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properties. These beneficial compounds are found in various walnut-based
products, including milk, yogurt, cheese substitutes, flowers, protein meals, oils,
and extracts from components such as the husk, pellicle, and leaves. Previous
studies demonstrated that microbial fermentation using probiotic or non-probiotic
starter cultures may significantly enhance the antioxidant capacity of walnut-based
products. Outcomes are influenced by factors such as the type of walnut tissue
used, the fermentation conditions, the choice of microbial strain, and the extraction
method. This review critically summarizes and evaluates current findings on the
impact of fermentation on the antioxidant properties of walnuts and walnut-derived
products.
Highlights
- Fermentation boosts antioxidant release in walnut products by enhancing
phenolic bioavailability.
- Enhanced antioxidant activity varies by walnut tissue, extraction method,
microbial strain, and fermentation conditions.
- Findings support developing functional fermented walnut products with
enhanced bioactivity.
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1 Introduction

In recent years, antioxidants have garnered increasing attention in the scientific com-
munity due to their critical role in combating oxidative stress and maintaining both
chemical and biological equilibrium in food systems and living organisms [1]. Oxida-
tive stress is the result of an imbalance between the generation of reactive oxygen spe-
cies (ROS) and the body’s antioxidant defence mechanisms. This imbalance leads to
cellular damage and is associated with the progression of various chronic diseases,
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including cancer, cardiovascular disorders, neurodegenerative conditions, and metabolic
syndromes [2, 3]. Among natural sources, plant-derived antioxidants have emerged as
highly promising due to their effectiveness, accessibility, and favourable safety profiles.
Phenolic compounds are recognized for their ability to neutralize free radicals, chelate
transition metals, and modulate intracellular signalling pathways that are implicated in
oxidative damage [4, 5]. These characteristics make them ideal candidates for applica-
tions in nutraceuticals and pharmaceuticals [6]. Walnut (Juglans regia L.) is one of the
most widely cultivated tree nuts worldwide, with major production in southern Europe,
northern Africa, eastern Asia, the United States, western South America, and especially
China, the world’s leading producer [7, 8]. It is valued for its sensory appeal, nutritional
richness, and documented health benefits [9]. Several studies have shown that walnuts
contain a diverse array of bioactive compounds, including proteins, unsaturated fatty
acids, and plant sterols, which contribute to their antioxidant, anti-inflammatory, and
other biological activities [10]. The walnut kernels are particularly rich in proteins, fats,
dietary fiber, vitamins, minerals, and phenolic compounds. To improve the functional
potential of plant-based products like walnuts, fermentation using probiotics has proven
to be a valuable approach [11]. Specific probiotic strains, notably Lactobacillus and
Streptococcus thermophilus, initiate enzymatic processes during fermentation that con-
vert complex plant molecules into simpler, more easily absorbed compounds [12, 13].
This conversion enhances the availability of antioxidant substances, such as flavonoids
and phenolics, and alters their molecular structure in ways that increase their solubil-
ity and antioxidant performance [14]. Therefore, this review critically summarizes and
evaluates current findings on the impact of fermentation on the antioxidant properties
of walnuts and walnut-derived products.

2 Antioxidants

ROS are highly reactive molecules containing oxygen that are generated as natural
byproducts of cellular metabolism, particularly during mitochondrial respiration [15].
These oxygen-based molecules, though essential in moderate concentrations for signal-
ling and defence mechanisms, become harmful when produced in excess. Elevated ROS
levels can disrupt cellular structures by oxidizing nucleic acids, proteins, and lipids, a
phenomenon widely recognized as oxidative stress [4, 15, 16]. Persistent oxidative stress
is closely associated with the onset and progression of chronic conditions such as ath-
erosclerosis, cancer, neurodegeneration, and metabolic syndromes [2, 3]. The body’s
defence against this imbalance involves various antioxidants, which function by neu-
tralizing ROS and maintaining redox stability. These antioxidants can be endogenous,
such as enzymes like superoxide dismutase and catalase, or exogenous, obtained from
diet and supplements [15, 17]. Among dietary antioxidants, those derived from plants
are especially valued due to their high bioactivity, natural origin, and wide range of
protective functions. Compounds such as polyphenols, flavonoids, and vitamins from
fruits, vegetables, nuts, and herbs offer strong defence against oxidative damage [17-
19]. Compared to synthetic antioxidants such as butylatedhydroxyanisole (BHA) and
butylatedhydroxytoluene (BHT), which are often used industrially to preserve food or
pharmaceuticals, plant-based antioxidants tend to be safer and offer additional biologi-
cal benefits, including anti-inflammatory and anti-aging properties [20-22]. To mea-
sure and compare antioxidant capacities across different samples, researchers employ a
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diverse set of in vitro assays based on distinct reaction mechanisms [17]. Among the
most frequently utilized methods are the DPPH+(2,2-diphenyl-1-picrylhydrazyl) radi-
cal scavenging assay, ABTSe+ (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
assay, ferric reducing antioxidant power (FRAP), cupric reducing antioxidant capacity
(CUPRAC), and the Folin—Ciocalteu total phenolic content assay [17—19]. The accuracy
and reproducibility of antioxidant assessment heavily rely on standardized protocols
and the selection of appropriate methodologies, particularly when comparing isolated
compounds to complex plant extracts [20]. Furthermore, external variables such as sol-
vent polarity, pH levels, and reaction temperature can significantly impact antioxidant
activity and assay outcomes, reinforcing the need for optimized and consistent testing
conditions [23]. In addition to these chemical assays, cell-based antioxidant evaluations
and electrochemical or voltammetry-based methods have been increasingly adopted to
provide more physiologically relevant and sensitive assessments of antioxidant behav-
ior [24, 25]. Overall, antioxidants represent a vital defence mechanism against oxidative
stress and hold substantial therapeutic promise. Their wide-ranging applications in the
food, pharmaceutical, and cosmetic industries further highlight the importance of ongo-
ing research into their mechanisms of action and the continued refinement of evaluation
methods [15].

3 Probiotics and antioxidants in fermented plant-based foods

Probiotics are live microorganisms that, when ingested in sufficient quantities, offer
health benefits to the host by maintaining a balanced gut microbiota and supporting
immune function [26]. The most commonly used strains include members of the gen-
era Lactobacillus and Bifidobacterium. These microbes are frequently incorporated into
functional foods due to their proven ability to improve digestive health, inhibit harmful
bacteria, and regulate immune responses [27, 28]. Historically, fermented dairy prod-
ucts like yogurt, kefir, and cultured milk have served as the primary delivery systems for
probiotics [29]. These products not only provide an environment that supports probi-
otic viability but also enhance milk’s flavor, digestibility, and nutritional value [12]. How-
ever, rising consumer interest in plant-based, lactose-free, and allergen-friendly diets has
driven the innovation of non-dairy probiotic foods [30]. Probiotic fermentation is now
widely applied to plant-based foods, including soy, almond, oat, walnut [31, 32], vegeta-
bles (such as kimchi and sauerkraut), legumes (like tempeh), cereal-based foods (includ-
ing sourdough and fermented grains), and fruit-derived beverages [33, 34]. This process
improves their shelf life and sensory qualities while also enriching their nutritional and
functional properties. During fermentation, probiotics break down complex nutrients
and phytochemicals into simpler, more absorbable forms, such as short-chain fatty acids
and phenolic compounds with antioxidant activity [35]. Fermented plant-derived foods
are now recognized for their elevated antioxidant capacity, which stems from microbial
transformation of phytochemicals into forms that are more easily absorbed and bio-
logically active [36]. This benefit is particularly evident in fermented grains and cereals,
including oats, barley, and brown rice foods that naturally contain significant levels of
polyphenols, flavonoids, and phenolic acids. Through fermentation, these compounds
become more accessible and potent, thereby improving the food’s antioxidant profile and
its potential in protecting against oxidative stress and chronic disease [37]. Considering
this, increasing research attention has been directed toward the antioxidant potential
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of fermented walnuts, a nutrient-dense nut that contains high levels of polyunsaturated
fats and phenolic compounds. These bioactive compounds can be further released and
activated through fermentation, enhancing the walnut’s functional value and health-pro-
moting properties [10, 38].

4 Walnut and walnut-based products

Walnuts (Juglans regia L.) rank among the most extensively cultivated and consumed
tree nuts worldwide, appreciated for their distinct flavor, nutritional richness, and rec-
ognized health-promoting attributes. Originally native to regions of Central Asia and
the Mediterranean, they are now grown extensively, with top producers including China,
the United States, and Iran [7, 8]. From a nutritional standpoint, walnuts are a nota-
ble source of alpha-linolenic acid (ALA), a plant-derived omega-3 fatty acid, alongside
high-quality proteins, dietary fiber, vitamin E, magnesium, and a diverse array of poly-
phenolic compounds [39]. These nutrients collectively contribute to their antioxidant,
anti-inflammatory, cardioprotective, and neuroprotective potential [10]. To meet the
increasing interest in plant-based and health-oriented diets, a diverse selection of wal-
nut-based innovations has entered the market [40]. These include walnut milk, which
serves as a nutrient-rich dairy alternative; fermented walnut beverages enriched with
probiotics to enhance antioxidant capacity; walnut oil valued for its unsaturated fatty
acid profile and phenolic content; and walnut flour and protein isolates, both widely used
in gluten-free, high-protein, or therapeutic food formulations [41-43]. Moreover, previ-
ously overlooked parts of the walnut tree, such as the husk, skin (pellicle), and leaves,
are now gaining attention for their antioxidant and antimicrobial functions, finding new
applications in food preservation, skincare, and pharmaceuticals [38, 44]. Advancing the
use of walnut-derived ingredients not only enhances consumer health outcomes but also
promotes resource efficiency and sustainability within the walnut industry, positioning
the nut as a core element in the future of functional food design [32].

5 Antioxidants in fermented and non-fermented walnuts and walnut-based
products

Walnuts are highly valued for their dense nutritional composition and notable antioxi-
dant capacity [45]. They are especially rich in bioactive molecules such as polyphenols,
flavonoids, and tocopherols, which contribute significantly to the scavenging of reactive
oxygen species (ROS) and the mitigation of oxidative stress within biological systems
[10, 38]. Notably, among various types of nuts, walnuts rank among the highest in over-
all antioxidant content. This property is largely attributed to the phenolic compounds
concentrated in the walnut’s outer layer, known as the pellicle or seed coat [46]. The total
phenolic in 50 g of walnuts (about a handful) is higher than a glass of apple juice (240
mL), 43 g of milk chocolate, or a glass of red wine (150 mL [47]).

Multiple studies have demonstrated that fermentation significantly enhances the anti-
oxidant properties of walnut-derived products (Table 1). For instance, Popovici et al. [48]
reported that fermenting walnut cheese with 1.5% instant yeast elevated the DPPH radi-
cal scavenging activity from a low 2.24% in the control sample to an impressive 94.47%
after 12 h of fermentation. Similarly, Zhong et al. [43] utilized Lactobacillus paracasei
to ferment walnut milk, resulting in the production of antioxidant peptides. The dipro-
tein extracts obtained exhibited DPPH and ABTS scavenging activities of 77.63% and
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93.31%, respectively, along with strong metal ion chelating ability (79.37%), indicating
that the combination of protein fermentation and bioactive peptide extraction can pro-
duce potent antioxidant effects (Table 1). Further supporting these findings, Zhai et al.
[49] demonstrated the beneficial impact of fermentation on walnut yogurt. The DPPH
scavenging activity increased from 87.34% in unfermented milk to 94.61% in yogurt
fermented with Lactiplantibacillus plantarum LP16. ABTS activity remained high at
approximately 93%, suggesting that fermentation not only preserves but may slightly
improve antioxidant efficacy by facilitating the release or transformation of phenolic
compounds into more active or bioavailable forms (Table 1).

The influence of different probiotic strains on the antioxidant capacity of fermented
walnut flowers has been investigated by Ru et al. [38]. They found that Lactiplantiba-
cillus plantarum ATCCB8014 yielded the highest antioxidant values with DPPH (123%),
ABTS (124%), and FRAP (128%). Other strains, such as ATCC53013 and SWFU, also
produced consistently elevated antioxidant activities, whereas the CICC strain showed
significantly lower results across all assays. These observations highlight that the antioxi-
dant potential of fermented walnut flowers is highly dependent on the microbial strain
used, emphasizing the importance of strain selection in the development of functional
foods. In addition, walnut protein meal (WPM) fermented with Bacillus subtilis has been
reported to have DPPH activity reaching 87.79%, alongside metal ion chelation of 87% at
optimal concentrations [50]. These antioxidant levels were comparable to or exceeded
those of common antioxidants such as vitamin C and glutathione. Conversely, Moslemi
et al. [41] observed only modest improvements in DPPH activity (40.4%) when walnut
oil was lipolyzed compared to the control (37.5%) within a whey matrix fermented by
Streptococcus thermophilus and Lactobacillus delbrueckii, suggesting that fermentation
of protein-based substrates yields more pronounced antioxidant enhancements than oil-
based systems (Table 1).

Walnut meal fermented with soy sauce using Aspergillus oryzae, reported DPPH val-
ues between 75% and 80% at 0.35 mg/mL concentration [42]. Although lower than the
vitamin C or BHT controls, these results still indicate substantial antioxidant capacity.
On the other hand, alcohol-based extraction from walnut pellicle showed moderate
DPPH activity (48.35 ug/mL; [46]), whereas green walnut husk extracts showed higher
antioxidant activities, with DPPH (0.40 mg TE/g), ABTS (0.90 mg TE/g), and FRAP (0.61
mg TE/g), emphasizing the variability in antioxidant potential depending on the wal-
nut part and extraction methodology [51]. Ara et al. [52] examined walnut leaves and
reported genotype-dependent variations in antioxidant capacity. For example, geno-
types Suleiman and Tuttle reached DPPH values of 75.50% and FRAP levels of 148.1
uM Fe®*/g DW, respectively. Similarly, Orce et al. [53] found species-related differences
between Juglans regia and J. australis, where methanol and ethyl acetate extracts of wal-
nut shells exhibited moderate DPPH and FRAP activities. These findings highlight that
both genetic factors and extraction solvents substantially influence antioxidant capacity
(Table 1).

Fermented walnut-based products exhibit superior antioxidant activity compared
with non-fermented matrices. This effect is largely mediated by microbial enzymatic
processes during fermentation that release bound phenolics and generate bioactive
antioxidant peptides [38]. By contrast, non-fermented walnut tissues and industrial
by-products (e.g., green husk, pellicle, and leaves) display variable and generally lower
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antioxidant capacities that depend strongly on tissue type and extraction solvent [44, 46,
51]. Nevertheless, accumulating evidence demonstrated that fermentation is markedly
more effective in enhancing both antioxidant concentration and bioaccessibility [51].

6 Conclusion

Walnut-based products, particularly walnut milk, are recognized for their high antioxi-
dant potential due to the presence of bioactive constituents such as polyphenols, flavo-
noids, and tocopherols. The antioxidant performance of these products is significantly
influenced by the walnut part utilized, the extraction method applied, and the incorpora-
tion of fermentation. Employing specific probiotic strains during fermentation enhances
the release and bioavailability of antioxidant compounds, contributing to improved
functional characteristics. Furthermore, variations in antioxidant levels among dif-
ferent walnut tissues and cultivars emphasize the importance of selecting appropriate
raw materials. Prospective research should aim to identify probiotic strains with strong
enzymatic potential that can convert complex phenolic compounds in walnut matrices
into simpler, more effective forms. Integrative techniques such as metagenomics and
metabolomics could provide insights into microbial interactions during fermentation
and help pinpoint the bacterial species responsible for improved antioxidant activity.
Exploring the fermentation behaviour of individual strains to specific walnut types may
offer strategies to boost antioxidant yield. Moreover, advancements in synthetic biology
and precision fermentation may allow for the design of microbial communities tailored
to enhance targeted antioxidant pathways. These developments could support the cre-
ation of fortified or fermented walnut beverages with advanced health-promoting prop-
erties, maximizing the functional value of walnut-derived foods. As a limitation, most
studies rely predominantly on in vitro assays, with limited in vivo or clinical validation,
leaving the physiological relevance of observed improvements uncertain. Moreover, the
precise mechanisms by which fermentation enhances the bioavailability and activity of
phenolics, peptides, and other bioactive compounds remain incompletely understood,
and interactions between specific probiotic strains and walnut compounds are largely
unexplored. Collectively, these limitations underscore the need for standardized fermen-
tation protocols, integrative multi-omics analyses, and in vivo or clinical studies to eluci-
date mechanisms, optimize functional properties, and validate potential health benefits.
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