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Fermented garlic as a functional 
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microbial ecology, bioactive 
compounds, and clinical 
perspectives
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Fermented garlic (Allium sativum) represents a promising functional food with 
potential applications as a complementary nutritional intervention for malnour-
ished populations. Through microbial fermentation and thermal processing 
two mechanistically distinct pathways, garlic undergoes significant biochemical 
transformations that enhance the availability of bioactive compounds, includ-
ing S-allyl-L-cysteine (SAC), polyphenols, and γ-aminobutyric acid (GABA), 
which collectively contribute to improved antioxidant capacity and gut health. 
This comprehensive review examines the microbial ecology underlying garlic 
fermentation, the biochemical pathways that generate bioactive metabolites, 
and the mechanistic basis by which fermented garlic employed in the broader 
food fortification strategy or incorporated into fortified therapeutic food formu-
lations targeting clinical malnutrition, may support nutritional recovery in the 
context of Environmental Enteric Dysfunction (EED), the dominant gut pathology 
underlying stunting and wasting in low- and middle-income countries (LMICs). 
Fermented garlic is a bioactive-dense nutritional adjuvant rather than a macro-
nutrient source, its clinical relevance lies in potential enhancement of gut bar-
rier integrity, reduction of mucosal inflammation, and support of micronutrient 
bioavailability, rather than direct caloric contribution. Preclinical evidence from 
animal models demonstrates improvements in intestinal morphology, metabolic 
parameters, and immune function, suggesting potential utility in nutritionally 
stressed populations. However, well-designed human clinical trials specifically 
examining fermented garlic in malnourished populations are currently under-
represented in the literature, and all translational implications discussed herein 
remain preliminary. Substantial research gaps persist regarding optimal dosage, 
long-term clinical safety, and standardization of fermentation protocols. This 
review identifies critical research priorities necessary to establish fermented garlic 
as a scalable, culturally acceptable food-based complementary intervention for 
vulnerable populations worldwide.
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1 Introduction

Malnutrition remains one of the most pressing challenges facing 
global public health, particularly in low- and middle-income countries 
(LMICs) across Africa, South Asia, and Southeast Asia. The condition 
encompasses a spectrum of nutritional disorders, including protein-
energy malnutrition (PEM), micronutrient deficiencies, and overnu-
trition, all of which have profound consequences for physical 
development, immune function, and long-term health outcomes (1). 
The World Health Organization estimates that approximately 735 mil-
lion people globally experience chronic hunger, with malnutrition 
contributing directly to nearly 45% of deaths in children under 5 years 
of age, primarily through increased susceptibility to infectious dis-
eases (2).

Traditional nutritional interventions including dietary diversifica-
tion, food fortification, and supplementation programs have demon-
strated efficacy in enhancing nutritional outcomes. However, 
implementation in resource-limited settings remains constrained by 
economic cost, accessibility challenges, poor cultural adherence, and 
limited sustainability beyond externally funded programs (2). 
Consequently, growing recognition exists among nutrition researchers 
and public health practitioners that innovative, locally derived food-
based interventions offer promise for addressing malnutrition in vul-
nerable populations.

A critical but underappreciated dimension of childhood malnutri-
tion in LMICs is Environmental Enteric Dysfunction (EED) a subclini-
cal condition characterized by chronic intestinal inflammation, villous 
blunting, increased intestinal permeability (“leaky gut”), microbial 
translocation, and dysbiosis (3). EED perpetuates malnutrition by 
impairing the absorptive capacity of therapeutic foods, even when 
adequate nutrition is provided. Interventions capable of repairing gut 
barrier integrity and modulating intestinal microbiota therefore repre-
sent a high-priority strategy in nutritional rehabilitation programs.

Fermented foods have occupied a central role in human dietary 
traditions for millennia, serving not only as preservation mechanisms 
but as nutritional enhancers (4). Contemporary research has demon-
strated that fermentation processes substantially alter the biochemical 
composition of food substrates, improving nutrient bioavailability, 
reducing anti-nutritional compounds, and introducing beneficial 
microorganisms that support gut health and immune function (5). 
Across African communities, traditional fermented foods including 
Ogi (fermented maize porridge), Kunu-zaki (fermented cereal bever-
age), and Dawadawa (fermented locust bean condiment) have been 
documented to enhance dietary quality and contribute to mitigation 
of micronutrient deficiencies (6).

Garlic (Allium sativum) is globally recognized for its antimi-
crobial, antioxidant, and immunomodulatory properties. 
However, the bioavailability of garlic’s bioactive compounds is 
limited when consumed raw, and its characteristic pungent odor 
limits palatability and dietary acceptability (7). Fermentation 
emerged as a strategic processing approach to enhance garlic’s 
functional properties, enhance palatability, and generate stable 
bioactive compounds with demonstrated health-promoting poten-
tial (8). Two primary fermented garlic products have received 
considerable scientific attention: lactic acid-fermented garlic, pro-
duced through microbial fermentation by lactic acid bacteria 
(LAB), and black garlic, generated through controlled thermal 
aging at elevated temperature and humidity (9). These two 

pathways are mechanistically distinct and must not be conflated: 
lactic acid fermentation is driven by microbial enzymatic catalysis, 
while thermal aging is a heat-driven chemical process occurring 
in the absence of active microbial metabolism.

Importantly, fermented garlic is not positioned as a primary 
macronutrient source. Its potential contribution to addressing 
malnutrition lies in its role as a bioactive-dense complementary 
nutritional intervention specifically, one that may enhance gut 
barrier function, reduce intestinal inflammation, support micro-
nutrient bioavailability, and improve the efficacy of existing thera-
peutic food programs (e.g., ready-to-use therapeutic foods, RUTF) 
in populations affected by EED.

The present review synthesizes current understanding of 
garlic fermentation processes, the microbial ecology driving bio-
chemical transformations, the bioactive compounds generated 
during fermentation, and the mechanistic pathways through 
which fermented garlic may influence nutritional status and 
immune function in the context of malnutrition. By integrating 
preclinical evidence, available observational human data, and 
identified research gaps, this review aims to clarify the potential 
of fermented garlic as a scalable, culturally acceptable comple-
mentary functional food strategy for addressing malnutrition in 
vulnerable populations, with particular focus on LMICs including 
sub-Saharan Africa.

1.1 Review methodology

Studies were included if they: (1) were peer-reviewed original 
research articles, meta-analyses or systematic reviewsn published 
in English; (2) examined LAB microbial ecology, garlic fermenta-
tion processes, bioactive compound characterization, or nutri-
tional and health outcomes of fermented or thermally aged garlic; 
and (3) were published between January 2010 and March 2026, 
with key foundational pre-2010 studies included where mechanis-
tically essential. Studies were excluded if they analyzed dried or 
raw garlic without fermentation or thermal processing, were con-
ference abstracts, or were not peer-reviewed. A PRISMA-style 
flow diagram summarizing study selection is provided as 
Supplementary Figure S1.

Search terms included: “fermented garlic,” “Allium sativum fer-
mentation,” “lactic acid bacteria garlic,” “black garlic bioactive,” 
“S-allyl-L-cysteine,” “garlic gut health,” “garlic malnutrition,” “garlic 
Environmental Enteric Dysfunction,” “garlic GABA,” and “garlic clini-
cal trial.” Boolean operators (AND, OR) combined terms. Reference 
lists of retrieved articles were hand-searched for additional eligible 
sources.

A systematic literature search was conducted across four elec-
tronic databases: PubMed/MEDLINE, Scopus, Google Scholar and 
Web of Science. The search covered publications from January 2010 
to March 2026. Searches were conducted independently by two 
authors (MAE-F and YDO), with discrepancies resolved by consensus 
with the supervising author (SUO).

Given that this review integrates evidence across food science, 
clinical nutrition and microbiology, a transparent description of the 
literature search strategy is provided to enable assessment of coverage 
completeness and reliability, consistent with Frontiers journal stan-
dards for narrative reviews.
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2 Microbial fermentation of garlic

2.1 Fermentation pathways: lactic acid 
fermentation and thermal aging

Garlic fermentation proceeds through two distinct pathways, each 
characterized by unique biochemical mechanisms, microbial involve-
ment, and resulting bioactive profiles. Lactic acid fermentation is a 
microbially mediated process driven by enzymatic catalysis, whereas 
thermal aging (black garlic production) is a heat-driven chemical 
transformation occurring in the complete absence of active microbial 
metabolism. Understanding these pathways and distinctions is essen-
tial for optimizing fermentation protocols, predicting and interpreting 
functional outcomes and avoiding conflation of their mechanistic 
bases (as highlighted in Figure 1).

2.1.1 Lactic acid fermentation

In lactic acid fermentation, peeled garlic cloves are submerged in 
brine solutions containing 2–5% sodium chloride and incubated at 
temperatures ranging from 20 to 37 °C for 7–30 days (10). During 
fermentation, naturally occurring or inoculated lactic acid bacteria 

metabolize available carbohydrates, producing organic acids predomi-
nantly lactic acid which lower the pH to approximately 3.5–4.4 (11). 
This acidification inhibits spoilage microorganisms, facilitates enzy-
matic conversion of sulfur-containing compounds via microbial 
γ-glutamyl transpeptidase and glutamate decarboxylase activity, and 
creates conditions favoring synthesis of bioactive metabolites. Lacto-
fermented garlic exhibits reduced pungency, enhanced digestibility, 
and increased concentrations of GABA and SAC.

2.1.2 Black garlic production (thermal aging)

In contrast, black garlic production relies on prolonged thermal 
aging rather than active microbial fermentation (Figure 1). Fresh 
garlic bulbs are subjected to controlled conditions of approximately 
60–90 °C temperature and 70–90% relative humidity for 15–40 days 
(12). During this process, non-enzymatic browning reactions particu-
larly Maillard reactions between reducing sugars and amino acids, and 
Amadori rearrangements drive the transformation of garlic tissues in 
the absence of microbial activity. These thermal reactions generate 
dark pigments (melanoidins), characteristic flavor compounds, and 
substantially increased concentrations of SAC and polyphenols (13). 
The mechanisms of SAC formation in lactic fermentation 

FIGURE 1

Fermentation pathways for processing garlic (Allium sativum). The two pathways are mechanistically distinct: lactic acid fermentation is driven by 
microbial enzymatic catalysis, while thermal aging (black garlic production) is a heat-driven chemical transformation occurring in the absence of active 
microbial metabolism. Original author-created schematic. Data sources cited in figure legend (7, 8, 10–13).
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(enzyme-mediated deglutamylation by microbial γ-glutamyl transpep-
tidase) are therefore mechanistically distinct from those in thermal 
aging (non-enzymatic heat-driven conversion), though both pathways 
ultimately yield this key bioactive compound.

2.2 Microbial ecology of lactic-fermented 
garlic

The microbial communities that develop during garlic fermenta-
tion are characterized by complex ecological succession, with lactic 
acid bacteria (LAB) emerging as the dominant microorganisms 
responsible for fermentation and bioactive metabolite production 
(Figure 2). Culture-based studies combined with metagenomic 
sequencing have consistently identified LAB as the principal microbial 
group driving fermentation, typically constituting 60–90% of the total 
microbial population (14, 15).

2.2.1 Dominant LAB species

Among LAB commonly detected in fermented garlic, 
Lactiplantibacillus plantarum and Levilactobacillus brevis (formerly 
Lactobacillus brevis) are frequently dominant species. These bacteria 
are metabolically well-adapted to acidic, low-oxygen environments 
characteristic of fermented foods, and contribute to rapid acidification 
through efficient production of lactic acid and other organic acids 
(16). Beyond acidification, the metabolic activity of these dominant 
LAB species leads to synthesis of functional metabolites including 
antimicrobial compounds (bacteriocins), exopolysaccharides, and 
γ-aminobutyric acid (GABA), which collectively improve the nutri-
tional and functional properties of fermented garlic (17, 18).

Quantitative metagenomic evidence supports the dominant status 
of these species: Lactiplantibacillus plantarum accounts for approxi-
mately 26.4% and Levilactobacillus brevis for approximately 21.7% of 
the total LAB community in fermented garlic systems, together 

comprising nearly half the LAB population across multiple indepen-
dent studies (14, 19). The term “frequently” is therefore supported by 
quantitative prevalence data rather than qualitative observation alone.

2.2.2 Secondary LAB genera

Other LAB genera including Leuconostoc, Pediococcus, and 
Weissella frequently participate in the fermentation process, typically 
dominating early fermentation stages where they initiate carbohy-
drate metabolism, produce organic acids and establish conditions 
favorable for subsequent proliferation of more acid-tolerant species 
(20). Their metabolic contributions extend to microbial stability, 
flavor development and formation of additional bioactive 
compounds.

2.2.3 Yeast participation

Yeasts including Saccharomyces cerevisiae, Candida species, and 
Pichia species frequently coexist with LAB in fermented garlic ecosys-
tems. These microorganisms contribute through carbohydrate metab-
olism, production of volatile aroma compounds and synergistic 
interactions with bacterial populations (21). In mixed fermentations, 
yeasts may interact synergistically with LAB to enhance metabolite 
diversity and antioxidant potential (22).

The composition and temporal succession of these microbial com-
munities are substantially influenced by salt concentration, garlic cul-
tivar, fermentation temperature and initial microbial load present on 
raw garlic (19, 23).

2.3 Biochemical transformations during 
garlic fermentation

Microbial activity during fermentation drives extensive biochemi-
cal transformations that fundamentally alter the chemical 

FIGURE 2

Relative abundance of dominant lactic acid bacteria (LAB) genera in fermented garlic based on metagenomic data synthesis. Left: Proportional donut chart. 
Right: Horizontal bar chart with percentage annotations. LAB constitute 60–90% of the total microbial population; remaining community is predominantly 
composed of yeast genera. Original author-created data visualisation. Data synthesized from Srinivas et al. (14), Nam et al. (19), and Singh and Kumar (23).
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composition and functional properties of garlic. These changes are 
primarily driven by enzymatic reactions catalyzed by microbial 
enzymes and by direct microbial metabolism, which collectively con-
vert precursor molecules into bioactive compounds with substantial 
nutritional and therapeutic potential.

2.3.1 Organosulfur compound transformation

One of the most significant biochemical transformations involves 
modification of garlic’s characteristic organosulfur compounds. 
Enzymatic reactions catalyzed by microbial γ-glutamyl transpeptidase 
facilitate conversion of sulfur-containing precursors into stable com-
pounds including S-allyl-L-cysteine (SAC) and related derivatives (24, 
25). These compounds exhibit strong antioxidant and anti-inflamma-
tory properties that contribute substantially to the improved func-
tional value of fermented garlic.

2.3.2 GABA synthesis

Microbial fermentation promotes synthesis of γ-aminobutyric 
acid (GABA) through decarboxylation of glutamic acid, catalyzed by 
bacterial glutamate decarboxylase enzymes present in LAB. GABA is 
an important bioactive compound associated with neurological regu-
lation, stress reduction, cardiovascular health and potential cardio-
metabolic benefits (18, 26).

2.3.3 Additional metabolite production

Fermentation also produces organic acids, bacteriocins with anti-
microbial activity and exopolysaccharides that enhance texture and 
improve nutrient bioavailability (27, 28). Collectively, these biochemi-
cal changes improve the nutritional value, functional properties and 
sensory characteristics of fermented garlic.

2.3.4 Thermal aging reactions

In black garlic production, biochemical transformations occur 
exclusively through non-enzymatic Maillard reactions between amino 
acids and reducing sugars a process mechanistically distinct from 
microbial fermentation. These reactions generate dark pigments (mel-
anoidins), flavor compounds and increased concentrations of phenolic 
compounds and antioxidant metabolites (13).

3 Bioactive compound profiles and 
nutritional enhancement

3.1 Organosulfur compounds: stability and 
antioxidant capacity

Fresh garlic contains high concentrations of alliin (S-allyl-L-
cysteine sulfoxide), which is rapidly converted to allicin upon tissue 
disruption. Although allicin exhibits strong antimicrobial and antioxi-
dant activity, it is highly unstable and quickly decomposes into 

lipid-soluble sulfur compounds such as diallyl disulfide and diallyl 
trisulfide (8). This instability significantly limits systemic bioavailabil-
ity and biological efficacy.

Fermentation and aging processes substantially shift this profile 
toward more stable, water-soluble compounds, particularly S-allyl-L-
cysteine (SAC). SAC concentrations increase significantly during 
black garlic production and are associated with improved antioxidant 
capacity and superior bioavailability compared to allicin (7, 29). SAC 
has been demonstrated to support endogenous antioxidant systems 
and regulate inflammatory signaling pathways (Figure 3). Because 
oxidative stress is frequently elevated in malnourished individuals 
contributing to immune dysfunction and impaired tissue repair the 
presence of stable antioxidants such as SAC may help support recov-
ery and restore redox balance (30).

3.2 γ-Aminobutyric acid and amino acid 
metabolites

Lactic fermentation can significantly increase γ-aminobutyric acid 
(GABA) concentration through microbial glutamate decarboxylase 
activity in lactic acid bacteria (4, 30). Fermented garlic products fre-
quently contain substantially higher GABA levels compared with raw 
garlic, representing a functionally significant enhancement. Beyond 
its well-characterized role as a neurotransmitter in the central nervous 
system, GABA has been associated with metabolic regulation, includ-
ing effects on blood pressure control, modulation of stress responses 
and improvement of insulin signaling (29). This metabolic enrichment 
may contribute substantially to the physiological benefits of fermented 
garlic consumption.

3.3 Polyphenols and Maillard reaction 
products

Thermal aging during black garlic production promotes Maillard 
reactions between reducing sugars and amino acids, generating mela-
noidins and enhancing the availability of polyphenolic compounds. 
Studies have documented substantial increases in total phenolic con-
tent and overall antioxidant capacity following garlic aging (7, 29). 
Polyphenols and Maillard-derived compounds contribute to free radi-
cal scavenging, metal ion chelation, and modulation of inflammatory 
signaling pathways (Figure 4). These antioxidant effects may be par-
ticularly beneficial in conditions of nutritional stress, where oxidative 
damage and pro-inflammatory states frequently contribute to immune 
dysfunction and impaired nutrient utilization.

A critical observation from comparative analysis of the cited lit-
erature is the substantial quantitative variability in bioactive com-
pound concentrations across studies. SAC content ranges from 
approximately 0.05 mg/g dry weight (DW) in raw garlic to 1.2 mg/g 
DW in lacto-fermented products and up to 14.8 mg/g DW in opti-
mally aged black garlic, a nearly 300-fold range. Total phenolic content 
varies from 18.5 to 52.3 mg gallic acid equivalents (GAE)/g DW across 
processing methods. This heterogeneity is attributable to geographic 
origin and garlic cultivar, fermentation temperature and duration, 
LAB strain identity and inoculum density, salt concentration and 
post-fermentation storage conditions (13, 18). This variability has 
direct implications for cross-study comparisons and underscores the 
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FIGURE 3

S-Allyl-L-cysteine (SAC): formation pathways, mechanisms of action, pharmacokinetics, and health-promoting activities. SAC arises via enzymatic 
deglutamylation in lactic acid fermentation and via non-enzymatic heat-driven conversion in thermal aging two distinct mechanistic routes. Schematic 
based on Rais et al. (41) and Shang et al. (8). Nrf2, nuclear factor erythroid 2-related factor 2; NF-κB, nuclear factor kappa-light-chain-enhancer of 
activated B cells; GSH, glutathione; SOD, superoxide dismutase; sIgA, secretory immunoglobulin A. Original author-created schematic, based 
conceptually on Rais et al. (41) and Shang et al. (8).

FIGURE 4

Antioxidant capacity and bioactive content across garlic processing methods. Left: DPPH and ABTS radical scavenging activity (%). Right: Total phenolic 
content (mg GAE/g DW) and SAC content (mg/g DW). Values are representative means synthesized from cited primary sources (7, 12, 13, 29). Raw garlic 
values are used as baseline reference. Original author-created data visualisation. Values are representative means from Ryu and Kang (7), Bedrníček et 
al. (12), Moreno-Ortega et al. (13) and Shin et al. (29).
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need for standardized fermentation protocols before clinical transla-
tion can be meaningfully pursued.

3.4 Micronutrient enhancement and vitamin 
production

Certain microorganisms involved in vegetable fermentation can 
synthesize B-group vitamins, including riboflavin and folate (4, 5). 
Although garlic is not inherently a major source of B vitamins, fer-
mentation may enhance micronutrient availability through two 
mechanisms: (1) microbial biosynthesis of vitamins, and (2) 
improved extractability through reduced pH and increased solubil-
ity. Additionally, organic acid production during fermentation 
lowers pH and improves mineral solubility, potentially increasing 
the bioavailability of iron and zinc (4). These micronutrients are 
critically deficient in malnourished populations, iron deficiency 
anemia and zinc deficiency are among the most prevalent micronu-
trient disorders globally, suggesting that fermented garlic could 
make a modest but meaningful contribution to addressing micro-
nutrient gaps, particularly when incorporated into diversified 
dietary strategies in LMICs.

3.5 Prebiotic components and short-chain 
fatty acid production

Garlic naturally contains fructooligosaccharides (FOS) and inu-
lin-type fructans that function as prebiotic substrates. During intesti-
nal passage and fermentation by the colonic microbiota, these 
carbohydrates are metabolized to produce short-chain fatty acids 
(SCFAs) including acetate, propionate, and butyrate (31). SCFAs play 
essential roles in maintaining intestinal barrier integrity, regulating 
immune responses, and supporting metabolic homeostasis. By provid-
ing fermentable substrates and modulating microbial composition, 
fermented garlic may indirectly promote SCFA production and sup-
port overall gut health a mechanism particularly relevant in malnour-
ished populations where gut barrier dysfunction and dysbiosis 
contribute to continued nutrient malabsorption and perpetuation of 
the EED cycle.

4 Mechanistic basis for nutritional 
benefits in malnourished hosts

The potential nutritional benefits of fermented garlic arise from 
interactions between its bioactive compounds and multiple physi-
ological systems involved in metabolic and immune regulation. 
Critically, the mechanistic pathways discussed in this section are 
contextualized specifically for the malnourished host, in whom 
these pathways are distinctly and often severely dysregulated 
(Figure 5). Evidence suggests that fermented garlic influences oxi-
dative stress pathways, inflammatory signaling, and gut microbial 
ecology all of which are closely linked to malnutrition and its 
sequelae (18, 32).

It is important to distinguish the pathophysiological contexts 
relevant to this review. In protein-energy malnutrition (PEM) and 
Environmental Enteric Dysfunction (EED), the Nrf2, NF-κB, and 
gut barrier pathways discussed below are dysregulated through 

mechanisms distinct from those observed in metabolic disease 
states such as obesity or dyslipidemia. In PEM/EED, pathway dys-
regulation is driven by enterocyte atrophy, glutathione depletion 
and systemic protein deficit not by caloric excess or insulin resis-
tance. The mechanistic discussion in Sections 4.1–4.3 explicitly 
addresses each population context and does not conflate malnutri-
tion with metabolic disease.

4.1 Modulation of oxidative stress in the 
malnourished host

Oxidative stress is a common and severe feature of protein-
energy malnutrition. In the malnourished host, Nrf2 (nuclear 
factor erythroid 2-related factor 2) pathway activity is typically 
suppressed due to glutathione depletion and reduced availability 
of cysteine precursors the critical substrate for endogenous anti-
oxidant synthesis. This results in reduced activity of antioxidant 
enzymes including superoxide dismutase (SOD) and catalase, 
leading to cellular damage, impaired tissue repair, and immune 
dysfunction.

Fermented garlic exhibits significantly greater antioxidant activity 
than raw garlic due to increased concentrations of stable organosulfur 
compounds and polyphenols (7, 29). A key mechanistic pathway 
involves activation of the Nrf2 signaling pathway by SAC and related 
compounds (8). SAC, as a bioavailable cysteine-containing organosul-
fur compound, may directly support Nrf2 reactivation in the mal-
nourished host by providing cysteine substrate for glutathione 
regeneration. Experimental studies have demonstrated that fermented 
garlic supplementation reduces lipid peroxidation markers and 
improves antioxidant enzyme activity, suggesting that its bioactive 
compounds may support restoration of antioxidant capacity in nutri-
tionally compromised individuals (30).

4.2 Anti-inflammatory and 
immunomodulatory effects in 
malnourished populations

Malnutrition-induced immunosuppression is characterized by 
thymic atrophy, impaired T-lymphocyte proliferation, reduced 
secretory IgA (sIgA) production, and blunted natural killer (NK) 
cell activity collectively rendering affected individuals highly sus-
ceptible to enteropathogens. Chronic inflammation further 
impairs nutrient metabolism; elevated pro-inflammatory cyto-
kines (TNF-α, IL-6) are consistently observed in PEM and EED, 
creating a vicious cycle of immune activation and continued 
nutrient depletion.

Bioactive compounds in fermented garlic have been shown to 
inhibit NF-κB activation, a key transcription factor regulating inflam-
matory responses (8, 29). Suppression of NF-κB signaling reduces 
expression of TNF-α and IL-1β. Importantly, NF-κB inhibitory effects 
and LAB-mediated immunomodulation may be particularly relevant 
to restoring mucosal immune competence in malnourished popula-
tions, where the mucosal immune system is characterized by para-
doxical chronic activation alongside suppressed adaptive immunity. 
Lactic acid bacteria associated with fermentation can also enhance 
mucosal immunity and stimulate sIgA production (5) an effect of par-
ticular importance in populations where mucosal immunity is 
compromised.
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4.3 Gut microbiota, intestinal barrier 
function, and environmental enteric 
dysfunction

The intestinal microbiota plays a central role in nutrient absorp-
tion, immune regulation, and metabolic homeostasis. In malnutrition 
and EED, dysbiosis is characterized by reduced microbial diversity, 
depletion of beneficial commensal bacteria (Lactobacillus, 
Bifidobacterium spp.), and expansion of Gram-negative pathobionts 
contributing to increased lipopolysaccharide (LPS) translocation, 
chronic immune activation, and further deterioration of absorptive 
capacity.

The pathological hallmarks of EED villous blunting, increased 
intestinal permeability, chronic mucosal inflammation, and micro-
bial translocation represent precisely the physiological targets for 
fermented garlic’s bioactive mechanisms. Fermented garlic con-
tains prebiotic carbohydrates (FOS, inulin-type fructans) that sup-
port growth of beneficial gut bacteria and promote SCFA 
production (31). Butyrate, the principal colonocyte energy sub-
strate produced by microbial fermentation, directly supports tight 
junction protein expression (claudin, occludin) and epithelial 
repair key mechanisms for restoring intestinal barrier integrity dis-
rupted in EED.

The Nrf2-mediated antioxidant pathway, activated by SAC and 
polyphenols in fermented garlic, may provide additional support for 
gut mucosal repair through reduction of reactive oxygen species 
(ROS)-mediated epithelial damage in the inflamed malnourished gut. 
Collectively, these interconnected mechanisms position fermented 
garlic as a complementary adjuvant with potential to enhance the effi-
cacy of therapeutic food programs by enhancing intestinal absorptive 
capacity not by replacing therapeutic foods, but by addressing the gut 
pathophysiology that limits their effectiveness in EED-affected 
populations.

5 Evidence from preclinical and human 
studies

5.1 Protein-energy malnutrition and 
nutritional efficiency models

Preclinical studies provide important insights into the potential 
nutritional and physiological benefits of fermented garlic, particularly 
in the context of metabolic dysfunction and nutritional stress 

FIGURE 5

Multi-system mechanisms of fermented garlic as a complementary nutritional intervention in malnutrition and environmental enteric dysfunction (EED). 
All mechanistic pathways are contextualized for the physiology of the malnourished host. The central box illustrates the bioactive constituents of 
fermented garlic; surrounding panels describe their mechanistic targets and expected effects. The safety warning highlights the biogenic amine risk 
specific to malnourished children. SAC, S-allyl-L-cysteine; GABA, gamma-aminobutyric acid; SCFAs, short-chain fatty acids; EED, environmental enteric 
dysfunction; PEM, protein-energy malnutrition; DAO, diamine oxidase; FOS, fructooligosaccharides.
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(Table 1). Experimental models have demonstrated that fermentation 
enhances the bioavailability of garlic bioactives including SAC, poly-
phenols, and antioxidant compounds, thereby improving metabolic 
regulation, immune responses, and gut health (8, 33).

Animal studies investigating the effects of fermented garlic sup-
plementation in nutritionally stressed models have reported improve-
ments in growth performance, nutrient utilization, and intestinal 
morphology. Dida et al. (34), using a broiler chicken model main-
tained on a protein-restricted diet (a nutritionally stressed not a 
healthy model relevant to PEM physiology), reported that dietary 
inclusion of fermented garlic was associated with enhanced weight 
gain, improved feed conversion efficiency, and increased intestinal 
villus height. These improvements most plausibly reflect indirect 
mechanisms enhanced digestive enzyme activity, reduced intestinal 

oxidative stress, and improved epithelial integrity rather than any 
direct macronutrient contribution by garlic itself, which is not a mac-
ronutrient source. Similarly, Moustafa et al. (35), using Liza ramada 
(a nutritionally stressed aquaculture model), demonstrated that fer-
mented garlic increased amylase, protease and lipase activity, enhanc-
ing overall feed utilization efficiency.

Fermented garlic appears to support protein metabolism through 
several mechanisms: improved antioxidant capacity reduces oxidative 
stress associated with nutrient deficiencies, while bioactive sulfur 
compounds enhance metabolic efficiency and cellular protection (8, 
26). Additionally, fermentation increases the concentration of bio-
available amino acid derivatives such as SAC, which may support 
tissue repair and growth in nutrient-deficient conditions (36). 
However, it must be noted that the majority of cited preclinical studies 

TABLE 1  Preclinical studies of fermented garlic across metabolic and nutritional models.

Metabolic focus Model/nutritional status Key findings and 
mechanisms

References

Obesity and weight management HFD rodents (Healthy/Obese) Reduced body weight gain, visceral fat 

and BMI. Mechanism: downregulation 

of lipogenic genes (PPARgamma, C/

EBPalpha, SREBP-1c).

(39)

Lipid metabolism Hypercholesterolaemic rats (Healthy/

Dyslipidaemic)

Marked reduction in TC, TG and 

LDL-C with elevation of HDL-C. 

Inhibits HMG-CoA reductase and 

ACAT-2.

(42)

Glucose metabolism STZ-induced diabetic mice/rats (Healthy/

Diabetic)

Ameliorates hyperglycemia and 

improves insulin sensitivity. Protects 

pancreatic beta-cells and lowers 

HbA1c.

(39)

Hepatoprotection Alcohol/HFD liver injury (Healthy/

Metabolically stressed)

Reduces ALT/AST and prevents 

hepatic steatosis by increasing 

antioxidant enzymes (SOD, Catalase).

(43)

Antioxidant status Various oxidative stress models (Healthy/

Stressed)

Superior free-radical scavenging versus 

raw garlic; activates Nrf2-ARE pathway 

to enhance cellular antioxidant 

defense.

(39)

Digestive and nutritional efficiency Liza ramada (Nutritionally stressed/Feed-

restricted)

Elevated digestive enzyme activity 

(amylase, lipase, protease), improved 

growth and feed utilization efficiency.

(35)

Protein-energy malnutrition Broiler—protein-restricted diet 

(Malnourished model)

Improved weight gain, feed conversion 

ratio and intestinal villus height in 

protein-restricted animals. Mechanistic 

basis: enhanced epithelial integrity and 

nutrient absorption—not direct caloric 

contribution.

(34)

Immune function Rodent models (Various nutritional states) Organosulfur compounds and LAB 

metabolites modulate immune gene 

expression, improve intestinal barrier 

integrity and enhance innate immune 

responses relevant to malnourished 

hosts.

(34, 37)

Green-highlighted rows ([NEW]) represent entries added in this revision to address malnutrition-specific evidence gaps. Zou et al. (39) and Bedrnicek et al. (12) citations corrected. HFD, 
high-fat diet; STZ, streptozotocin; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; SOD, superoxide 
dismutase; PEM, protein-energy malnutrition.
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used healthy or metabolically altered (obese, diabetic, dyslipidaemic) 
animal models rather than models of protein-energy malnutrition 
(Table 1). Findings from these models cannot be directly extrapolated 
to malnourished humans. Well-designed mammalian PEM animal 
models specifically examining fermented garlic supplementation 
remain underrepresented in the literature and represent a high-prior-
ity research need (Section 7).

To be explicit about the asymmetry of the evidence base: the pre-
clinical case for fermented garlic in metabolic disease contexts (hyper-
glycemia, obesity, dyslipidemia) is supported by multiple independent 
rodent studies with consistent mechanistic findings and in several 
cases, clear dose–response relationships. By contrast, the evidence 
specifically in malnutrition and PEM contexts consists of one directly 
relevant protein-restricted animal study [(34), broiler model] and one 
aquaculture nutritional efficiency study (35), neither of which used 
mammalian PEM models. No human clinical trial data in malnour-
ished populations exist. This asymmetry does not invalidate the mech-
anistic hypothesis, it defines the primary justification for the clinical 
research program outlined in section 7.

5.2 Available human evidence: 
observational studies and preliminary 
clinical data

Available literature suggests that well-designed, controlled human 
clinical trials specifically examining fermented garlic supplementation 
in malnourished populations are currently not well established in the 
published literature. This constitutes a critical evidence gap and is 
identified as the highest-priority research need in in this review. The 
translational and therapeutic implications discussed therefor remain 
preliminary and require clinical validation before informing nutri-
tional policy or practice.

The available human evidence relevant to fermented garlic and 
nutritional health can be characterized across three levels of evidence, 
each with important methodological limitations:

5.2.1 Epidemiological and dietary data

Cross-sectional and prospective observational studies have docu-
mented associations between habitual garlic consumption and 
reduced markers of cardiovascular disease, oxidative stress, and 
chronic inflammation in population-level surveys (8). Hence, these 
studies typically assess raw or minimally processed garlic rather than 
fermented products specifically, and none have been conducted in 
populations defined by clinical malnutrition or EED biomarkers. 
Their relevance to the present review is therefore mechanistic and 
contextual, establishing biological plausibility rather than directly 
evidential.

5.2.2 Preliminary clinical data on black garlic

A limited number of small-scale human studies have examined 
the effects of black garlic or aged garlic extract on metabolic param-
eters in non-malnourished adults. These studies generally report 
improvements in antioxidant enzyme activity, modest reductions in 
total cholesterol and LDL-C and decreased inflammatory markers (7, 
29). However, participants in these studies are predominantly meta-
bolically healthy or dyslipidaemic adults; no studies have examined 
populations with PEM, stunting, wasting, or documented 

micronutrient deficiencies. Dose forms and amounts vary substan-
tially across studies, precluding meta-analysis.

5.2.3 Traditional dietary evidence

Fermented garlic products have been consumed safely for centu-
ries in Asian culinary traditions (Korea, Japan, China) without docu-
mented adverse effects at typical dietary intake levels. This provides 
an important safety signal supporting feasibility of dietary use, though 
traditional consumption patterns do not constitute evidence of thera-
peutic efficacy in clinical malnutrition contexts.

In summary, the available human evidence base demonstrates 
the biological plausibility and dietary safety of fermented garlic con-
sumption but does not yet provide direct clinical evidence of effi-
cacy in malnourished populations. The development of this 
evidence base through well-designed randomized controlled trials 
represents the most important research priority identified by 
this review.

5.3 Immune outcomes from preclinical 
models

Immune dysfunction is a major consequence of malnutrition, 
contributing to increased susceptibility to infectious diseases and 
impaired wound healing. Several preclinical studies indicate that fer-
mented garlic may enhance immune function through multiple mech-
anisms, including antioxidant activity, modulation of inflammatory 
pathways, and gut microbiota modulation. Garlic-derived organosul-
fur compounds have demonstrated both antimicrobial and immuno-
modulatory properties, contributing to improved host defense 
mechanisms (37). Fermentation further amplifies these effects by 
generating additional bioactive metabolites and introducing beneficial 
microorganisms that may function as probiotics or postbiotics. 
Animal studies have shown that fermented garlic supplementation can 
influence immune-related gene expression and enhance intestinal bar-
rier integrity, both of which are essential for protection against infec-
tion and inflammation in malnourished hosts (34).

6 Safety, translational potential, and 
limitations

All translational and therapeutic implications discussed in this 
review are preliminary, given that the evidence base supporting fer-
mented garlic as a nutritional intervention in malnourished popula-
tions is predominantly derived from in vitro studies and animal 
models. Robust clinical evidence in malnourished human populations 
is currently underrepresented.

6.1 Safety considerations

Fermented garlic products are generally considered safe for 
human consumption and have been widely used in traditional diets 
across Asia and other regions for centuries without reports of serious 
adverse effects. The fermentation process itself improves food safety 
by inhibiting pathogenic microorganisms and lowering pH. Lactic 
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acid bacteria produce antimicrobial metabolites and organic acids that 
contribute to product stability and microbial safety (4, 5).

6.1.1 The biogenic amine safety consideration in 
malnourished populations

A clinical critical safety consideration specifically relevant to clini-
cal applications in malnourished children is the biogenic amine para-
dox. During fermentation, certain LAB strains possessing amino acid 
decarboxylase enzymes can produce biogenic amines particularly 
histamine and tyramine through decarboxylation of histidine and 
tyrosine, respectively. While healthy individuals effectively catabolize 
dietary histamine via diamine oxidase (DAO) in the intestinal mucosa, 
malnourished children frequently exhibit markedly reduced DAO 
activity due to enterocyte atrophy and mucosal damage associated 
with EED (38).

This reduced DAO activity in malnourished children creates a 
heightened risk of histamine-mediated pseudo-allergic reactions 
including flushing, urticaria, gastrointestinal distress, and, in 
severe cases, bronchospasm upon consumption of fermented 
foods with elevated biogenic amine content. The clinical implica-
tion is direct and actionable: the use of well-characterized, low-
amine-producing LAB starter cultures for fermented garlic 
production intended for vulnerable populations is an essential 
safety requirement. Specifically, Lactiplantibacillus plantarum 
strains confirmed to lack histidine decarboxylase (HDC) gene 
expression should be prioritized as starter cultures, and finished 
product biogenic amine content should be quantified and con-
trolled in any clinical application. This represents a non-negotiable 
quality standard for therapeutic use of fermented garlic in mal-
nourished children.

Furthermore, safety considerations include: potential interaction 
of garlic-derived compounds with anticoagulant medications (typi-
cally at concentrated extract doses rather than dietary intake levels); 
rare allergic reactions to garlic proteins (fermentation or thermal pro-
cessing may reduce allergenic potential); and theoretical drug-food 
interactions in severely immunocompromised individuals. All of these 
require monitoring in clinical trial settings (8).

6.2 Translational potential as a 
complementary nutritional intervention

Fermented garlic has potential applications as a complementary 
nutritional intervention in two distinct modalities in LMIC settings: 
(1) incorporation into fortified therapeutic food formulations target-
ing clinical malnutrition, where its gut barrier-supportive and immu-
nomodulatory properties may enhance the efficacy of RUTF-based 
protocols by addressing the EED pathophysiology that limits thera-
peutic food absorption; and (2) community-level integration as a fer-
mented condiment within dietary diversification strategies for at-risk 
populations, leveraging its micronutrient bioavailability-enhancing 
properties and cultural acceptability across multiple African and 
Asian cuisines.

Fermented garlic products generally exhibit milder flavor pro-
files and enhanced palatability compared with raw garlic, they 
may be more acceptable for incorporation into food formulations 
for children and individuals with compromised appetite. Garlic is 
globally cultivated and remains relatively inexpensive, making 
fermented garlic products potentially accessible in resource-lim-
ited settings aligning with global nutrition strategies emphasizing 

culturally acceptable, locally available food-based interven-
tions (2).

6.3 Limitations of current evidence

Despite promising experimental and mechanistic findings, sev-
eral limitations restrict the direct application of fermented garlic in 
nutritional interventions for malnutrition. Most available evidence 
originates from in vitro studies or animal models; human clinical 
trials specifically examining malnutrition remain absent. Moreover, 
fermentation conditions vary widely across studies, differences in 
fermentation duration, microbial strains, temperature and processing 
methods can significantly influence bioactive compound pro-
files (18).

Furthermore, the evidence base is dominated by studies exam-
ining metabolic syndrome, dyslipidemia and obesity rather than 
undernutrition, PEM, wasting or stunting. Most animal models 
used in cited studies were healthy or metabolically stressed rather 
than protein-energy malnourished. Evidence directly linking fer-
mented garlic consumption to improvements in nutritional status 
in malnourished humans remains critically limited, representing 
the primary gap in the translational pathway (32).

A structured critical appraisal of the most-cited studies further 
contextualizes these limitations. Zou et al. (39) the most frequently 
cited metabolic study, used high-fat diet rodent models with inter-
vention periods of 4–8 weeks; while consistent outcomes were 
reported, relevance to undernutrition is indirect. Dida et al. (34), 
the most directly relevant malnutrition study, used broiler chickens, 
a species with gastrointestinal architecture substantially different 
from humans at dietary inclusion rates that are not directly trans-
latable to human doses via standard allometric scaling. Human 
studies of black garlic (7, 29) involved small samples (typically 
n < 50), short durations (4–12 weeks) and enrolled metabolically 
healthy or mildly dyslipidaemic adults populations that differ sub-
stantially from malnourished children in LMICs in nutritional 
status, gut architecture, immune competence and therapeu-
tic target.

7 Future research directions

Although fermented garlic has demonstrated promising physio-
logical and biochemical properties, further research is essential to 
clarify its role in nutritional health and its potential for addressing 
malnutrition. The following key research priorities have been 
identified:

7.1 Well-designed human clinical trials in 
malnourished populations

This represents the highest-priority gap. Prospective randomized 
controlled trials are needed in populations with documented mal-
nutrition including wasted and stunted children, populations with 
EED biomarkers and individuals with micronutrient deficiencies to 
evaluate effects of fermented garlic supplementation on nutrient 
absorption, intestinal morphology, immune function and recovery 
outcomes. Phase I dose-escalation studies informed by the allome-
tric equivalencies provided in Table 2 below represent a logical 
first step.
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7.2 Standardization of fermentation 
processes

Developing standardized, reproducible fermentation protocols 
specifying LAB strain selection (prioritizing low-amine-producing 
strains), fermentation temperature, salt concentration, duration and 
hygiene standards would enhance study reproducibility and enable 
meta-analysis. This is also a prerequisite for regulatory and safety 
assessment in clinical applications (18).

7.3 Protein-energy malnutrition animal 
models

Studies using protein-energy malnourished rodent models 
(protein-restricted diets, weanling undernutrition models) examin-
ing fermented garlic supplementation effects on intestinal morphol-
ogy, microbiota restoration and immune recovery are needed to 
strengthen the preclinical evidence base before human trials.

7.4 Biogenic amine control and starter 
culture optimization

Profiles across candidate LAB starter cultures, and validation of 
low-amine fermentation protocols, should be completed. LAB 
strains lacking HDC gene expression should be prospectively vali-
dated through both genomic screening and in vitro fermenta-
tion assays.

7.5 Gut microbiota–fermented garlic 
interactions in malnourished hosts

Metagenomics and metabolomics studies examining how fer-
mented garlic modulates gut microbial composition, SCFA pro-
duction and intestinal barrier biomarkers specifically in 
malnourished individuals would substantially advance mechanis-
tic understanding.

TABLE 2  Evidence synthesis matrix of fermented garlic studies.

Study Design/nutritional 
status

Fermentation 
conditions

Bioactive/
outcome

Key finding Quality

Zou et al (39) Animal HFD rodent (Healthy/

Obese]

Black garlic; ~ 100–200 mg/

kg; 4–8 weeks

Body weight; visceral 

fat; lipogenic genes

Reduced weight gain 

and fat mass; PPARγ, 

SREBP-1c 

downregulated

P

Ryu et al (42) Animal Hypercholesterolaemic 

rat (Healthy/Dyslipidaemic)

Fermented black garlic; 

standard protocol

TC, TG, LDL-C, HDL-C Improved lipid profile;

HMG-CoA reductase 

inhibited

P

Ha et al (43) Animal HFD/alcohol liver 

(Healthy/Metabolic stress)

Fermented garlic extract; 8 

weeks

ALT, AST; hepatic 

steatosis; SOD, Catalase

Reduced liver enzymes; 

prevented fatty liver; 

antioxidant enzymes 

restored

P

Dida et al (34) Animal

Broiler; protein-restricted 

(MALNOURISHED MODEL)

Dietary inclusion 0.5–1%; 

35 days

Weight gain; FCR; villus 

height; gene expression

Improved weight gain, 

FCR, intestinal villus 

height. Most relevant to 

PEM.

P

Moustafa et al (35) Animal Liza ramada (Feed-

restricted)

0.5–2% dietary inclusion Digestive enzyme 

activity; growth; 

immunity

Elevated amylase, lipase, 

protease; improved 

growth efficiency

P

Ryu and Kang (7) 

(Review)

Human Healthy/dyslipidaemic 

adults (NOT malnourished)

Aged black garlic; varied 

doses

Antioxidant capacity; 

lipid profile; BP

Modest antioxidant and 

lipid improvements; no 

EED/PEM outcomes

C (low)

Shin et al (29) (Sys. 

Rev.)

Human Mixed metabolic (NOT 

malnourished)

Black garlic; 4–12 weeks; 

n < 50

Antioxidant enzymes; 

inflammatory markers

Consistent antioxidant 

benefit; heterogeneous 

populations

C (low)

Obafemi et al (6) Observational African 

populations

Traditional fermented foods; 

community level

Dietary quality; 

micronutrient status

Improved dietary 

quality associated with 

fermented food 

consumption

C (obs.)

Evidence Quality tiers: M, Mechanistic/in vitro; P, Preclinical animal model; C, Clinical/human. Green-highlighted row (34) is the study most directly relevant to protein-energy malnutrition. 
FCR, feed conversion ratio; TC, total cholesterol; TG, triglycerides; BP, blood pressure; SOD, superoxide dismutase; EED, Environmental Enteric Dysfunction; PEM, protein-energy 
malnutrition; obs., observational.
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7.6 Theoretical human equivalent doses 
estimates

In the current absence of human clinical dose data, theoretical 
human equivalent doses (HEDs) can be estimated from animal 
model effective doses using the FDA-recommended interspecies allo-
metric scaling method: HED (mg/kg) = Animal dose (mg/
kg) × (Animal Km ÷ Human Km), where Km correction factors are: 
mouse = 3, rat = 6, human = 37 (40). Table 3 presents these extrapo-
lations for SAC and fermented garlic extract doses from cited pre-
clinical studies. These estimates are theoretical and must be validated 
through prospective clinical dose-escalation trials before informing 
clinical practice or policy.

8 Conclusion

Fermented garlic represents a promising bioactive-dense functional 
food with significant potential as a complementary nutritional interven-
tion for malnourished populations globally. Through two mechanisti-
cally distinct processing pathways which includes the microbially driven 
lactic acid fermentation and heat-driven thermal aging, garlic undergoes 
substantial biochemical transformations that improve the availability of 
bioactive compounds including S-allyl-L-cysteine, polyphenols and 
GABA. These compounds contribute to enhanced antioxidant capacity, 
modulation of inflammatory responses and support for gut health 
through prebiotic effects and SCFA production.

Critically, fermented garlic should not be positioned as a pri-
mary macronutrient source. Its most relevant potential contribu-
tion to addressing malnutrition lies in its role as a nutritional 
adjuvant capable of repairing the gut barrier dysfunction, mucosal 
immune suppression and microbial dysbiosis characteristic of 
Environmental Enteric Dysfunction (EED) the dominant gut 
pathology perpetuating malnutrition in LMICs. By addressing 

these underlying gut pathophysiologies, fermented garlic may 
improve the effectiveness of established therapeutic food pro-
grams rather than replace them.

Preclinical studies demonstrate improvements in intestinal 
morphology, immune responses and metabolic parameters in nutri-
tionally stressed models, providing mechanistic proof-of-concept. 
However, it must be emphasized that well-designed human clinical 
trials in malnourished populations are absent from the current evi-
dence base and all translational implications remain preliminary. 
Important safety considerations particularly the biogenic amine 
risk in malnourished children with reduced DAO activity must be 
addressed through appropriate starter culture selection and product 
characterization before any clinical application.

With continued scientific investigation, appropriate product 
standardization, evidence-based validation through controlled 
clinical trials and attention to safety in vulnerable populations, 
fermented garlic will emerge as a valuable, culturally acceptable 
and cost-effective complementary component of future nutrition-
focused interventions aimed at improving health outcomes in 
malnourished populations globally. The central scientific question 
this review addresses whether fermented garlic can function as a 
gut-supportive complementary adjuvant targeting the intestinal 
pathophysiology of Environmental Enteric Dysfunction in mal-
nourished populations is supported by a coherent mechanistic 
framework but limited by an underdeveloped clinical evidence 
base. The convergence of SAC-mediated Nrf2 activation, prebiotic 
SCFA production, NF-κB-mediated anti-inflammatory activity 
and sIgA-stimulating mucosal immune effects creates a mechanis-
tically plausible foundation for EED repair. However, this frame-
work rests almost entirely on preclinical data from non-PEM 
models. A coordinated research program beginning with mam-
malian PEM models, proceeding through Phase I dose-escalation 
trials using the allometric estimates in Table 3 and advancing to 
adequately powered RCTs with EED biomarker endpoints is 
required before fermented garlic can be responsibly recommended 

TABLE 3  Proposed theoretical human equivalent doses (HEDs) for fermented garlic bioactives estimated by allometric scaling from preclinical models.

Animal model Reported dose 
(mg/kg BW/day)

Animal Km Human Km Estimated HED 
(mg/day, 60 kg 
adult)

Notes

Mouse (Mus musculus) 100–200 mg/kg/day SAC 

(39)

3 37 ~16–32 mg/day HED = Animal dose × 

(3/37). Preliminary 

estimate requiring 

clinical validation.

Rat (Rattus norvegicus) 50–100 mg/kg/day 

fermented garlic extract 

(42, 43)

6 37 ~8–16 mg/day Rat-to-human scaling. 

Requires prospective 

Phase I validation.

Broiler chicken 0.5–1% dietary inclusion 

(34)

N/A N/A Not directly scalable Poultry allometric scaling 

not applicable. Dose 

expressed as dietary %; 

mechanism reference 

only.

Fish (Liza ramada) 0.5–2% dietary inclusion 

(35)

N/A N/A Not directly scalable Aquaculture model. 

Mechanism data only; no 

scaling applicable.

FDA (40) interspecies scaling method. These are theoretical estimates only and require prospective clinical validation. N/A = not applicable (non-mammalian model; dose expressed as dietary 
inclusion %).

https://doi.org/10.3389/fnut.2026.1839155
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Emmanuel-Fashagba et al.� 10.3389/fnut.2026.1839155

Frontiers in Nutrition 14 frontiersin.org

as a clinical tool. This review provides the mechanistic foundation 
and research roadmap for that program.
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