode-
generative Pathways in Alzheimer’s Disease Models, Defec-
tive Intrinsic Pathway for Apoptosis, Cellular Responses to 
Stress, Cellular Responses to Stimuli, Transcriptional Regu-
lation by TP53, and Diseases of Programmed Cell Death 
(Fig.  2A). In cellular processes, we observed the Cyto-
plasm, Endoplasmic Reticulum, Mitochondrion, Endomem-
brane System, Membrane, and Plasma Membrane (Fig. 2B). 
In addition, we observed general cell enrichment by Mac-
rophages, Natural Killer Cells, Endothelial Cells, T Cells, 
Goblet and Intestinal Cells, Epithelial Cells, Ciliated and 
Lung Cells, and Nervous-Myelin Cells (Fig. 2C). All these 
results were used to guide us in understanding the observed 

Based on the selected evidence, we observed that all eli-
gible studies were experimental in nature, underscoring a 
significant gap in translational and clinical investigations 
addressing this topic. Collectively, the included studies 
employed diverse maternal nutritional models—undernutri-
tion or overnutrition—applied during gestation, lactation, or 
both periods, and evaluated outcomes across multiple stages 
of developmental biology, including fetal life, post-weaning, 
adulthood, and aging – with sex-specific effects. In models 
of maternal undernutrition, reported effects involved the 
brain, heart, liver, pancreas, ovary, and adrenal glands, with 
consistent modulation of PRDX isoforms 1–5. Notably, 
PRDX6 remains largely unexplored in this context, high-
lighting an important gap in the literature. Conversely, stud-
ies investigating maternal overnutrition primarily reported 
alterations in the intestine, ovary, and salivary glands of 
the offspring, with predominant involvement of PRDX3, 
PRDX4, and PRDX6, while evidence regarding PRDX1, 
PRDX2, and PRDX5 remains limited. Taken together, these 
findings reveal organ-specific and isoform-specific patterns 
of PRDX modulation depending on the type of maternal 

Fig. 1  Flow diagram describing the information criteria adopted during the systematic scoping review on maternal overnutrition or undernutrition 
and Peroxiredoxins (PRDXs)
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restriction. Within the DOHaD framework, elucidating how 
these early-life nutritional insults shape offspring physiology 
and disease susceptibility has critical importance. Accord-
ingly, the identification of reliable molecular biomarkers 
that link maternal nutritional status to long-term health 
outcomes has become an expanding area of investigation, 
driven by advances in molecular and omics technologies. In 
this context, we highlight the modulation of distinct PRDX 
isoforms as potential biomarkers, summarizing below the 
evidence regarding how maternal malnutrition influences 

effects and generated future perspectives about potential 
PRDX deregulations caused by maternal malnutrition.

Maternal Undernutrition

Maternal malnutrition encompasses a broad spectrum of 
nutritional imbalances, including micronutrient deficien-
cies, inadequate intake of specific macronutrients (e.g., pro-
teins and polyunsaturated fatty acids), and severe caloric 

Main results Exposition, Macromol-
ecules and, Percentage

Period Model and 
organ

Authors

Decreased PRDX1 - Male rats, 
Decreased PRDX4 - Females rats.
Early Life.

Low Protein Diet (6% 
protein).

Gestation and 
Lactation.

Sprague Dawley 
rats - Liver.

[17]

Decreased PRDX3 early in life.
Decreased PRDX3 and PRDX4 
in aging.
Male rats.

Sprague Dawley 
rats - Adrenal 
Gland.

[20]

Decreased PRDX4. Sprague Dawley 
rats - Heart.

[14]

Maternal decreased hepatic Prdx2.
Decreased Prdx2 early in life.

Low Protein Diet (60% 
protein of control 
group: ME = 9.28 MJ/
kg and CP = 7.5%) and 
Energy-Restricted Diet 
(60% energy of control 
group: ME = 5.75 MJ/
kg and CP = 12.6%).

Gestational day 
90 to 145.

Liuyang Blacks 
goats - Plasma 
and immune 
tissues (liver, 
thymus, spleen, 
and jejunum).

[33]

Decreased PRDX2 and increased 
after taurine treatment.
Early life.

Low Protein Diet (8% 
protein, 79% carbo-
hydrate and 13% fat) 
and taurine supple-
ment (added starting 
from the 12th day of 
pregnancy).

Gestation. Sprague Dawley 
rats – Brain.

[34]

Increased hyperoxidized Prdx3.
Decreased Prdx3.
Adult life.

Teklad Global 18% 
Protein Diet − 50% of 
the control intake.

Gestation, and/
or lactation.

Wistar rats 
– Ovary.

[35]

Decreased PRDX5 activity in the 
liver.
Decreased PRDX1 and increased 
PRDX2 in the pancreas.
Early life.

Isocaloric low protein 
diet: 8% protein.

Gestation or 
Gestation and 
Lactation.

Wistar rats - 
Pancreas and 
Liver.

[36]

Increased PRDX1 and PRDX3.
Adult life.

Isocaloric low-protein 
(8% protein) diet.

Gestation. Wistar rats 
- Pancreatic 
islets.

[37]

Decreased PRDX3.
CoQ10 supplementation increased 
PRDX3.
Adult life.

Pregnancy to 
postnatal day 3.

Wistar rats 
– Heart.

[38]

Decreased PRDX3.
Early life.

Gestation. Wistar rats 
– Heart.

[39]

Decreased PRDX3. Iodide-poor diet sup-
plemented with 0.75% 
sodium perchlorate in 
the drinking water to 
deplete endogenous 
iodide stores.

Before and dur-
ing gestation, 
lactation and 
post-weaning.

Wistar WU 
(HsdCpbWU) 
rats - Ovary.

[40]

Table 1  Maternal undernutri-
tion and PRDXs effects on the 
offspring
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was elevated, whereas Cyp11b1 expression and aldosterone 
levels were decreased, with increased corticosterone levels 
[20].

In a model of maternal protein or energy restriction, new-
born goats exhibited decreased SOD activity in the liver, 
thymus, and spleen, and reduced CAT activity in the spleen. 
At 6 weeks of age, SOD activity in the thymus and spleen 
increased, whereas CAT activity in the thymus remained 
lower. Thymic Sod1 mRNA expression was also reduced. 
At 22 weeks, Prdx2 and Cat mRNA expression in the liver 
was decreased. Overall, maternal malnutrition - whether 
due to protein or energy restriction - compromised the anti-
oxidant capacity of neonatal offspring. Although most anti-
oxidant enzyme activities and gene expressions in plasma 
and immune tissues recovered after 6 weeks (males) and 22 
weeks (females) of nutritional rehabilitation, the findings 
indicate persistent programming effects on the offspring 
[33].

In brain tissue, MPR reduced the expression of 
α-synuclein and PRDX2; however, these alterations were 
reversed following taurine supplementation. In contrast, 
lactate dehydrogenase B chain, SUMO-activating enzyme 
subunit 1, and creatine kinase B-type were elevated in the 
restricted offspring group. Pathway Analysis of functional 
associations within these proteins revealed strong links to 
neurological diseases and to nervous system development 
and function, including Parkinson’s signaling and glutathi-
one-related redox reactions. The authors concluded that tau-
rine is essential for normal growth and development of the 
nervous system [34], and can reverse the negative effects 
of MPR.

Maternal undernutrition significantly reduced birth 
weight in the offspring, decreasing both primordial, second-
ary, and antral follicle numbers. In chow-fed offspring, ovar-
ian Gdf9 mRNA levels were significantly lower, in addition 
to increased Fshr mRNA levels. In contrast, Er-β mRNA 
expression was significantly reduced. Maternal undernutri-
tion also increased hyperoxidized ovarian Prdx3 levels and 
decreased ovarian Prdx3 mRNA expression [35].

MPR reduced fetal and neonatal body weight and insu-
lin levels, accompanied by decreased antioxidant enzyme 
activity. Pancreatic islets showed persistently low SOD 
and minimal CAT activity, while hepatic SOD and GPX 
were also reduced. PRDX activity was absent in fetal tis-
sues and decreased postnatally, with PRDX1 downregu-
lated and PRDX2 slightly increased early in life. Reduced 
PRDX5 activity in the liver and unbalanced islet SOD activ-
ity without CAT/GPX compensation indicates oxidative 
stress, linked to increased c-Myc, unchanged PDX-1, and 
reduced insulin mRNA expression [36]. MPR also caused 
significantly shorter telomeres in pancreatic islets, lead-
ing to increased expression of PRDX1, PRDX3, and heme 

their expression and function across different developmen-
tal stages and tissues.

Male offspring rats exposed to MPR during gestation and 
lactation exhibited reduced hepatic reticular fibers, mast 
cell density, glutathione, MDA levels, and PRDX1 expres-
sion. In contrast, females showed decreased reticular fibers 
and downregulated PRDX4 expression. In silico analyses 
indicated that the predominant alterations in males involved 
oxidative stress, glycogen metabolism, and inflammatory 
pathways, whereas females displayed dysregulation of anti-
oxidant mechanisms within the extracellular matrix [17]. 
In the same model, Fioretto et al. (2025) demonstrated that 
male offspring rats showed a reduction in the thickness of 
the fasciculate and reticular zones of the adrenal gland, as 
well as in the medulla. Furthermore, there was a decrease 
in PRDX3 and p62 protein expression, increased GSH and 
CAT levels, and elevated aldosterone synthase (Cyp11b2) 
expression early in life. At postnatal day (PDN) 540, there 
was a structural adrenal disorder, in addition to reduced 
PRDX3, PRDX4, and ABCA1 expression, along with 
increased BAX levels. Additionally, Cyp11b2 expression 

Table 2  Maternal overnutrition and PRDXs effects on the offspring
Main 
results

Exposition, Mac-
romolecules, and 
percentage

Period Model and 
organ

Authors

Increased 
PRDX4.
Female 
adult 
mice.

High-fat diet 
(26.2% protein, 
26.3% carbohydrate 
and 34.9% fat with 
60% of energy from 
fat).

8 weeks 
before and 
during 
preg-
nancy and 
lactation.

NOD/
ShiLtJ 
mice 
– Intestine.

[41]

Increased 
PRDX3 
and 
PRDX6.
Early life.

0 or 3 µM GP at 
the L4 stage for 3 
days. The day-3 
adults’ laid eggs 
for 24 h, and the 
hatched L1-staged 
F1 progeny were 
incubated in M9 
buffer containing 
100 mM paraquat 
(1,1’-dimethyl-4,4’-
bipyridinium 
dichloride, Sigma-
Aldrich, St. Louis, 
MO, USA) for 6 h 
at 20 °C.

Gestation. Cae-
norhabditis 
elegans 
- Gonads

[42]

Male and 
female 
offspring 
rats
at wean-
ing - 
Increased 
PRDX3 
and 
PRDX4.

High-fat/high-sugar 
diet (“Western diet” 
with 21% beef fat 
and 30% sucrose).

Gesta-
tion and 
lactation.

Sprague 
Dawley 
rats – Sub-
mandibular 
glands.

[43]
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oxidase and NADPH oxidase were elevated, while anti-
oxidant enzymes PRDX3 and CuZn-superoxide-dismutase 
were reduced. These findings indicate that low birth weight 
followed by rapid postnatal growth promotes cardiac oxi-
dative and nitrosative stress and DNA damage, which may 
contribute to increased cardiovascular risk [39].

Sobrinho Lemos & Naia Fioretto et al. (2025) recently 
demonstrated that MPR impacts serum levels of IGF1 and 
testosterone, leading to a structural decrease in components 
of the cardiac extracellular matrix and microvasculature. 
These impacts caused cardiac electrophysiological distur-
bances (bradycardia), in addition to affecting proteins asso-
ciated with the antioxidant system (low levels of PRDX4 
and high levels of GSTpi) [14].

Chronic hypothyroidism induced by diet led to a pro-
longed decrease in plasma thyroid hormone levels, com-
promising both ovarian follicular reserve and ovulation in 
prepubertal (12-day-old) and adult (64- and 120-day-old) 
rats. In adult animals, the number of preantral and antral fol-
licles was reduced, while the proportion of atretic follicles 
increased, resulting in a diminished ovulation rate. At 120 
days of age, hypothyroid rats exhibited significantly higher 
mRNA and protein levels of SOD1, whereas CAT levels, 
as well as the expression of Prdx3, thioredoxin reductase 1 
(Txnrd1), and uncoupling protein 2 (Ucp2), were decreased. 

oxygenase 1 (HO-1) in the offspring. In contrast, MnSOD 
expression was reduced, indicating a partial impairment 
of mitochondrial antioxidant defenses. Moreover, cellular 
senescence markers, p21 and p16, were increased in, sug-
gesting premature cellular aging in pancreatic islets. These 
findings may contribute to β-cell dysfunction and increased 
susceptibility to type 2 diabetes later in life [37].

In the same model, intrauterine growth restriction fol-
lowed by accelerated postnatal growth increased oxidative 
and nitrosative stress. Postnatal CoQ10 supplementation cor-
rected these antioxidant imbalances in the heart. In recovered 
offspring, MnSOD, CuZnSOD, and CAT levels increased at 
12 months, though CoQ10 delayed their elevation. HO-1 
levels were elevated in offspring of nutrient-restricted dams 
and remained unaffected by CoQ10. Conversely, PRDX3 
was reduced in recovered animals, an effect prevented by 
CoQ10, while GPX1 showed the opposite pattern - elevated 
in recovered offspring and further increased by CoQ10 [38]. 
In consonance, MPR led to cardiac tissue increased pro-
tein nitrotyrosination and single-stranded DNA breaks. At 
postnatal day 3, DNA repair enzymes 8-oxoguanine-DNA-
glycosylase-1, nei-endonuclease-VIII-like, X-ray-repair-
complementing-defective-repair-1, and Nthl endonuclease 
III-like-1 were upregulated, with persistent and more pro-
nounced differences for some enzymes at day 22. Xanthine 

Fig. 2  Functional and subcellular characterization of the different 
Peroxiredoxin isoforms (PRDX 1–6). Functional enrichment analysis 
revealed significant modulation of pathways associated with oxidative 
stress response, metabolism, and neurodegenerative processes (A). 
Subcellular localization showed predominant enrichment in mito-
chondria, cytoplasm, and endoplasmic reticulum (B). Cellular map-

ping indicated higher expression in macrophages, epithelial cells, and 
intestinal goblet cells, highlighting cell-type-specific oxidative and 
metabolic adaptations (C). Analyses were performed on the Enrichr 
platform, considering significance through the p-value, and graphs 
were constructed considering -log(p-value) (B) and Uniform Manifold 
Approximation and Projection (UMAP) (C)
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inflammatory signaling, their modulation in the setting of 
maternal overnutrition warrants careful investigation. Here, 
we summarize the limited available evidence, outlining 
the potential redox and metabolic alterations described to 
date while emphasizing the substantial gap in the literature 
regarding PRDXs as mediators or biomarkers of overnutri-
tion-induced developmental programming.

Experimental data with rats exposed to maternal high fat 
diet before and during pregnancy and lactation demonstrate 
that female offspring present changes in intestinal perme-
ability and structure (claudin and Zo-1), impacts on inflam-
masome mediators (TLR4, TGFb, IL1b, IL18, and IL6), 
and increased serum TNFα levels, in addition to antioxidant 
unbalance (increased catalase, PRDX4, and superoxide dis-
mutase 1 in the ileum) [41]. In an interesting model asso-
ciating the uncommonly exacerbated diet, maternal gliadin 
peptide intake by Caenorhabditis elegans causes decreased 
oxidative stress resistance. Surviving offspring developed 
from these oocytes exhibited decreased oxidative stress 
resistance, besides promoting DAF-16 translocation and the 
expression of its downstream targets, such as PRDX3 and 
gst-4 [42].

A downward trend was also observed for glutathione perox-
idase 3 (Gpx3) and glutathione S-transferase mu 2 (Gstm2). 
Moreover, increased immunostaining for the oxidative 
stress marker 4-hydroxynonenal was detected. Together, 
these results indicate that chronic hypothyroidism, when 
initiated during the fetal or neonatal period, reduces ovu-
lation and impairs the ovarian antioxidant defense system 
[40]. The general findings about maternal undernutrition 
and PRDXs were compiled in Table 1; Fig. 3.

Maternal Overnutrition

Understanding the consequences of maternal overnutrition 
on offspring health is of critical importance, particularly in 
the context of contemporary post-industrial dietary patterns 
characterized by excessive caloric and lipid intake. Surplus 
macronutrients—especially lipids—can disrupt the mater-
nal–fetal–placental interface and alter breast milk composi-
tion, thereby predisposing offspring to long-term metabolic 
disturbances, including obesity and related cardiometabolic 
disorders [21, 22]. Given the multifaceted biological roles 
of PRDXs in redox regulation, mitochondrial function, and 

Fig. 3  Schematic representation of organ- and cell-specific perox-
iredoxin (PRDX) dysregulation induced by maternal malnutrition. 
Maternal malnutrition during gestation and/or lactation leads to organ-
specific alterations in PRDX expression, including the brain, liver, 
pancreas, heart, adrenal gland, and ovary. At the subcellular level, 
PRDX dysregulation affects mitochondria, cytosol, and endoplasmic 

reticulum, indicating a broad disruption of antioxidant homeostasis 
and redox signaling pathways from early development to aging. The 
Figure was composed using some illustrations from Servier Medical 
Art (https://smart.servier.com), licensed under CC BY 4.0 (​h​t​t​p​​s​:​/​​/​c​r​e​​a​
t​​i​v​e​​c​o​m​m​​o​n​s​​.​o​r​​g​/​l​i​c​e​n​s​e​s​/​b​y​/​4​.​0​/)
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pretend to demonstrate that we know about the presented 
studies and future perspectives and possibilities to transla-
tional investigations, to understand if PRDXs are associated 
to metabolic-fetal-programming in maternal diet adversities 
conditions.

Specifically, when considering PRDXs as candidate bio-
markers within the DOHaD framework, they can be con-
ceptualized as redox-regulatory molecules that modulate 
cellular and biochemical homeostasis in response to early-
life environmental challenges. Beyond serving as indicators 
of oxidative imbalance, PRDXs participate directly in sig-
naling pathways that regulate proliferation, apoptosis, mito-
chondrial function, and inflammatory responses—central 
processes to developmental programming. Adverse nutri-
tional exposures during critical windows of development 
may epigenetically reprogram PRDX expression, thereby 
establishing persistent alterations that extend from early life 
into adulthood and potentially throughout the lifespan. In 
this context, PRDXs meet key criteria for DOHaD biomark-
ers. First, they demonstrate exposure sensitivity, as their 
expression is modulated by the severity, duration, and timing 
of malnutrition or overnutrition (e.g., during gestation and/
or lactation). Second, they exhibit biological plausibility, 

Evaluating the effects of a Western diet (rich in fat/
sugar), Morzel et al. (2018) observed, from the proteomic 
profile of the submandibular gland of male and female pups 
in early life, impacts on proteins involved in protein quality 
control (e.g., PDIA3, P4HB, HSPA5), microtubule proteins 
(TUBA1C, TUBB4B, TUBA4A, ACTB, and ACTG2), as 
well as oxidative stress proteins (GPX1, GSTM2, GST2, 
PRDX3 and PRDX4), and an increase in the molecular 
function of antioxidant activity [43]. The general findings 
about maternal overnutrition and PRDXs were compiled in 
Table 2; Fig. 4.

Discussion and Insights

This study provides several mechanisms affected by mater-
nal malnutrition, in undernutrition or overnutrition condi-
tions, and their effects on the descendants, specifically from 
different tissues and PRDX isoforms. Still, it is notable 
that few studies have investigated the correlation between 
maternal malnutrition and effects on the PRDXs; however, 
the DOHaD and the crucial potential role of PRDXs on the 
healthy or disease are two growing contexts, and here we 

Fig. 4  Schematic representation of the organ- and cell-specific dysreg-
ulation of peroxiredoxins (PRDX) induced by maternal overnutrition. 
Maternal malnutrition during gestation and/or lactation leads to organ-
specific changes in PRDX expression, including in the intestines, 
ovary, and submandibular glands. At the subcellular level, PRDX dys-
regulation affects mitochondria, cytosol, and endoplasmic reticulum, 

indicating a broad disruption of antioxidant homeostasis and redox 
signaling pathways from early development to aging. The Figure was 
composed using some illustrations from Servier Medical Art ​(​​​h​t​t​p​s​:​/​/​s​
m​a​r​t​.​s​e​r​v​i​e​r​.​c​o​m​​​​​)​, licensed under CC BY 4.0 (​h​t​t​p​s​:​​​/​​/​c​r​e​a​t​​i​v​e​​c​o​m​m​​o​n​​
s​​.​o​​r​​g​/​l​i​c​e​n​s​​e​s​/​​b​​y​/​4​.​0​/)
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epidemiological studies in this regard. Furthermore, evalu-
ation of other PRDX isoforms under such dietary challenge 
(PRDX6), as well as the effects on other organs (e.g., testes, 
thyroid, hypothalamus, pituitary, muscle), is necessary to 
truly understand whether PRDX are organ-wide hallmarks 
and biomarkers of maternal malnutrition and the potential 
developmental origins of the disease.

Maternal Overnutrition and PRDXS

Within the context observed in our review and in silico 
analysis, we found few studies that effectively evaluate 
the effects of maternal overnutrition on PRDXs. Never-
theless, from the few studies available, we can highlight 
the impacts on the gonads [42], exocrine glands (salivary 
glands) [43], and small intestine [41] regarding mitochon-
drial PRDX3, endoplasmic reticulum PRDX4, and cyto-
solic and membrane-bound PRDX6. Clearly, other organs 
and other PRDXs should be investigated in the context of 
maternal overnutrition and its effects on the offspring, but 
the few existing studies already show potential impacts on 
energy metabolism, protein synthesis, and vesicular trans-
port, as well as cytosolic enzymatic activity. Here, we can 
only extrapolate a few future perspectives, perhaps some 
in line with studies on maternal undernutrition, but there is 
certainly a direct effect on mitochondria and the endoplas-
mic reticulum in both contexts, identifying these organelles 
as potential biomarker organelles for the adverse effects of 
maternal malnutrition on different organs and systems in the 
offspring.

Future Ivestigation and Perspectives

Given the studies observed, it is clear that the PRDX5 and 
6 isoforms are underexplored within the thematic scope of 
this review. Specifically, future studies should synergisti-
cally investigate the organ-specific impacts of maternal 
undernutrition or overnutrition on offspring, encompass-
ing other organs, possible omics mechanisms (epigenome, 
transcriptome, proteome, metabolome), and even single-
cell aspects based on evidence-based technologies and the 
search for biomarkers - highlighting the potential role of 
PRDXs in the developmental origins of health or disease. To 
establish the synergistic characteristic, these future studies 
should focus efforts on understanding other altered cytosolic 
mechanisms associated with PRDX1, PRDX2, and PRDX6, 
such as redox signaling control (e.g., glutathiones, pentose 
phosphate pathway, NADPH, non-classical antioxidant 
enzymes) and lipid bilayer homeostasis (lipid peroxidation, 
transporters, receptors, insertion of glycoproteins and gly-
colipids into the non-cytosolic face of the membrane), in 
addition to extrapolating the effects possibly associated with 

given their integral role in redox signaling and metabolic 
programming. Third, they hold predictive and functional 
relevance, since sustained dysregulation of PRDX expres-
sion may compromise cellular homeostasis, exacerbate 
oxidative stress–inflammatory crosstalk, and predispose 
tissues to metabolic dysfunction or chronic disease later 
in life. Thus, within a programming and epigenetic frame-
work, PRDXs represent not merely markers of metabolic 
programming but mechanistically relevant mediators that 
bridge early nutritional insults with long-term alterations 
in cellular function and disease susceptibility. However, it 
is essential to note that the studies found elucidate experi-
mental, rather than epidemiological, aspects; therefore, 
candidates for mechanistic mediators with the potential to 
be evaluated as validated predictive biomarkers in clinical 
contexts were included here.

Maternal Undernutrition and PRDXS

Regarding organ-specific biomarkers associated with the 
potential metabolic-antioxidant programming of maternal 
malnutrition and an in silico analysis approach, we observed 
temporal effects of different PRDX isoforms with varying 
modulations of expression. As a starting point, maternal 
hepatic Prdx2 mRNA expression decreased in response to 
undernutrition [17, 34]. Specifically, regarding offspring, 
the evaluated studies demonstrate that maternal malnutrition 
decreased brain PRDX2 during fetal life [36], reduced car-
diac PRDX3 and PRDX4 [14, 38, 39], imbalanced hepatic 
PRDX1, and decreased Prdx2 mRNA expression in males, 
while decreasing hepatic PRDX4 in females early in life 
[17]. In pancreatic islets, there was an increase in PRDX1, 
PRDX2, and PRDX3 [36, 37], while the adrenal gland 
showed a decrease in PRDX3 (early in life) and a decrease 
in PRDX3 and PRDX4 in males during aging [20]. In the 
ovary, there was an increase in hyperoxidized Prdx3 and a 
reduction in ovarian Prdx3 mRNA levels [35, 40]. Maternal 
malnutrition induced organ- and organelle-specific PRDX 
alterations, revealing a distinct and sex-specific redox pro-
gramming. The imbalance of hepatic PRDX1 (cytosolic), 
decreased cytosolic PRDX2 (brain and liver), mitochondrial 
PRDX3 (heart, adrenal, ovary, and pancreas) and PRDX5 
(liver), and endoplasmic reticulum PRDX4 (liver, heart, and 
adrenal gland) suggest impaired antioxidant defenses in key 
metabolic tissues, while the increase in PRDX1–3 in pan-
creatic islets indicates compensatory redox activation that 
may be an effect of insulinemia impairment. These stud-
ies not only provide an important overview of the effects 
of maternal malnutrition on PRDX, but also possible other 
mechanisms affected in specific cellular regions, highlight-
ing the potential for future studies investigating signaling 
pathways and broader aspects that enable translational and 
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Are PRDXS Biomarkers on the DOHaD Concept and 
Maternal Malnutrition?

Some studies elucidate the specific isoforms of PRDXs in 
certain pathological conditions, such as the epidemiologi-
cal correlation between serum PRDX4 and chronic diseases 
[44] and nephropathy in patients with type 2 diabetes [45], 
while PRDX2 has been associated as a biomarker of poor 
neurological prognosis and delayed cerebral ischemia [46]. 
In experimental investigations, PRDX1 was associated with 
the aggravation of renal injury [47] and colon cancer [48]. 
PRDX6 was a potential biomarker of lung adenocarcinoma 
[49] and as a biomarker of brain injury [50]. Furthermore, 
PRDX3 was correlated with hepatocellular carcinoma [51], 
while PRDX1 was proposed as a biomarker for abdominal 
aortic aneurysm [52]. This overview is quite interesting, as 
it elevates PRDXs as key molecules in the context of health 
or disease, and highlights their recently established vital 
role, emphasizing the need for mechanistic studies that thor-
oughly investigate the role of these biological molecules in 
different organ- and cell-specific cellular, molecular, bio-
chemical, and metabolic pathways. However, consider-
ing the small number of studies on the DOHaD approach 
regarding maternal diet and PRDXs in offspring, we can-
not yet propose that PRDXs are biomarkers of metabolic 
programming. On the other hand, the studies presented are 
interesting and provide fertile ground for future research in 
this area, enabling the establishment of PRDXs and associ-
ated epigenetic factors as DOHaD biomarkers.

Translational Challenges

Considering the evidence discussed, a major gap in the 
field of maternal malnutrition and PRDXs within the 
DOHaD framework is the scarcity of clinical investiga-
tions that explicitly validate these molecules as biomark-
ers of metabolic programming. While experimental models 
consistently demonstrate that PRDXs are sensitive to early 
nutritional insults and mechanistically linked to redox and 
metabolic pathways, their translational consolidation in 
human cohorts remains limited.

In this context, the present review offers a structured 
foundation to guide future translational and epidemiologi-
cal research. The experimental studies summarized herein 
provide robust mechanistic support for the role of PRDXs 
in developmental programming, thereby establishing a con-
ceptual framework for clinical validation. Moving forward, 
well-designed longitudinal and population-based stud-
ies will be essential to determine whether the biomarker 
potential of PRDXs observed in experimental settings can 
be replicated and consolidated from an epidemiological 
perspective - analyzing, for example, the PRDXs isoforms 

the action of enzymes necessary for anabolic or catabolic 
aspects.

Mitochondrial Point of View

PRDX3 and PRDX5 stand out, requiring the investigation 
of other mechanisms of energy deregulation (e.g., pyruvate 
dehydrogenase, coenzymes, citrate synthase, and other allo-
steric or non-allosteric enzymatic actions, formation of elec-
tron transporters - FADH, NADH2, b-oxidation enzymes, 
which act on ketogenic and glucogenic amino acids, integ-
rity of complexes I, II, III and IV of the electron transport 
chain, among others) and aspects of programmed cell death 
via apoptosis (e.g., activation of caspases 3, 9, BAX, inacti-
vation of BCL2) and even autophagic elements (e.g., LC3, 
Beclin, p63).

Cellular Point of View

Cellular components and biomolecules associated with the 
endoplasmic reticulum should also be investigated, based 
on their interaction with PRDX4, such as protein folding, 
hormone secretion, and exocytosis. Specific translocators 
(signal recognition particles, scramblases, glycosylators, 
sulfators, among others) could be investigated, as well as the 
role of epigenetic components in protein synthesis mecha-
nisms or even the degradation of misfolded proteins (e.g., 
ubiquinone proteasome). Finally, a thorough examination of 
the peroxisomal role of PRDX5 and its ability to detoxify 
organic peroxides is needed, allowing for the investigation 
of a wide range of peroxisomal enzymes.

Epigenetic Point of View

In light of the DOHaD concept, the epigenetic effects on 
PRDXs (e.g., miRNAs, long noncoding RNAs, nuclear 
RNAs, Piwi RNAs, among others) should be investigated, 
as well as how this can modulate PRDX-isoform-specific 
gene expression (e.g., DNMT, DNA methylation, CPG 
islands, acetylation, histones), splicing, transcription, trans-
lation, and function of these molecules. Obviously, the bio-
logical complexity is unimaginable; however, we propose a 
few key mechanisms potentially associated with the differ-
ent roles of the different PRDX isoforms. If based on omics 
profiling, this will certainly provide a broad yet personal-
ized understanding of the true role of PRDXs on different 
dysregulated molecules in maternal malnutrition, as well as 
a true understanding of whether PRDXs truly are DOHaD 
biomarkers, from the perspective of potentiating or mitigat-
ing adverse consequences.
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defense, inflammation, cellular regulation, and energy 
metabolism. The reviewed studies collectively indicate that 
maternal malnutrition disrupts mitochondrial, cytoplas-
mic, and endoplasmic reticulum homeostasis, positioning 
PRDXs as central regulators of redox balance and cellular 
integrity within this context. These findings reinforce the 
notion that PRDX isoforms may act not only as markers 
of oxidative imbalance but also as potential mechanistic 
mediators of developmental programming. Importantly, 
this synthesis also reveals a substantial gap in the litera-
ture, particularly regarding the translational validation and 
long-term programming role of PRDXs within the DOHaD 
framework, underscoring the need for further mechanistic 
and clinical investigations. Nonetheless, it provides a foun-
dation for future research aimed at determining whether 
PRDXs may serve as biomarkers of the developmental 
origins of health and disease, integrating evidence from 
experimental, translational, and clinical studies. While 
PRDXs emerge as promising cell- and organ-specific indi-
cators of maternal nutritional stress, their definitive status 
as biomarkers remains to be established, paving the way for 
further investigation.
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expression in the cord blood, placenta, serum human sam-
ples-, ultimately strengthening their applicability within the 
DOHaD paradigm.

Study Limitaions

The study’s limitations include its focus on PRDXs alone, 
without deeply analyzing the effects of maternal malnu-
trition on other cellular, tissue-specific molecular, and 
metabolic mechanisms. This would likely demonstrate a 
combined effect of PRDX alterations rather than an isolated 
one. Another limitation was the exclusive use of PubMed 
for manuscript searches, but this condition was strategically 
proposed to find a robust curation of biomedical, experi-
mental, and translational research, which is consistent with 
the scope of this review. Furthermore, it is important to con-
sider as a limitation the methodological restrictions inherent 
in the review process, specifically because the search strat-
egy was restricted to selected databases and predefined key-
words. Although the terms were carefully chosen to reflect 
the central components of maternal malnutrition, PRDXs 
and DOHaD, variations in terminology between publica-
tions may have resulted in the omission of eligible articles.

Nevertheless, the objective was to highlight what we 
know about these molecules from the perspective of 
DOHaD and dietary adversity, given the growing evidence 
in both areas. This certainly provides a foundation for future 
studies in this context. Another obvious limitation was the 
focus solely on experimental studies, due to the lack of 
studies evaluating the synergy between maternal malnutri-
tion and PRDX-specific effects on offspring, highlighting 
a gap in the literature and epidemiological investigations. 
Finally, a final limitation was not characterizing the effects 
of PRDXs in different windows of susceptibility beyond 
negative maternal exposure during pregnancy and lactation. 
However, we proposed a series of possible mechanisms and 
even correlations of PRDXs with certain diseases in our 
discussion, providing a basis for mechanistic, experimental, 
and translational studies that understand the possible role of 
PRDXs in health or disease in the face of fetal-metabolic 
programming in critical windows of development.

Conclusion

Therefore, this critical-interpretative scoping review under-
scores the potential of maternal malnutrition - whether 
overnutrition or undernutrition - to modulate several PRDX 
isoforms across different cells and organs in a temporal 
manner throughout offspring development. Based on the 
experimental evidence, such dysregulations likely affect 
multiple biological mechanisms, including antioxidant 
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