


Review Article
Oxidative Stress and Antioxidant Defense Mechanisms in Transition Dairy Cows: An Updated Review
Abstract
The transition from late gestation to established lactation imposes an abrupt and severe metabolic reorganisation on the dairy cow, and redox imbalance has become one of the dominant explanatory frameworks for the clustering of metabolic and infectious disease that accompanies it. Three decades of research have established that periparturient cows experience increased production of reactive oxygen and nitrogen species alongside variable depletion of antioxidant defences, yet the field has advanced unevenly. Mechanistic work has progressed rapidly towards organelle-level processes including mitochondrial dysfunction, impaired mitophagy, regulated iron-dependent cell death and transcriptional control through the nuclear factor erythroid 2-related factor 2 pathway, whereas herd-level intervention studies continue to rely on assays of uncertain specificity and to report inconsistent, occasionally opposing, outcomes. This critical narrative review evaluates the strength, coherence and limitations of the evidence linking oxidative stress to transition cow health, and examines why mechanistic plausibility has not translated reliably into demonstrated efficacy of antioxidant supplementation. Literature was identified through structured searching of general and scholarly web resources together with bibliographic verification, and appraised for design adequacy, measurement validity and analytical transparency rather than aggregated quantitatively. The evidence most securely supports the conclusions that oxidant exposure rises around parturition, that lipid mobilisation and hepatic fatty acid oxidation are principal drivers, and that antioxidant supplementation benefits animals whose antioxidant status is genuinely inadequate. Evidence is considerably weaker for the propositions that a single circulating biomarker adequately represents tissue redox state, that supplementation improves outcomes in already-replete herds, and that redox imbalance is causally upstream rather than concurrent with metabolic and inflammatory dysregulation. Analytical heterogeneity, small experimental units, reliance on healthy cohorts and scarce reporting of baseline antioxidant status emerge as the principal obstacles to synthesis. Priorities include harmonised biomarker panels anchored on lipid peroxidation products of established specificity, adequately powered trials stratified by pre-treatment antioxidant status, and tissue-level validation of mechanisms currently characterised mainly in vitro.
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1. Introduction
The interval spanning approximately three weeks before and three weeks after calving remains the period of greatest physiological instability in the productive life of the dairy cow. Nutrient demand for foetal growth, colostrogenesis and lactogenesis rises steeply while voluntary dry matter intake declines, producing an obligatory negative energy balance that must be met through mobilisation of endogenous reserves (Drackley, 1999). Disease incidence follows the same trajectory: hyperketonaemia, hypocalcaemia, displaced abomasum, retained foetal membranes, metritis and mastitis cluster within the first weeks of lactation, and the metabolic and immunological determinants of that clustering have been the central preoccupation of transition cow research for a generation (LeBlanc, 2010).
Oxidative stress entered this literature as a unifying explanation. The proposition, articulated in influential form by Sordillo and Aitken (2009), holds that the metabolic intensity of early lactation generates reactive oxygen and nitrogen species faster than antioxidant defences can neutralise them, and that the resulting redox imbalance impairs leukocyte function, dysregulates the inflammatory response and thereby predisposes the animal to a broad spectrum of disorders. The framework was attractive because it connected phenomena that had previously been studied separately, and because it identified a tractable point of intervention through dietary or parenteral antioxidants. Subsequent work extended the framework to the interaction between nutrient metabolism, oxidant production and inflammatory signalling (Sordillo & Mavangira, 2014), to the role of inflammation as an active and partly adaptive component of the transition rather than a purely pathological one (Bradford et al., 2015), and to the reciprocal regulation of metabolic and immune pathways in the periparturient animal (Mezzetti et al., 2020).
Evidence accumulated in support of the descriptive core of the framework. Periparturient cows show elevated markers of lipid peroxidation and altered activity of antioxidant enzymes relative to mid-gestation or mid-lactation reference states (Bernabucci et al., 2005; Castillo et al., 2005; Konvičná et al., 2015). Cows with greater body condition at calving, and therefore greater capacity for lipid mobilisation, exhibit more pronounced oxidative alterations (Bernabucci et al., 2005). Composite indices constructed from simultaneous measurement of oxidant and antioxidant fractions detect differences between production stages that are not apparent when either fraction is examined alone (Abuelo et al., 2013). The direction of these findings is broadly consistent across laboratories and production systems.
Coherence weakens as the framework is pressed for mechanism, measurement and therapeutic consequence. At the mechanistic level, research has moved decisively towards subcellular processes: impaired mitophagy in hepatocytes of cows with fatty liver (Fang et al., 2022), regulated iron-dependent cell death in adipose tissue of ketotic animals (Fan et al., 2024, 2025), and transcriptional control of cytoprotective gene batteries through the nuclear factor erythroid 2-related factor 2 pathway (Ford & Bionaz, 2024; Gessner et al., 2013). Much of this work rests on cultured cells or on tissue biopsies from small numbers of animals, and its relationship to circulating biomarkers used in field studies is largely untested. At the diagnostic level, the assays employed differ so widely in chemical basis, specificity and units that quantitative comparison across studies is frequently impossible; concentrations of the same nominal analyte differ by more than an order of magnitude between reports, and even within a single laboratory the direction of change depends on the stage of lactation sampled (Kuhn et al., 2018). At the therapeutic level, controlled trials of vitamin E supplementation during the dry period have produced not merely null results but an increase in clinical mastitis incidence in cows whose initial vitamin E status was adequate (Bouwstra, Nielen, Newbold, et al., 2010; Bouwstra, Nielen, Stegeman, et al., 2010), a finding that sits uncomfortably beside the protective effects demonstrated in selenium-deficient and vitamin E-deficient herds three decades earlier (Weiss et al., 1997).
Existing reviews have addressed portions of this territory. Spears and Weiss (2008) surveyed trace element and antioxidant nutrition in relation to transition cow immunity. Celi (2011) and Celi and Gabai (2015) examined biomarker selection in ruminant medicine and the specific case of protein oxidation. Abuelo et al. (2015) reconsidered antioxidant supplementation with attention to the failure of most trials to characterise baseline antioxidant status, and Abuelo et al. (2019) extended the redox framework to neonatal calves. More recent syntheses have concentrated on particular nutrient classes, notably selenium and vitamin E (Xiao et al., 2021) and rumen-protected amino acids and methyl donors (Khan et al., 2023), while Abuelo (2025) has restated the case for oxidative stress as a determinant of immune dysfunction across both periparturient cows and preweaning calves. These contributions are valuable but leave a specific deficiency unaddressed. None reconciles the rapidly expanding organelle-level mechanistic literature with the diagnostic and interventional literature that operates at the level of the whole animal, and none treats analytical heterogeneity as a substantive scientific problem rather than a caveat. The consequence is a field in which mechanistic confidence has grown while the capacity to demonstrate benefit under commercial conditions has not.
1.1 Scope, Research Gap and Objectives
This review examines redox biology in the transition dairy cow, defined as the interval from approximately three weeks before expected parturition to approximately three weeks after calving, with limited extension into the dry period and early lactation where the evidence requires it. Coverage encompasses the physiological and cellular origins of oxidant load, the architecture and regulation of antioxidant defence, the analytical basis and comparability of redox biomarkers, the association between redox variables and periparturient disease, and the efficacy of antioxidant interventions. Attention is directed to the modern high-yielding dairy cow under confinement or semi-confinement management.
The unresolved gap addressed here is the disconnection between three literatures that have developed in parallel with limited cross-reference: mechanistic studies characterising subcellular redox processes in bovine tissues and cells, observational studies relating circulating redox markers to disease outcomes, and intervention trials testing antioxidant supplements. Each has internal coherence; the linkages between them are weak, and the assumption that a change in a circulating marker reflects a change in the tissue-level process of interest has rarely been tested.
Recent longitudinal and cohort evidence further shows that circulating redox indicators change over time and vary among cows, with part of this variability associated with genotype and with only modest correspondence between oxidative and inflammatory profiles (Ghaffari et al., 2024; Passamonti et al., 2024; Zhang et al., 2025). A recent intervention study of Saccharomyces cerevisiae fermentation products assessed antioxidant capacity, blood immunity and production outcomes, but did not establish whether the observed systemic changes corresponded to specific tissue-level redox mechanisms (Dai et al., 2024).
The objectives are to define what is securely established about oxidant generation and antioxidant capacity in the periparturient cow, to distinguish well-supported conclusions from mechanistically plausible but empirically unconfirmed ones, to explain why intervention evidence remains inconsistent, to evaluate the methodological features of the literature that constrain synthesis, and to specify research priorities capable of resolving the principal ambiguities. Excluded from consideration are dairy species other than cattle, redox biology of the neonatal calf beyond its dependence on maternal status, oxidative stability of milk and dairy products as a food quality outcome, and reproductive biology of the oocyte and embryo, each of which constitutes a distinct literature with its own methodological conventions.
2. Methods for Literature Selection
2.1 Review Design and Rationale
A critical narrative design was selected in preference to a systematic review, scoping review or meta-analysis because the review question concerns the interpretation and integration of heterogeneous evidence rather than the estimation of a pooled effect. The relevant literature spans in vitro cell culture, tissue transcriptomics, observational cohort studies and randomised feeding trials, and employs outcome measures that are not commensurable: enzyme activities expressed in disparate units, colorimetric indices reported in proprietary arbitrary units, mass spectrometric quantification of specific lipid peroxidation products, and clinical incidence data. Quantitative pooling across these categories would generate a spurious impression of precision. A critical narrative approach permits explicit comparison of the assumptions underlying each measurement tradition, which is the principal analytical task the evidence demands.
The choice of a narrative design does not remove the obligation to search transparently, to state eligibility rules and to appraise methodological quality. The review was conducted with reference to the domains specified in the Scale for the Assessment of Narrative Review Articles, which identifies justification of importance, statement of aims, description of the literature search, referencing of claims, evidence-based argumentation and appropriate presentation of data as the criteria distinguishing adequate from inadequate narrative reviews (Baethge et al., 2019). These domains were used to structure the search description, the eligibility criteria and the appraisal approach set out below, and to govern the standard of evidential support required for individual claims in the synthesis.
2.2 Information Sources
Literature was identified through structured queries of a general web search engine covering indexed scholarly content, and through the Crossref metadata search interface, which was queried programmatically by bibliographic string and by digital object identifier. Records surfaced by these searches included material deposited in open repositories, in the United States National Library of Medicine literature archive and in institutional archives; these records were reached through the search interfaces named above rather than through direct interrogation of those repositories. Reference lists of recent reviews and of primary studies retrieved during searching were examined for additional relevant work, and forward citation trails were followed where a study appeared repeatedly in the citing literature. Bibliographic details of every candidate source were confirmed against the Crossref metadata record and against the article landing page reached through the digital object identifier resolution system.
Subscription bibliographic databases including the Web of Science Core Collection, Scopus and Embase were not accessible during the preparation of this review and were not searched. No claim is made regarding the completeness of coverage that such databases would have provided, and the implications of this restriction are addressed in the Limitations section.
2.3 Search Strategy and Search Period
Search concepts were constructed around five axes: the physiological state, the redox phenomenon, the defence system, the measurement approach and the outcome domain. Representative combinations included terms for the physiological state, comprising transition period, periparturient, peripartal, dry period, early lactation and dairy cow or cattle; terms for the redox phenomenon, comprising oxidative stress, redox status, reactive oxygen species, reactive nitrogen species, lipid peroxidation and oxidant status; terms for the defence system, comprising antioxidant, superoxide dismutase, glutathione peroxidase, catalase, selenium, vitamin E, glutathione and nuclear factor erythroid 2-related factor 2 together with its gene symbol NFE2L2; terms for measurement, comprising malondialdehyde, thiobarbituric acid reactive substances, isoprostane, oxylipid, antioxidant potential, total antioxidant capacity and oxidant status index; and terms for outcomes, comprising mastitis, metritis, ketosis, fatty liver, retained placenta, immune function, milk yield and disease incidence. Concepts within each axis were combined with the Boolean operator OR and axes were combined with AND, with truncation applied to word stems where the search interface supported it. Supplementary searches addressed mechanistic constructs including mitophagy, ferroptosis, endoplasmic reticulum stress and mitochondrial dysfunction in bovine tissues, and methodological constructs including biomarker validation and assay comparison.
The search period extended from 1976 to 4 June 2026. The starting year reflects the point at which controlled supplementation work first linked selenium and vitamin E status to periparturient disorders in cattle, establishing the experimental tradition from which the modern literature descends. Publications predating this boundary were consulted only where necessary to identify the origin of a concept or method, and none is cited as primary evidence.
2.4 Eligibility Criteria
Eligible sources comprised peer-reviewed original research articles, peer-reviewed review articles and authoritative methodological papers reporting on redox biology, antioxidant defence, redox biomarkers or antioxidant interventions in dairy cattle, with emphasis on the periparturient interval. Studies conducted in bovine primary cells or immortalised bovine cell lines were eligible where they addressed mechanisms directly relevant to the periparturient state, and were treated throughout as mechanistic rather than clinical evidence. Studies in other ruminant species were eligible only where they informed a methodological point and no bovine equivalent existed; none is cited as evidence of an effect in cattle.
Excluded were conference abstracts, theses, preprints, trade publications, commercial technical bulletins, non-peer-reviewed web content, and articles for which complete bibliographic metadata could not be confirmed. Publications reporting only milk or meat oxidative stability as a product quality endpoint were excluded as falling outside the defined scope, as were studies of oocyte, embryo or semen redox biology. Language was restricted to English, and no eligible source was excluded on the grounds of geographical origin.
2.5 Screening, Duplicate Handling and Study Selection
Records retrieved by searching were screened first on title and abstract for relevance to the defined scope, then at full text or, where full text was inaccessible, on the basis of the abstract together with the complete methods description available from the publisher record. Duplicate records arising from retrieval of the same article through different search routes were identified by digital object identifier and, where an identifier was absent from one record, by matching of title, first author and journal. Where a preprint and a peer-reviewed version of the same work were both retrieved, the peer-reviewed version was retained. Sources whose bibliographic identity could not be confirmed, or whose digital object identifier did not resolve to the article described, were discarded rather than cited. No formal record counts are reported, because the selection process was purposive and iterative rather than exhaustive, and reporting counts derived from such a process would misrepresent it as systematic.
2.6 Critical Appraisal and Evidence Synthesis
Each retained study was appraised against criteria appropriate to its design. For controlled feeding and supplementation trials, appraisal considered the unit of randomisation and analysis, the number of experimental units, characterisation of baseline antioxidant or trace element status, blinding, the specificity of the redox assays employed, whether clinical outcomes were prespecified, and whether the duration of observation was sufficient to capture the outcomes claimed. For observational studies, appraisal considered cohort definition, sampling frequency relative to the rapid physiological changes occurring around calving, control for parity and body condition, and the treatment of confounding by disease status. For mechanistic studies, appraisal considered the physiological plausibility of the stimulus concentrations applied, the correspondence between the cell or tissue model and the in vivo context, and the extent of independent replication. Formal risk-of-bias scoring was not applied, because the reporting available for most studies was insufficient to populate a recognised instrument and because assigning numerical scores on incomplete information would convey unwarranted precision.
Themes were developed inductively from recurrent points of agreement and disagreement in the appraised literature rather than imposed in advance, and were organised around the causal chain from oxidant generation through defence, measurement, disease association and intervention. Where studies disagreed, the synthesis examined whether the discrepancy was attributable to differences in animal population, baseline nutritional status, analytical method, sampling schedule or statistical approach before considering the possibility of a genuine biological difference. Confidence in each conclusion was assessed qualitatively according to the consistency of findings across independent groups, the adequacy of the designs generating them, and the directness of the relationship between the measurement made and the inference drawn.
3. Conceptual Foundations and the Origins of Periparturient Oxidant Load
3.1 Terminology, and why imprecision has consequences
Redox terminology in the dairy literature has been used loosely, and the imprecision has propagated into study design. Oxidative stress denotes a disturbance of the balance between oxidant production and antioxidant capacity that is severe enough to produce measurable damage to lipids, proteins or nucleic acids, or to impair cellular function. Redox imbalance denotes a shift in that balance without necessarily entailing damage, and is a broader and weaker claim. Antioxidant capacity, as measured in plasma or serum, is an operational quantity defined by the assay used to determine it, not a physiological constant, and different assays weight different constituents of the same sample. Reactive oxygen and nitrogen species are not uniformly deleterious; several serve as signalling intermediates at concentrations well below those producing injury, and complete suppression of their production is neither achievable nor desirable (Celi & Gabai, 2015).
The distinction matters because a large proportion of the transition cow literature demonstrates redox imbalance and then interprets it as oxidative stress. Elevated plasma thiobarbituric acid reactive substances or reduced total antioxidant capacity establishes that the balance has shifted; it does not establish that damage has occurred, that function has been impaired, or that the shift is pathological rather than an expected consequence of increased aerobic metabolism. The framing also affects intervention logic. If the postpartum shift is a regulated adaptive response to increased oxidative metabolism, pharmacological suppression of that shift may be neutral or harmful, which is precisely the pattern reported when vitamin E was supplied to cows already replete in that vitamin (Bouwstra, Nielen, Newbold, et al., 2010; Bouwstra, Nielen, Stegeman, et al., 2010).
3.2 Metabolic drivers: lipid mobilisation and hepatic oxidation
The principal endogenous driver of oxidant production in the transition cow is the mobilisation of adipose triacylglycerol and the subsequent hepatic disposal of non-esterified fatty acids. Negative energy balance initiates lipolysis, circulating non-esterified fatty acid concentrations rise sharply around parturition, and the liver receives a substrate load that frequently exceeds its capacity for complete oxidation or for export as very low-density lipoprotein (Contreras & Sordillo, 2011; Drackley, 1999). Mitochondrial beta-oxidation of this substrate increases electron flux through the respiratory chain, and electron leakage at complexes I and III generates superoxide in proportion to that flux. The relationship between the intensity of lipid mobilisation and the magnitude of oxidative alteration is among the more consistent findings in the field: cows calving at higher body condition score, and therefore mobilising more adipose tissue, exhibit greater increases in lipid peroxidation markers and more pronounced changes in antioxidant enzyme activity than leaner contemporaries (Bernabucci et al., 2005).
Direct experimental support for the causal role of non-esterified fatty acids comes from bovine hepatocyte work. Exposure of primary bovine hepatocytes to elevated fatty acid concentrations increases reactive oxygen species generation, activates c-Jun N-terminal kinase and extracellular signal-regulated kinase signalling, promotes loss of mitochondrial membrane potential and induces apoptosis, with concurrent transcriptional suppression of NFE2L2 and activation of the p53 pathway (Y. Li et al., 2020). In vivo, plasma indices of oxidative status correlate with circulating non-esterified fatty acid and beta-hydroxybutyrate concentrations in cows with ketosis (Y. Li et al., 2016). The convergence of cell-level and animal-level observations makes this the best-supported causal pathway in the entire literature, although the hepatocyte experiments apply fatty acid concentrations at the upper end of, and sometimes above, the physiological range, which limits inference about the magnitude of the effect under field conditions.
The interpretation of ketone bodies within this scheme has been revised. Beta-hydroxybutyrate was long treated as a passive index of incomplete fatty acid oxidation and, by extension, as a proxy for oxidant load. Rico and Barrientos-Blanco (2024) argue that ketone bodies function as signalling molecules and as regulated fuels with actions on gene expression and inflammation that are not reducible to their concentration as a metabolic marker, and that the association between hyperketonaemia and disease may partly reflect the underlying rate of lipid mobilisation rather than any property of the ketones themselves. This reframing has direct consequences for studies that use beta-hydroxybutyrate as a surrogate for metabolic stress and then interpret associated redox changes as causally downstream.
3.3 Organelle-level mechanisms and regulated cell death
Research over the past five years has moved from describing oxidant load to characterising the cellular processes that determine whether a given load produces injury. Three lines are prominent. The first concerns mitochondrial quality control. Cows with fatty liver show reduced abundance of mitophagy markers, and experimental suppression of mitophagy in calf hepatocytes increases reactive oxygen species production and lipid accumulation, indicating that failure to remove damaged mitochondria amplifies oxidant generation rather than merely accompanying it (Fang et al., 2022). The second concerns energy-sensing pathways. Activation of adenosine monophosphate-activated protein kinase in bovine adipocytes induces antioxidant gene expression and autophagy and attenuates oxidative injury, positioning cellular energy status as an upstream regulator of antioxidant capacity in the tissue most directly implicated in periparturient lipid flux (Xu et al., 2021).
The third and most recent line concerns ferroptosis, an iron-dependent form of regulated cell death driven by accumulation of lipid hydroperoxides. Adipose tissue of ketotic cows exhibits reduced abundance of ferroportin, of the cystine-glutamate antiporter subunit encoded by SLC7A11 and of glutathione peroxidase 4, together with impaired mitochondrial oxidative phosphorylation complexes and reduced adenosine triphosphate content; pharmacological inhibition of ferroptosis attenuates the mitochondrial dysfunction induced by adrenergic stimulation of lipolysis (Fan et al., 2025). Hypoxia-inducible factor 1-alpha has been implicated as a regulator of the same process in adipose tissue during ketosis (Fan et al., 2024). These findings identify a mechanism through which redox imbalance could produce irreversible tissue loss rather than reversible dysfunction, and they connect iron handling, glutathione metabolism and lipid peroxidation within a single explanatory scheme. The evidence remains confined to a small number of laboratories, rests substantially on cultured adipocytes stimulated with catecholamines, and has not been linked to any circulating measurement obtainable under field conditions. Confidence in the mechanism is therefore moderate, and confidence in its quantitative contribution to periparturient disease is low.
Adipose tissue has consequently been reconceived from a passive lipid store to an active participant. Lipolysis is accompanied by macrophage infiltration, local cytokine production and remodelling of the extracellular matrix, and the oxidative and inflammatory changes within the depot influence systemic insulin sensitivity and immune competence (Contreras et al., 2017; Zachut & Contreras, 2022). Whether adipose-derived oxidant signalling contributes materially to circulating redox markers, or whether those markers principally reflect hepatic and leukocyte activity, has not been resolved.
3.4 Immune activation and environmental amplification
Oxidant production during the transition is not solely metabolic in origin. Parturition itself elicits an acute-phase response, and activated neutrophils and macrophages generate superoxide and hypochlorous acid through the respiratory burst as an intended antimicrobial function. Periparturient cows display elevated acute-phase protein concentrations and altered leukocyte function even in the absence of clinical disease (Trevisi et al., 2012), and impairment of immune competence during the dry period precedes and predicts the development of subclinical ketosis in early lactation, which inverts the conventional assumption that metabolic disturbance drives immune dysfunction rather than the reverse (Mezzetti et al., 2019). Bradford et al. (2015) argue that a degree of inflammatory activation is a normal and possibly necessary feature of the transition, and that the pathological state is not inflammation itself but its failure to resolve. If this interpretation is correct, then the leukocyte-derived component of oxidant load is partly adaptive, and interventions that suppress it indiscriminately carry a risk of impairing host defence.
Environmental stressors operate as amplifiers rather than independent causes. Thermal load raises oxidant markers and depresses antioxidant indices in transition cows, an effect documented since the early field studies of hot-season calving (Bernabucci et al., 2002) and confirmed in subsequent work across production systems and breeds (Alberghina et al., 2024; H. Li et al., 2021). Heat stress during late gestation additionally reduces subsequent milk yield, impairs mammary development and depresses neutrophil function into the following lactation, so that its redox consequences are superimposed on, and difficult to separate from, broader effects on productivity and immunity (Tao & Dahl, 2013). Housing density, feed delivery patterns, social regrouping and dietary transitions constitute further amplifiers whose redox consequences have been measured less consistently.
Table 1 summarises the principal conceptual distinctions and the sources of oxidant load discussed above, together with an assessment of the strength of evidence supporting each. The table shows a clear gradient: the metabolic pathway from lipid mobilisation to hepatic oxidant generation is supported by convergent in vivo and in vitro evidence, whereas the organelle-level mechanisms that have dominated recent publication are supported almost entirely by cell culture work with limited in vivo confirmation. This gradient is the central structural feature of the field and explains much of the difficulty encountered when mechanistic insight is translated into intervention.
Table 1. Sources of oxidant load in the transition dairy cow, associated conceptual distinctions and assessed strength of evidence
	Source or concept
	Proposed mechanism
	Nature of supporting evidence
	Assessed strength
	Supporting references

	Adipose lipid mobilisation
	Increased hepatic non-esterified fatty acid supply raises mitochondrial electron flux and superoxide generation
	Observational cohorts, body condition contrasts and bovine hepatocyte experiments
	Strong for direction; moderate for magnitude
	Bernabucci et al. (2005); Contreras and Sordillo (2011); Drackley (1999); Y. Li et al. (2020)

	Hyperketonaemia
	Ketone bodies act as signalling molecules and regulated fuels rather than as inert indices of oxidant load
	Observational association studies and mechanistic reinterpretation
	Association strong; causal direction unresolved
	Y. Li et al. (2016); Rico and Barrientos-Blanco (2024)

	Impaired mitochondrial quality control
	Reduced mitophagy permits accumulation of damaged mitochondria and sustained reactive oxygen species output
	Tissue biopsy comparison with calf hepatocyte experiments
	Moderate
	Fang et al. (2022)

	Ferroptotic cell death in adipose tissue
	Iron accumulation with reduced glutathione peroxidase 4 activity drives lipid hydroperoxide accumulation and mitochondrial failure
	Cultured bovine adipocytes with limited tissue confirmation
	Moderate for mechanism; low for field relevance
	Fan et al. (2024); Fan et al. (2025)

	Cellular energy sensing
	Adenosine monophosphate-activated protein kinase activation induces antioxidant responses and autophagy in adipocytes
	In vitro bovine adipocyte experiments
	Moderate
	Xu et al. (2021)

	Leukocyte respiratory burst
	Activated phagocytes generate reactive species as an intended antimicrobial function
	Immunological profiling of periparturient cohorts
	Strong for occurrence; contested for pathogenicity
	Bradford et al. (2015); Mezzetti et al. (2019); Trevisi et al. (2012)

	Thermal load
	Hyperthermia increases oxidant markers and depresses antioxidant indices, with carry-over effects on immunity
	Seasonal comparisons and controlled cooling studies
	Strong for association; moderate for mechanism
	Alberghina et al. (2024); Bernabucci et al. (2002); H. Li et al. (2021); Tao and Dahl (2013)

	Adipose tissue inflammation
	Macrophage infiltration and cytokine production couple local lipolysis to systemic immunometabolic change
	Tissue-level studies and narrative synthesis
	Moderate
	Contreras et al. (2017); Zachut and Contreras (2022)


Note. Assessed strength reflects the consistency of findings across independent research groups, the adequacy of the designs generating them and the directness of the link between measurement and inference. Assessments are qualitative and were not derived from a formal grading instrument.
4. Antioxidant Defence Architecture and Its Regulation
4.1 Enzymatic defences and their trace element dependence
The enzymatic tier comprises superoxide dismutases, which convert superoxide to hydrogen peroxide, catalase and the glutathione peroxidases, which reduce hydrogen peroxide and organic hydroperoxides, and the thioredoxin and peroxiredoxin systems, which maintain protein thiol redox state. Reported behaviour of these enzymes across the transition is inconsistent in a manner that has received insufficient critical attention. Several studies report increased superoxide dismutase activity before calving followed by decline, with lipid peroxidation markers remaining elevated afterwards (Bernabucci et al., 2005). Others report reductions in erythrocyte glutathione peroxidase activity around parturition (Castillo et al., 2005; Konvičná et al., 2015), and a study of Japanese herds found no significant change in plasma glutathione peroxidase or antioxidant potential in clinically healthy transition cows, with alterations confined to animals developing ketosis or displaced abomasum (Tsuchiya et al., 2020).
These discrepancies admit several explanations that are rarely distinguished. Enzyme activity in erythrocytes reflects the selenium and copper status at the time of erythropoiesis rather than the current state of the animal, so erythrocyte and plasma measurements of the same enzyme carry different temporal meanings. Activity assays are sensitive to sample handling and to the substrate concentrations chosen. Selenium status of the herd, which determines the ceiling on glutathione peroxidase activity, is frequently unreported. Most importantly, an increase in enzyme activity may indicate either successful adaptive upregulation or consumption of reserve capacity, and the two interpretations imply opposite clinical conclusions; distinguishing them requires simultaneous measurement of substrate flux, which is almost never performed.
Tissue-level evidence complicates the picture further. Aitken et al. (2009) examined antioxidant and proinflammatory gene expression in bovine mammary tissue across the periparturient interval and found that antioxidant defences, including glutathione peroxidase, were not consistently upregulated during the period of greatest systemic oxidative alteration, although heme oxygenase 1 abundance did change. If the mammary gland, the tissue undergoing the most dramatic functional transformation, does not mount a uniform antioxidant response, then the assumption that circulating enzyme activities represent a coordinated whole-body defence requires qualification.
4.2 Non-enzymatic and dietary defences
The non-enzymatic tier comprises glutathione and other low-molecular-weight thiols, alpha-tocopherol, retinol and its precursors, ascorbate, ubiquinol, urate, albumin thiols and dietary polyphenols. Their contributions differ in kind. Alpha-tocopherol acts principally as a chain-breaking antioxidant within membranes and lipoproteins and depends on regeneration by water-soluble reductants; plasma concentrations decline around parturition partly through transfer into colostrum. Glutathione occupies a central position as a substrate for glutathione peroxidase, a conjugating agent in detoxification and a determinant of protein thiol state, and its synthesis depends on cysteine availability, which in the ruminant is constrained by methionine supply (Coleman et al., 2020).
This dependence explains why amino acid nutrition has become a redox intervention. Supplementation with rumen-protected methionine during the peripartal period alters hepatic expression of gene networks in one-carbon metabolism, inflammation and oxidative stress (Osorio et al., 2014), improves biomarkers of oxidant status and neutrophil function (Batistel et al., 2018), and compares favourably with rumen-protected choline on composite immunometabolic indices (Zhou et al., 2016). Direct provision of rumen-protected glutathione has been reported to increase antioxidant capacity and reduce inflammatory markers in transition cows (Hao et al., 2025), although that study is recent, single-centre and not yet independently replicated.
Vitamin D has emerged as a candidate modulator on the basis of an association between serum concentrations and antioxidant potential in periparturient cows, supported by in vitro evidence that vitamin D preserves endothelial barrier integrity during oxidative challenge (Strickland et al., 2021). The observational design of the animal component prevents causal inference, and the finding requires confirmation in a controlled supplementation trial before it can be treated as more than a hypothesis.
4.3 Transcriptional control through the NFE2L2 pathway
Coordinated regulation of the cytoprotective response is mediated principally by nuclear factor erythroid 2-related factor 2, encoded by NFE2L2 and held under basal conditions in a complex with Kelch-like ECH-associated protein 1 that targets it for degradation. Oxidative or electrophilic modification of sensor cysteines releases the transcription factor, permitting nuclear translocation and induction of genes encoding glutathione-synthesising enzymes, glutathione peroxidases, thioredoxin reductases, heme oxygenase 1 and quinone oxidoreductase.
Gessner et al. (2013) demonstrated that transcripts of NFE2L2 target genes in the liver of dairy cows are elevated in the transition period relative to later lactation, establishing that the pathway is activated in vivo during the interval of greatest metabolic demand. This observation is more informative than it initially appears, because it indicates that the antioxidant response is engaged rather than absent. The persistence of oxidative alteration despite pathway activation implies either that the response is quantitatively insufficient, that it is temporally lagged relative to the oxidant challenge, or that its induction is itself a marker of the challenge rather than an effective countermeasure. The available evidence does not discriminate among these possibilities.
Experimental manipulation has been pursued mainly in vitro. Ford and Bionaz (2024) applied a pathway activator and an inhibitor to immortalised bovine mammary alveolar cells and characterised transcriptomic responses, confirming that the pathway is functional and pharmacologically tractable in bovine mammary cells while also demonstrating extensive off-target transcriptional effects that complicate interpretation of activator studies. A flavonoid glycoside has been reported to attenuate hydrogen peroxide-induced oxidative, inflammatory and endoplasmic reticulum stress responses in bovine mammary epithelial cells through adenosine monophosphate-activated protein kinase and NFE2L2 signalling (H. Ding et al., 2025). Such studies establish mechanistic tractability, not therapeutic efficacy; the concentrations of oxidant challenge and of test compound applied to cultured cells bear no established relationship to conditions achievable in the mammary gland of a supplemented cow.
Dietary activation of the pathway has been examined most extensively with polyphenol-rich by-products. Feeding grape seed and grape marc meal extract, derived from Vitis vinifera L., to early-lactation cows altered hepatic expression of genes related to endoplasmic reticulum stress and inflammation and improved milk performance (Gessner et al., 2015), and subsequent hepatic transcriptomic and plasma lipidomic analysis in the same experimental tradition identified coordinated changes consistent with attenuated cellular stress (Gessner, Winkler, et al., 2017). The mechanistic rationale for polyphenols in farm animal nutrition has been set out in detail (Gessner, Ringseis, & Eder, 2017). Interpretation is constrained by the compositional variability of plant by-products, by the limited characterisation of the specific compounds reaching the liver after ruminal metabolism, and by the difficulty of separating antioxidant effects from effects on rumen fermentation and nutrient supply.
Table 2 compares the principal tiers of antioxidant defence with respect to their regulation, their measurability in the live animal and the quality of evidence supporting their manipulation in transition cows. The comparison indicates an inverse relationship between mechanistic understanding and practical measurability: the transcriptional tier is the best characterised mechanistically but cannot be assessed without tissue biopsy, whereas the plasma non-enzymatic tier is readily measured but its concentrations respond to dilution, colostral transfer and acute-phase protein shifts that have nothing to do with defence capacity.
Table 2. Tiers of antioxidant defence in the transition dairy cow: regulation, measurability and evidence for manipulation
	Defence tier
	Principal components
	Regulation and dependencies
	Measurability in the live animal
	Evidence for successful manipulation
	Supporting references

	Primary enzymatic
	Superoxide dismutases, catalase, glutathione peroxidases
	Trace element dependent, notably on selenium, copper, zinc and manganese; erythrocyte activity reflects status at erythropoiesis
	Routine, but interpretation confounded by sample matrix and timing
	Selenium supply raises glutathione peroxidase activity where status is marginal; effects on clinical outcomes inconsistent
	Castillo et al. (2005); Gong and Xiao (2018); Konvičná et al. (2015); Spears and Weiss (2008); Sun et al. (2017)

	Thiol and redox couple
	Glutathione, thioredoxin, peroxiredoxins, protein thiols
	Constrained by cysteine availability and therefore by methionine supply
	Limited; whole-blood glutathione is unstable and rarely reported
	Rumen-protected methionine improves oxidant status indices; direct glutathione provision reported in a single trial
	Batistel et al. (2018); Coleman et al. (2020); Hao et al. (2025); Osorio et al. (2014); Zhou et al. (2016)

	Lipophilic non-enzymatic
	Alpha-tocopherol, retinol, beta-carotene
	Dietary supply, hepatic export and colostral transfer
	Routine, but concentrations affected by lipoprotein status
	Supplementation raises serum concentrations reliably; clinical benefit contingent on baseline adequacy
	Bouwstra, Nielen, Stegeman, et al. (2010); Moghimi-Kandelousi et al. (2020); Weiss et al. (1997)

	Endocrine modulator
	Vitamin D metabolites
	Dietary supply, photobiological synthesis and renal hydroxylation
	Routine
	Association with antioxidant potential reported; no controlled trial of redox endpoints identified
	Strickland et al. (2021)

	Transcriptional
	NFE2L2 target gene battery including glutathione peroxidases, thioredoxin reductases and heme oxygenase 1
	Cysteine-sensor release from Kelch-like ECH-associated protein 1
	Not assessable without tissue biopsy
	Pathway activation demonstrated in vivo and manipulable in vitro; dietary activation reported with plant polyphenols
	H. Ding et al. (2025); Ford and Bionaz (2024); Gessner et al. (2013); Gessner et al. (2015); Gessner, Ringseis, and Eder (2017); Gessner, Winkler, et al. (2017)


Note. NFE2L2 denotes the gene encoding nuclear factor erythroid 2-related factor 2. Evidence for manipulation refers to demonstrated change in a redox variable and not necessarily to demonstrated clinical benefit.
5. Measurement of Redox Status and the Problem of Analytical Heterogeneity
5.1 The measurement traditions and their assumptions
Four broadly distinct measurement traditions coexist in this literature, each carrying assumptions that are seldom made explicit. The first quantifies end-products of lipid peroxidation by colorimetric reaction, most commonly as thiobarbituric acid reactive substances interpreted as malondialdehyde. The second employs commercial photometric kits that report an oxidant fraction and an antioxidant fraction in proprietary units, frequently combined into a ratio. The third measures individual antioxidant constituents or enzyme activities. The fourth applies chromatography coupled to mass spectrometry to quantify structurally defined oxidation products, principally isoprostanes and other oxylipids.
These traditions are not interchangeable, and the differences are consequential rather than technical. Thiobarbituric acid reactive substances assays react with several aldehydes and with carbohydrate degradation products, so the quantity reported is a composite of uncertain composition; Celi (2011) identified this lack of specificity as a principal weakness in ruminant redox measurement. Photometric oxidant and antioxidant assays produce values in arbitrary units that cannot be converted to molar concentrations, which prevents comparison of absolute values across laboratories even when the same commercial kit is used, and their antioxidant readings are strongly influenced by urate and albumin concentrations that vary with hydration, renal function and acute-phase status independently of any change in defence capacity. Enzyme activities, as discussed, carry an ambiguous relationship to functional adequacy. Protein oxidation products such as carbonyls and advanced oxidation protein products offer greater chemical specificity and longer persistence than lipid aldehydes but have been applied only sparsely in transition cow work (Celi & Gabai, 2015).
Composite indices were introduced to address part of this problem. Abuelo et al. (2013) proposed an oxidative stress index derived from the ratio of an oxidant measure to an antioxidant measure and showed that it distinguished production stages that neither fraction separated when examined alone. The index improves discrimination, but it inherits the unit-dependence and matrix sensitivity of both its components, and a ratio of two imprecise quantities is not necessarily more informative about tissue redox state than either alone. Its principal value lies in within-study comparison rather than in the establishment of reference intervals.
5.2 Isoprostanes and oxylipids as the current reference standard
Isoprostanes, formed by free radical-catalysed non-enzymatic rearrangement of arachidonic acid esterified in membrane phospholipids, offer the chemical specificity that colorimetric methods lack, and 15-F2t-isoprostane has become the most widely applied representative. Its utility in cattle has been demonstrated in disease states: cows with acute coliform mastitis show elevated concentrations alongside altered oxidant status, and milk concentrations exceed plasma concentrations, indicating local production within the inflamed gland (Mavangira et al., 2016). The broader class of oxylipids, comprising enzymatic and non-enzymatic oxidation products of polyunsaturated fatty acids, encompasses both pro-inflammatory and pro-resolving mediators, and their profile rather than any single concentration carries the biological information (Mavangira & Sordillo, 2018; Sordillo, 2018). Putman et al. (2022) reported that circulating oxylipid profiles in the postpartum period are associated with subsequent disease risk, which is a stronger claim than association with disease presence and represents one of the few prospective demonstrations in the field.
The isoprostane literature also supplies the clearest evidence that measurement conditions govern conclusions. Kuhn et al. (2018) quantified 15-F2t-isoprostane in cows at different stages of lactation and demonstrated that concentrations vary with stage in a manner that depends on sampling schedule, and noted explicitly that inconsistency in sampling times and analytical technique must be resolved before this metabolite can serve as a standardised biomarker. A comparable pattern appears in work on the involution transition: Putman et al. (2018) found that reactive species, antioxidant potential and the derived index changed progressively after abrupt cessation of lactation whereas isoprostane concentrations fluctuated without a clear trend, indicating that markers of exposure and markers of damage do not move together and should not be treated as substitutes.
5.3 Consequences for the interpretability of the field
Analytical heterogeneity is not a peripheral limitation; it is the principal reason that the transition cow redox literature cannot be synthesised quantitatively. Because absolute values are not comparable across studies, every investigation is effectively self-referential, comparing treated with control animals or one physiological stage with another within a single analytical environment. Reference intervals cannot be established, which prevents the identification of animals with genuinely inadequate antioxidant status; and that in turn prevents the stratified trial designs that the intervention literature most requires. The circularity is complete: the inability to identify deficient animals produces trials conducted in unselected populations, the null or inconsistent results of which are then attributed to the inadequacy of the intervention rather than to the inadequacy of the selection.
A second consequence concerns the relationship between circulating and tissue measurements. The mechanistic literature reviewed in Section 3 concerns processes occurring within hepatocytes, adipocytes and mammary epithelial cells. No study identified in this review has demonstrated that a change in any circulating redox marker corresponds quantitatively to a change in mitophagy, ferroptotic signalling or NFE2L2 target gene expression in those tissues. The assumption of correspondence is pervasive and untested.
Table 3 sets out the principal biomarkers, their analytical basis, their specific weaknesses and the contexts in which each retains value. The table makes clear that no single marker is adequate alone, and that the combination most defensible on current evidence pairs a structurally specific damage marker with an independent measure of antioxidant reserve, rather than relying on a composite index derived from two non-specific fractions.
Table 3. Biomarkers of oxidant status applied in transition dairy cow research: analytical basis, limitations and appropriate use
	Biomarker
	Analytical basis
	Principal limitations
	Context in which the marker retains value
	Supporting references

	Thiobarbituric acid reactive substances
	Colorimetric reaction with aldehydic lipid peroxidation products
	Reacts with multiple aldehydes and non-lipid species; results depend on assay conditions; not convertible to a defined analyte
	Within-study comparison where no more specific method is available
	Celi (2011); Konvičná et al. (2015)

	Reactive oxygen and nitrogen species by photometric kit
	Oxidation of a chromogenic probe reported in arbitrary units
	Units are proprietary and non-molar; cross-laboratory comparison not possible
	Detection of within-experiment temporal change
	Putman et al. (2018); Putman et al. (2022)

	Antioxidant potential or total antioxidant capacity
	Reduction of a chromogenic oxidant by the sample
	Dominated by urate and albumin; responds to hydration and acute-phase status independently of defence capacity
	Screening for gross inadequacy rather than grading of status
	Abuelo et al. (2013); Strickland et al. (2021)

	Oxidant status index
	Ratio of an oxidant fraction to an antioxidant fraction
	Inherits the limitations of both components; no reference interval established
	Improving discrimination between physiological stages within a study
	Abuelo et al. (2013); Putman et al. (2018)

	Erythrocyte or plasma antioxidant enzyme activity
	Substrate-specific activity assay
	Erythrocyte values reflect status at erythropoiesis; increased activity is ambiguous between adaptation and reserve consumption
	Assessment of trace element adequacy when interpreted with mineral status
	Bernabucci et al. (2005); Castillo et al. (2005); Tsuchiya et al. (2020)

	15-F2t-isoprostane
	Chromatography with mass spectrometric quantification of a defined arachidonic acid oxidation product
	Requires specialised instrumentation; concentrations vary with lactation stage and sampling schedule
	Quantification of lipid peroxidation damage where specificity is required
	Kuhn et al. (2018); Mavangira et al. (2016)

	Oxylipid profile
	Multiplexed chromatographic and mass spectrometric quantification of polyunsaturated fatty acid oxidation products
	Analytically demanding; interpretation requires profile-level rather than single-analyte reasoning
	Prospective assessment of disease risk and characterisation of inflammatory resolution
	Mavangira and Sordillo (2018); Putman et al. (2022); Sordillo (2018)

	Protein oxidation products
	Quantification of carbonyls and related modifications
	Sparsely applied in cattle; limited comparative data across studies
	Assessment of cumulative oxidative damage with greater persistence than lipid aldehydes
	Celi and Gabai (2015)


Note. Values from different analytical traditions are not interconvertible. Selection of a biomarker should follow from the inferential claim intended, distinguishing exposure to oxidants from damage sustained and from residual defence capacity.
6. Redox Status and Periparturient Disease: Direction and Strength of the Association
6.1 Metabolic disorders
The association between redox alteration and metabolic disease is consistent in direction and moderate in strength. Cows developing ketosis or displaced abomasum exhibit higher malondialdehyde and lower antioxidant potential than clinically healthy contemporaries sampled in the same herds, whereas the healthy animals show comparatively little change across the transition (Tsuchiya et al., 2020). Indices of oxidative status correlate with circulating non-esterified fatty acid and beta-hydroxybutyrate concentrations in ketotic cows (Y. Li et al., 2016). Hepatic tissue from cows with fatty liver shows reduced mitophagy marker abundance with corresponding functional consequences demonstrated experimentally (Fang et al., 2022), and adipose tissue from ketotic animals shows the ferroptotic signature described earlier (Fan et al., 2024, 2025).
Causal direction remains the unresolved question. Redox alteration could be a consequence of the metabolic disturbance, a contributor to it, or a parallel consequence of a shared upstream driver, most plausibly the intensity of lipid mobilisation. The finding by Abuelo et al. (2016) that oxidative status is associated with insulin sensitivity in periparturient cattle is consistent with a bidirectional relationship, since oxidative modification of insulin signalling components is an established mechanism in other species, but the observational design of that study cannot establish direction. The demonstration by Mezzetti et al. (2019) that impaired immune function during the dry period precedes subclinical ketosis provides indirect support for the position that redox and inflammatory alterations may be antecedent rather than consequent, at least in part.
6.2 Mastitis and udder health
For intramammary infection the evidence is stronger for a role of redox status in determining severity than in determining susceptibility. Cows with acute coliform mastitis, principally attributable to Escherichia coli, exhibit markedly elevated 15-F2t-isoprostane concentrations with local production in the gland exceeding systemic concentrations, indicating that oxidative injury is a feature of the inflammatory lesion (Mavangira et al., 2016). The oxylipid framework accounts for this in terms of the balance between mediators that amplify and mediators that resolve inflammation, with oxidative stress shifting the balance towards amplification and delayed resolution (Sordillo, 2018).
Evidence that redox status determines susceptibility is weaker and derives largely from supplementation trials in animals with inadequate antioxidant intake. Weiss et al. (1997) demonstrated that vitamin E supplementation reduced clinical mastitis in cows fed diets low in selenium, which establishes benefit under deficiency but not a general susceptibility mechanism. The countervailing result of Bouwstra, Nielen, Stegeman, et al. (2010) is discussed in Section 7. Selection for milk yield, herd management and pathogen exposure exert effects on mastitis incidence of a magnitude that makes the marginal contribution of redox status difficult to isolate in field data.
6.3 Reproductive and immune outcomes
Retained foetal membranes and impaired uterine involution have long been linked to antioxidant status, principally through the selenium and vitamin E literature. The meta-analysis by Moghimi-Kandelousi et al. (2020) is the most rigorous quantitative treatment available: pooling controlled studies of vitamin E supplementation in transition cows, it reported improvement in reproductive performance variables, including a reduction in days open that scaled with dose, alongside an absence of effect on somatic cell count and colostrum quality. The dissociation between reproductive and udder health outcomes within the same analysis is informative, since it indicates that vitamin E status influences some periparturient processes and not others, and cautions against treating antioxidant supplementation as a general prophylactic.
Immune outcomes occupy an intermediate position. Impairment of neutrophil oxidative burst and phagocytic capacity around calving is well documented, and Sordillo (2016) and Abuelo (2025) both argue that redox imbalance is a principal determinant. Interventions that improve redox indices frequently improve leukocyte function measures in parallel, as reported for rumen-protected methionine (Batistel et al., 2018) and for injectable trace minerals (Silva et al., 2022; Somagond et al., 2023). Whether these functional improvements translate into reduced disease incidence has been demonstrated far less often, and the studies that measured both generally lacked the number of experimental units required to detect plausible differences in incidence.
Table 4 presents representative evidence by disease theme, with attention to design and to the inferential limits of each body of work. The pattern across themes is uniform: associations are consistently detected, prospective demonstrations are rare, and studies powered for clinical incidence are rarer still.
Table 4. Representative evidence linking redox variables to periparturient disease outcomes
	Disease theme
	Principal redox finding
	Predominant design
	Inferential limitation
	Supporting references

	Hyperketonaemia and fatty liver
	Higher lipid peroxidation and lower antioxidant potential in affected cows; reduced hepatic mitophagy markers; adipose ferroptotic signature
	Case-control comparison with supporting cell experiments
	Causal direction unresolved; shared upstream driver plausible
	Fan et al. (2024); Fan et al. (2025); Fang et al. (2022); Y. Li et al. (2016); Tsuchiya et al. (2020)

	Displaced abomasum
	Elevated malondialdehyde and depressed antioxidant potential relative to healthy herdmates
	Observational cohort within commercial herds
	Small numbers of affected animals; concurrent disease confounding
	Tsuchiya et al. (2020)

	Coliform mastitis
	Marked elevation of 15-F2t-isoprostane with local production exceeding systemic concentrations
	Clinical case series with quantitative mass spectrometry
	Establishes severity association, not susceptibility
	Mavangira et al. (2016); Sordillo (2018)

	Mastitis susceptibility
	Reduced clinical incidence with vitamin E supplementation in low-selenium diets; increased incidence with supplementation in replete cows
	Randomised controlled trials in contrasting nutritional contexts
	Effect direction contingent on baseline status
	Bouwstra, Nielen, Stegeman, et al. (2010); Weiss et al. (1997)

	Reproductive performance
	Improved reproductive variables with vitamin E supplementation, with dose-related reduction in days open; no effect on somatic cell count
	Meta-analysis and meta-regression of controlled studies
	Heterogeneity in dose, route and baseline status among pooled studies
	Moghimi-Kandelousi et al. (2020)

	Insulin sensitivity
	Association between oxidative status indices and insulin sensitivity around calving
	Observational study with surrogate indices
	Observational design precludes causal inference
	Abuelo et al. (2016)

	Immune competence
	Impaired leukocyte function concurrent with redox alteration; functional improvement with several interventions
	Controlled trials with immunological endpoints
	Rarely powered for clinical incidence outcomes
	Abuelo (2025); Batistel et al. (2018); Silva et al. (2022); Somagond et al. (2023); Sordillo (2016)

	Composite postpartum disease risk
	Circulating oxylipid profiles associated with subsequent disease occurrence
	Prospective cohort with multiplexed analyte quantification
	Requires replication and external validation of profile thresholds
	Putman et al. (2022)


Note. Inferential limitation identifies the principal constraint on interpretation rather than an exhaustive appraisal of study quality.
7. Antioxidant Interventions and the Reconciliation of Conflicting Trial Evidence
7.1 The vitamin E problem
No episode in this literature is more instructive than the divergence in vitamin E trial outcomes. Weiss et al. (1997) supplemented cows fed diets low in selenium and reported reduced clinical mastitis, a result consistent with the deficiency-correction paradigm inherited from the earliest selenium and vitamin E work in cattle. More than a decade later, Bouwstra, Nielen, Stegeman, et al. (2010) conducted a double-blind randomised field trial of vitamin E supplementation during the dry period in a population whose vitamin E status was adequate and found an increase in clinical mastitis incidence postpartum. The companion analysis reported that supplementation was associated with altered oxidative stress indices, and the authors proposed that supplementation may have produced a pro-oxidant shift under conditions of adequacy (Bouwstra, Nielen, Newbold, et al., 2010).
Three features of this divergence deserve emphasis. First, the two trials tested different biological questions despite testing the same compound: one asked whether correcting a deficiency improves outcomes, the other whether supplementation above adequacy confers further benefit. Conflating these questions has generated much of the apparent inconsistency in the wider antioxidant literature. Second, the direction of the discrepant result is biologically interpretable rather than anomalous, since alpha-tocopherol becomes a pro-oxidant radical after scavenging and requires regeneration by co-antioxidants that may be limiting when tocopherol is supplied in excess. Third, the meta-analysis by Moghimi-Kandelousi et al. (2020) subsequently found reliable enrichment of serum vitamin E with supplementation, benefit for several reproductive variables, and no effect on somatic cell count, which is consistent with an effect that is real, nutrient-specific and outcome-specific rather than a general antioxidant benefit. Abuelo et al. (2015) anticipated the substance of this resolution by arguing that most supplementation trials failed because they did not assess antioxidant status before treatment, and Abuelo (2025) has since reiterated that excessive supplementation may itself be harmful and that optimal supplementation guidelines remain undefined.
7.2 Selenium and trace elements
Selenium occupies a firmer position than vitamin E because its principal mechanism is defined: incorporation into selenocysteine at the active site of glutathione peroxidases and thioredoxin reductases, which places a hard ceiling on the activity of those enzymes when supply is inadequate. Organic selenium supplementation in cows already classified as selenium-adequate nonetheless improved selenium status and antioxidant indices during the periparturient period (Gong & Xiao, 2018), and a hydroxy-analogue of selenomethionine improved antioxidant status and raised selenium concentrations in milk and plasma in lactating cows (Sun et al., 2017). These results indicate that the relationship between selenium intake and antioxidant function is not a simple threshold, and that source and chemical form influence tissue incorporation. The evidence base connecting these biochemical improvements to clinical outcomes is substantially thinner, and Spears and Weiss (2008) had already noted that responses to trace element supplementation depend heavily on the basal status of the herd.
Parenteral trace mineral administration has attracted renewed interest because it circumvents ruminal antagonism and dietary variability. Silva et al. (2022) reported improvements in polymorphonuclear leukocyte function and antioxidant enzyme activity in cows under semi-arid conditions, and Somagond et al. (2023) reported suppression of inflammatory and oxidative markers in cows and their calves following repeated injection of multivitamin and multimineral preparations. Both studies used composite preparations, which prevents attribution of the effect to any single element and complicates dose-response reasoning; both were also conducted in environments with substantial thermal load, where the scope for benefit may exceed that in temperate systems.
7.3 Methyl donors, amino acids and glutathione precursors
Interventions targeting one-carbon metabolism represent the most mechanistically coherent group. Because glutathione synthesis depends on cysteine, and cysteine in the ruminant derives substantially from methionine through transsulphuration, methionine supply constitutes a rate-limiting input to the principal intracellular antioxidant buffer (Coleman et al., 2020). Osorio et al. (2014) demonstrated that peripartal supplementation with rumen-protected methionine sources altered hepatic expression of gene networks in one-carbon metabolism, inflammation and oxidative stress. Batistel et al. (2018) reported improved biomarkers of inflammation and oxidative stress together with enhanced neutrophil function in cows supplemented from four weeks before expected calving. Zhou et al. (2016) found that rumen-protected methionine compared favourably with rumen-protected choline on composite immunometabolic indices, indicating that the effect is not attributable to methyl donation alone.
Choline supplementation presents a more equivocal picture. Swartz et al. (2023) supplemented periparturient cattle with rumen-protected choline and imposed an intramammary lipopolysaccharide challenge; the higher dose increased plasma antioxidant potential before challenge and reduced methionine sulfoxide concentrations during it, indicating improved oxidant status, yet inflammatory markers including haptoglobin and tumour necrosis factor alpha were unaffected. The authors concluded that production responses to choline are more plausibly mediated through metabolic pathways than through resolution of inflammation. This dissociation between redox and inflammatory endpoints within a single well-designed experiment is among the most direct challenges to the assumption that improving redox status necessarily improves inflammatory regulation.
Direct provision of the antioxidant itself has been attempted with rumen-protected glutathione, reported to reduce somatic cell count, improve feed efficiency, increase antioxidant capacity and reduce inflammatory markers in transition cows (Hao et al., 2025). The finding is biologically plausible given the central role of glutathione, but the study is single-centre and recent, and the extent of intestinal absorption of intact glutathione in ruminants is not well characterised. Khan et al. (2023) provide a broader synthesis of amino acid and choline effects on periparturient immunity and antioxidant status, and note the same pattern of consistent biochemical responses with inconsistent health outcomes.
7.4 Plant-derived compounds and combined preparations
Polyphenol-rich by-products have been evaluated both as direct radical scavengers and as inducers of endogenous defence. Safari et al. (2018) supplemented transition cows with by-products of pomegranate, Punica granatum L., and reported improvements in oxidative status and metabolic profile with associated performance effects. The grape-derived work discussed in Section 4 acted at least partly through hepatic gene expression rather than through direct scavenging (Gessner et al., 2015; Gessner, Winkler, et al., 2017). Interpretation across this group is limited by compositional variability among plant materials, by incomplete characterisation of the metabolites that survive ruminal fermentation and reach target tissues, and by the difficulty of separating antioxidant effects from effects on rumen function and nutrient supply.
Combined preparations complicate attribution further. Zhang et al. (2024) reported that a composite additive containing water-soluble and fat-soluble vitamins, selenomethionine and live Saccharomyces cerevisiae improved production in periparturient cows and improved antioxidative stability in the cows and their offspring. Y. Ding et al. (2025) compared vitamin E, selenium and their combination in transition cows and reported that the combination produced the greatest improvement in antioxidant and immune indices with reduced metabolic disease incidence and improved economic return. Both studies address a question of practical relevance, since commercial supplementation is almost always multi-component, but neither design permits determination of which component or interaction produced the effect, and the number of animals per treatment in the latter study was small relative to the disease incidence differences reported.
Table 5 organises the principal conflicting findings in the intervention literature together with the explanations most consistent with the available evidence. The recurring explanation is not that the interventions are ineffective but that effect direction and magnitude depend on baseline status, chemical form, outcome selected and the adequacy of the design to detect the outcome claimed.
Table 5. Conflicting findings in antioxidant intervention studies and the explanations most consistent with the evidence
	Point of conflict
	Contrasting findings
	Most consistent explanation
	Residual uncertainty
	Supporting references

	Vitamin E and clinical mastitis
	Reduced incidence in cows fed low-selenium diets; increased incidence in replete cows supplemented during the dry period
	Effect direction depends on pre-treatment vitamin E and selenium status; supplementation above adequacy may shift the tocopheroxyl radical balance
	Threshold of adequacy above which risk emerges is undefined
	Bouwstra, Nielen, Stegeman, et al. (2010); Bouwstra, Nielen, Newbold, et al. (2010); Weiss et al. (1997)

	Vitamin E across outcome domains
	Reproductive variables improve while somatic cell count and colostrum quality do not
	Nutrient effects are outcome-specific rather than generally prophylactic
	Mechanism of the reproductive effect is not established
	Moghimi-Kandelousi et al. (2020)

	Selenium supplementation of adequate herds
	Further improvement in antioxidant indices despite classification as adequate
	Adequacy definitions are based on assays that do not capture tissue selenoprotein saturation; chemical form affects incorporation
	Clinical relevance of the additional biochemical improvement is unproven
	Gong and Xiao (2018); Spears and Weiss (2008); Sun et al. (2017)

	Choline and inflammation
	Improved oxidant status indices without change in haptoglobin or tumour necrosis factor alpha
	Redox and inflammatory endpoints are dissociable; production effects are plausibly metabolic in origin
	Whether the dissociation generalises beyond the challenge model used
	Swartz et al. (2023)

	Methyl donor comparisons
	Rumen-protected methionine outperforms rumen-protected choline on composite immunometabolic indices
	Methionine acts through cysteine and glutathione supply in addition to methyl donation
	Relative contribution of the two pathways is unquantified
	Batistel et al. (2018); Coleman et al. (2020); Osorio et al. (2014); Zhou et al. (2016)

	Composite commercial preparations
	Consistent benefit reported for multi-component products
	Combination effects may be additive, synergistic or attributable to a single component
	Attribution impossible without factorial designs
	Y. Ding et al. (2025); Silva et al. (2022); Somagond et al. (2023); Zhang et al. (2024)

	Plant polyphenols
	Improvement in oxidative status and hepatic stress gene expression with variable performance effects
	Action is partly through induction of endogenous defence rather than direct scavenging; material composition varies
	Identity and bioavailability of the active metabolites after ruminal fermentation
	Gessner et al. (2015); Gessner, Ringseis, and Eder (2017); Gessner, Winkler, et al. (2017); Safari et al. (2018)


Note. Residual uncertainty identifies the question that the cited evidence leaves unresolved rather than a general assessment of study quality.
8. Cross-Cutting Methodological Weaknesses
Several deficiencies recur across the literature with sufficient regularity to constitute structural features rather than isolated shortcomings, and they jointly explain much of the apparent inconsistency described in preceding sections.
Baseline antioxidant status is seldom characterised before intervention. This omission, identified by Abuelo et al. (2015) and still evident in trials published a decade later, means that the population tested is of unknown status with respect to the very variable the intervention targets. A trial conducted in replete animals and a trial conducted in deficient animals will yield different results for reasons that have nothing to do with the efficacy of the compound, and reporting both as tests of the same hypothesis generates spurious heterogeneity.
Experimental units are frequently too few for the outcomes claimed. Studies reporting differences in the incidence of clinical disease with fewer than twenty animals per treatment group cannot distinguish a genuine effect from sampling variation at the incidence rates typical of periparturient disorders, and the practice of reporting such differences alongside adequately powered biochemical outcomes obscures the distinction between them. Where cows are managed in group pens but analysed as individuals, the effective unit of replication is smaller than the reported number, and few studies address this explicitly.
Sampling schedules are frequently too sparse relative to the speed of periparturient change. Concentrations of non-esterified fatty acids, calcium and inflammatory mediators change over hours around calving, and weekly sampling cannot resolve these dynamics. Kuhn et al. (2018) demonstrated that the apparent direction of change in a lipid peroxidation marker depends on when sampling occurs, which implies that studies with different schedules may reach opposite conclusions from identical underlying biology.
Cohorts are predominantly composed of clinically healthy animals, because sick cows are commonly excluded to reduce variance. This design choice removes the animals in which redox alteration is most pronounced and creates a systematic bias towards null findings. Tsuchiya et al. (2020) illustrate the consequence: the healthy cows showed little change across the transition while the diseased animals showed substantial change, so a study restricted to healthy cows would have concluded that the transition produces minimal oxidative alteration.
Geographical and system representation is uneven. Confined high-input systems in temperate regions dominate the intervention literature, while pasture-based systems, tropical and subtropical environments and crossbred genotypes are represented sparsely, often through studies with limited analytical resources. Because thermal load, dietary antioxidant supply and genetic potential for milk yield all modify redox responses, the generalisability of the dominant findings to the majority of the world dairy population is not established.
Finally, publication and reporting practices favour positive biochemical findings. Antioxidant indices are numerous, correlated and easily measured, which creates scope for selective reporting of the subset showing treatment differences. Prespecification of primary redox endpoints is rare, and trial registration is almost unknown in this literature. The consequence is that the apparent consistency of biochemical responses to antioxidant supplementation may be partly an artefact of reporting rather than a property of the biology.
9. Future Directions
The priorities set out below are ordered by the extent to which resolving them would unlock progress elsewhere. The first three are immediate in the sense that the methods required already exist and the obstacle is coordination rather than invention. The remainder require methodological development and are correspondingly longer-term.
Harmonisation of redox measurement is the precondition for everything else. The field requires an agreed minimum panel, reported in defined chemical units, comprising at least one structurally specific damage marker and one measure of defence capacity that is not dominated by urate and albumin. Isoprostane quantification by chromatography with mass spectrometric detection is the strongest candidate for the damage component on grounds of chemical specificity and demonstrated responsiveness in bovine disease states, although its adoption requires resolution of the sampling-schedule dependence identified by Kuhn et al. (2018). Achieving harmonisation would require a multi-laboratory ring trial using shared reference material, reporting of assay performance characteristics alongside biological results, and journal-level expectation that arbitrary-unit values be accompanied by at least one analyte reported in molar terms. The immediate benefit would be the establishment of reference intervals, which are presently unavailable and without which no animal can be classified as antioxidant-deficient with confidence.
Stratified intervention trials constitute the second priority and depend on the first. The central unresolved question in applied redox nutrition is not whether antioxidants work but for which animals, and the vitamin E evidence indicates that the answer differs by baseline status in direction and not merely in magnitude (Bouwstra, Nielen, Stegeman, et al., 2010; Weiss et al., 1997). The appropriate design randomises within strata defined by pre-treatment antioxidant or trace element status, prespecifies clinical incidence as the primary outcome, uses the pen or the cow as the unit of analysis according to the unit of allocation, and enrols sufficient animals to detect a difference in incidence of the magnitude that would justify commercial adoption. Given typical periparturient disease incidence, this implies multi-herd studies with several hundred animals per stratum, which in turn implies consortium funding rather than single-institution work. Outcome measures should include clinical disease incidence, culling and reproductive performance to at least first service, together with the harmonised redox panel to permit mechanistic interpretation of any effect observed.
Establishing the correspondence between circulating markers and tissue processes is the third immediate priority, and it is the specific link whose absence separates the mechanistic and applied literatures. The required study design pairs serial blood sampling with sequential biopsy of liver and subcutaneous adipose tissue in the same animals across the transition, quantifying circulating redox markers alongside tissue measures of mitophagy marker abundance, NFE2L2 target gene expression and ferroptotic signalling of the kind characterised by Fan et al. (2025) and Fang et al. (2022). A cohort of moderate size, perhaps forty to sixty cows spanning a range of body condition at calving, would be sufficient to determine whether circulating markers track tissue processes at all. A negative result would be as valuable as a positive one, since it would require the field to abandon the interpretation of plasma indices as proxies for tissue redox state.
Resolution of causal direction between redox alteration, metabolic disturbance and immune dysfunction requires designs beyond observation. The observation by Mezzetti et al. (2019) that dry-period immune impairment precedes subclinical ketosis, and the reinterpretation of ketone bodies as signalling molecules rather than passive indices (Rico & Barrientos-Blanco, 2024), both indicate that the conventional causal ordering may be wrong or incomplete. Mendelian randomisation using genetic variants affecting antioxidant enzyme activity, or targeted manipulation of a single defence component with all other variables held constant, would provide stronger evidence than the correlational designs that presently dominate. Longitudinal studies with sampling frequency matched to the speed of periparturient change, sampling at intervals of hours rather than weeks in the immediate peripartum window, would at minimum establish the temporal ordering of events.
Extension to underrepresented production systems and genotypes is a longer-term requirement with immediate practical importance. Pasture-based systems differ in dietary antioxidant supply, in the pattern of energy deficit and in thermal exposure; tropical and subtropical systems impose thermal loads under which the redox consequences documented in temperate confinement may be quantitatively or qualitatively different (Alberghina et al., 2024; H. Li et al., 2021; Tao & Dahl, 2013). Crossbred and locally adapted genotypes, which constitute the majority of the global dairy population, are almost absent from the mechanistic literature. Studies in these contexts should apply the harmonised panel to permit comparison with temperate confinement data rather than generating a parallel and incommensurable evidence base.
Determination of upper limits and adverse effects has been neglected relative to its importance. The vitamin E findings of Bouwstra, Nielen, Stegeman, et al. (2010) and Bouwstra, Nielen, Newbold, et al. (2010) demonstrate that harm is possible, and Abuelo (2025) has identified the absence of optimal supplementation guidelines as a substantive gap. Dose-response studies extending into the supranutritional range, with clinical outcomes rather than only biochemical indices, are required for each of the principal supplements in commercial use. Such studies are unattractive commercially and are therefore likely to require public funding.
Finally, the translation of organelle-level mechanisms into intervention targets should be pursued with explicit attention to the intermediate steps that have been omitted in comparable fields. Ferroptosis inhibition and mitophagy enhancement are attractive conceptually, but no compound with demonstrated activity on these pathways has been shown to be safe, orally available, ruminally stable and effective at tissue level in cattle. Before intervention trials are contemplated, the field requires confirmation that the pathways operate at physiologically relevant substrate concentrations in vivo, quantification of their contribution to tissue dysfunction relative to other mechanisms, and identification of a measurable intermediate endpoint that could serve as a proof-of-mechanism outcome in a small preliminary study.
10. Conclusions
Three propositions in this field are supported strongly enough to be treated as established. Periparturient dairy cows experience an increase in oxidant exposure and a shift in redox balance relative to mid-gestation and mid-lactation reference states, and this occurs in animals across production systems, breeds and analytical traditions. The mobilisation of adipose triacylglycerol and the consequent hepatic oxidation of non-esterified fatty acids constitute the principal endogenous driver, a conclusion supported by the convergence of body condition contrasts in vivo with direct demonstration of reactive species generation in bovine hepatocytes exposed to fatty acids. Correcting a genuine deficiency of selenium or vitamin E improves antioxidant enzyme function and reduces the incidence of several periparturient disorders, which remains the most robust practical finding in the applied literature.
An equal number of propositions that are widely assumed do not survive critical examination. There is no evidence that any single circulating biomarker adequately represents tissue redox state, and the correspondence between plasma indices and the organelle-level processes now dominating mechanistic research has never been tested. Antioxidant supplementation of animals whose status is already adequate has not been shown to confer benefit and has, in at least one well-conducted randomised trial, been associated with harm. The causal ordering placing redox imbalance upstream of metabolic and immune dysfunction is plausible but unproven; the available evidence is equally consistent with redox alteration, inflammatory activation and metabolic disturbance being parallel consequences of the intensity of lipid mobilisation, and at least one prospective study points towards immune impairment preceding metabolic disease rather than following it.
The integrating theme of this review is that the field has become stratified into three literatures with weak connections between them. Mechanistic work has advanced rapidly to the level of mitochondrial quality control, iron-dependent cell death and transcriptional regulation of cytoprotective gene batteries, and this work is of high technical quality. Observational work continues to detect associations between redox variables and disease, but with assays whose specificity and comparability are limited. Intervention work continues to produce reliable biochemical responses accompanied by inconsistent clinical outcomes. The disconnection is not a matter of insufficient effort within each stratum but of the absence of the specific studies that would join them, principally studies relating circulating markers to tissue processes and studies stratifying intervention by baseline status.
The practical implication is that antioxidant supplementation should be understood as targeted correction of identified inadequacy rather than as general prophylaxis. Blanket supplementation of herds whose antioxidant status has not been assessed is not supported by the evidence, is unlikely to be economically justified, and carries a small but demonstrated risk of adverse outcome. The scientific implication is that further descriptive documentation of redox change during the transition, using non-specific colorimetric assays in small cohorts of clinically healthy cows, is unlikely to advance understanding. The constraint on progress is now methodological standardisation and study design rather than the absence of biological hypotheses, and until measurement is harmonised and interventions are stratified by baseline status, additional studies of the conventional type will continue to expand the literature without resolving its central ambiguities.
11. Limitations
This review is a narrative synthesis and carries the limitations intrinsic to that design. Study identification was purposive rather than exhaustive, selection of sources reflected judgements about relevance and quality that another reviewer might have made differently, and the weighting of evidence within the synthesis depended on interpretation that was not formally protocolised. Selection bias and interpretive bias cannot be excluded despite the transparent description of the search, the explicit eligibility rules and the systematic appraisal approach applied to retained studies. No second reviewer independently screened records or appraised studies, so the consistency of these judgements was not tested.
Access to subscription bibliographic databases was not available. Searching relied on general and scholarly web resources together with bibliographic metadata verification, and although these routes retrieve a substantial proportion of the indexed literature, coverage was necessarily less complete than a search of the major subscription indexes would have provided. Studies indexed only in those databases, and studies whose full text was inaccessible and whose methods could not be adequately assessed from the available record, may have been missed or excluded.
Language restriction to English will have excluded relevant work, and this restriction interacts with the uneven geographical representation identified in the synthesis, since research from several major dairy-producing regions is published substantially in other languages. The geographical concentration of the underlying evidence in temperate confinement systems is a property of the literature rather than of this review, but it limits the confidence with which any conclusion can be extended to pasture-based, tropical or crossbred production contexts.
Quantitative synthesis was not attempted and would not have been defensible. The heterogeneity of analytical methods, the reporting of key variables in proprietary arbitrary units, and the diversity of study designs spanning cell culture to field trials preclude meaningful pooling of effect estimates. Consequently, no statement in this review should be read as a quantitative estimate of effect size, and the qualitative assessments of evidence strength presented in the tables are judgements rather than the output of a validated grading instrument. Formal risk-of-bias scoring was not applied because the information reported in most studies was insufficient to populate a recognised tool.
The mechanistic literature reviewed is developing quickly, and several of the processes discussed have been characterised only within the past few years and by a small number of research groups. Conclusions concerning those mechanisms are correspondingly provisional and may require revision as independent replication accumulates. The evidence base also relies heavily on observational designs and on cross-sectional comparison between healthy and diseased animals, which constrains causal inference throughout, and long-term follow-up beyond early lactation is scarce, so effects on lifetime productivity and longevity remain essentially unstudied.
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