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Metabolomic insights reveal bioactive enhancement in fermented 
oat-based beverages via Lactobacillus plantarum 
Aly Castillo*a,b, Matteo Capiettic, Cristina Megiasd, Javier Ollerosd, Fabio Díasd, Bernardo Ordáse, 
Gerardo Alvarez-Riveraf, Marta Loresb

This study evaluates the impact of thermal processing and fermentation with Lactobacillus plantarum on the bioactive 
composition and metabolic profile modulation of an oat-based (Avena sativa) beverage. A base beverage (OBB), a heat-
treated variant (OBB-H) and, based on this, a fermented drink (OBB-F) were produced. Processing-induced changes were 
monitored using global bioactivity indices, including total phenolic content (TPC) and the half-maximal inhibitory 
concentration (IC₅₀) against the DPPH• radical, together with targeted chromatographic analyses and untargeted 
metabolomics by UHPLC–QTOF. Thermal treatment led to a significant increase in TPC, associated with the release of 
glycosylated phenolic compounds, including avenanthramides and hydroxycinnamic acids. Following fermentation, TPC 
remained at levels comparable to the previous stage, while IC₅₀ decreased by 49.6%. This effect was linked to phenolic 
biotransformation processes that redistributed the phenolic pool towards compounds with potentially greater bioactive 
response. Targeted analysis enabled the tracking of this reorganisation during fermentation, characterised by the 
consumption of hydroxycinnamic acids: ferulic, caffeic and p-coumaric; and the concomitant accumulation of lower-
molecular-weight phenolic derivatives, notably protocatechualdehyde. Untargeted metabolomic analysis revealed a 
profound fermentation-driven reconfiguration of the metabolic profile, including the formation of oxylipins (9-HODE and 
13-HODE), oxygenated fatty acids and lysophospholipids, as well as the emergence of lactoylated carbohydrate derivatives 
and exopolysaccharide fragments not previously reported in fermented oat beverages. In addition, the fermentative process 
resulted in a marked increase in phosphorylated nucleotides, such as inosine 5′-monophosphate, associated with the 
enhancement of umami taste. Fermentation also promoted the consumption of aromatic amino acids and the generation 
of tryptophan-derived metabolites, including indole-3-lactic acid. Overall, these findings demonstrate that functional 
fermentation with L. plantarum acts as a key metabolic modulator, inducing specific biotransformations that preserve total 
phenolic content while amplifying antioxidant response and diversifying the bioactive profile of oat-based plant beverages.

INTRODUCTION
The accelerated pace of life characterising contemporary 
societies has significantly shaped dietary habits, promoting the 
predominance of fast and ultra-processed foods designed to 
meet the modern consumer’s demand for immediacy, ease of 
preparation and convenience1. Although these products offer a 
practical solution aligned with current lifestyles, a substantial 
proportion of them exhibits low nutritional value and an 
unbalanced composition high in saturated fats, sugars, and 
additives, but low in microbiota-supporting components, which 
has been associated with a progressive deterioration of the 
intestinal microbiota, thereby compromising bacterial balance 
and digestive health2. In parallel, consumers are showing a 
growing interest in functional foods aimed at counteracting the 
adverse effects derived from this dietary pattern3. Within this 
context, prebiotic and probiotic ingredients emerge as key 
nutritional tools for the modulation and restoration of the 

intestinal microbiota, contributing to the improvement of 
digestive well-being4.

Fermented milky drinks such as yoghurt, kefir and other 
whey-based products enriched with Lactobacillus have become 
benchmarks within the so-called functional foods, as they 
combine ease of consumption, high nutritional value and 
proven prebiotic and probiotic effects5. Nevertheless, despite 
their widespread recognition and acceptance, the consumption 
of these products is limited for a significant portion of the global 
population6. On the one hand, lactose intolerance limits access 
to these foods in certain population groups; on the other, the 
growing interest in diets free from ingredients of animal origin 
has driven the search for plant-based functional alternatives 
capable of reproducing, or even enhancing, the benefits 
associated with traditional fermented dairy products7.

In this regard, cereals have gained relevance as alternatives 
to dairy beverages, with oats (Avena sativa) standing out due to 
their balanced nutritional profile, characterised by a high 
content of dietary fibre, high-quality proteins, unsaturated fatty 
acids, vitamins and minerals8. Several studies have associated 
its consumption with a reduction in postprandial glycaemic 
response, a decrease in plasma cholesterol levels, positive 
modulation of the intestinal microbiota and regulation of blood 
pressure, among other health benefits9,10. Among its most 
relevant bioactive compounds are avenanthramides, a family of 
phenolic compounds unique to oats, mainly composed of 5-
hydroxyanthranilic acid conjugated with hydroxycinnamic acids 
such as p-coumaric, caffeic or ferulic acids, to which antioxidant, 
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anti-inflammatory and cardioprotective properties have been 
attributed11.

The bioavailability of these bioactive compounds may be 
limited by their association with the plant matrix, which has 
prompted the application of different processing strategies12–14. 
Among these, thermal treatment has been shown to promote 
the disruption of the oat grain cell wall and the release of bound 
phenolic acids, thereby enhancing their extractability15. 
However, uncontrolled heat application may lead to losses of 
vitamins and minerals, alterations in the fatty acid profile, and 
the degradation or polymerisation of thermolabile phenolic 
compounds, ultimately compromising the functional value of 
the final product15,16.

Complementarily, microbial fermentation has been 
proposed as an effective strategy to improve the bioavailability 
and functionality of bioactive compounds in oat-based 
beverages17. Inoculation with lactic acid bacteria, such as L. 
plantarum, can induce biotransformation processes that 
convert complex phenolic compounds into lower-molecular-
weight metabolites, potentially more bioavailable and with 
enhanced antioxidant capacity18,19. Despite extensive 
investigation of the global effects of fermentation through 
bioactive indices, and detailed characterisation of numerous 
Lactobacillus metabolic mechanisms in the digestive context, 
fermentation within the food matrix has received considerably 
less attention. This highlights the scarcity of recent studies 
focused on the metabolism of phenolic compounds by 
lactobacilli during food fermentations20.

Among the most used approaches to assess the 
functionality of oat-based beverages are bioactive indices, such 
as total phenolic content (TPC) and antioxidant activity (AA)21–

24. However, traditional spectrophotometric methods 
employed for their determination have shown significant 
limitations. The Folin-Ciocalteu assay25, widely used to estimate 
TPC, responds to a broad range of reducing compounds beyond 
phenolics, including certain amino acids, reducing sugars, and 
other non-phenolic agents, which may lead to biased 
interpretations26. Similarly, radical scavenging assays, such as 
DPPH•, tend to underestimate the activity of hydrophilic 
compounds, including some flavonoids24. Therefore, these 
indices are considered general indicators, which has driven the 
development of more advanced approaches for the precise 
characterisation of the metabolites involved.

In this context, new strategies based on high-resolution 
metabolomics have been developed to elucidate the processes 
involved in the modulation of functional drinks 27. Nevertheless, 
in the case of oat-based beverages, the characterisation of their 
bioactive profiles, as well as the available information on 
specific fermentation pathways, remains limited28.
Within this framework, the present study aims to 
comprehensively evaluate the impact of thermal processing and 
L. plantarum-induced fermentation on the bioactive profile of 
an oat-based beverage. To this end, the quantification of global 
bioactivity indices (TPC and IC₅₀) is combined with high-
resolution MS-based metabolomics, employing both targeted 
and untargeted approaches, in order not only to determine 
changes in bioactive content but also to elucidate the 

underlying metabolic mechanisms involved in the generation of 
new functional compounds.

MATERIALS AND METHODS
Standards, Reagents and Materials

For 60 target polyphenols, their CAS numbers, molecular mass 
and retention time are shown in Table S1. MS-grade Water and 
methanol, and ethanol were supplied by Scharlab (Barcelona, 
Spain). The Folin-Ciocalteu’s phenol reagent (2M), sodium 
carbonate, 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (Trolox®), formic acid, sodium carbonate and 
silica oxide (SiO₂) (200–300 µm mesh) were supplied by Sigma-
Aldrich (Darmstadt, Germany).

Oat-Based beverages preparation

The oat-based beverage was prepared using two samples of 
commercially available organic oat flakes (Avena sativa): fine 
organic oat flakes from Aurion (gluten-free) and Bio El Graneo 
(containing gluten). Both exhibited a similar nutritional profile, 
with approximately 5–7 g fat, 60–70 g carbohydrates, 10–11 g 
fibre, and 10–13 g protein per 100 g. Mineral water and 
commercial white sugar were used as complementary 
ingredients. The overall production process is illustrated in Fig. 1.

 
Fig. 1 Schematic representation of the oat beverage production process, including 
the base beverage (OBB), the thermally treated variant (OBB-H), and the 
fermented beverage (OBB-F), obtained following inoculation with L. plantarum 
and a 3-day fermentation.

For the preparation of the oat base beverage (OBB), oat 
flakes were initially blended with 20% of the total water content 
using a Thermomix® (Vorwerk, Germany) for 5 min until 
complete particle disintegration was achieved. This initial low-
hydration milling step was performed to enhance mechanical 
breakdown and facilitate subsequent homogenization. The 
remaining water and sugar were then added, and the mixture 
was processed at 65 °C for 12 min at speed 5.

White sugar was included as a readily available source of 
fermentable carbohydrates to promote the rapid onset of 
fermentation. In future studies, enzymatic hydrolysis of oat 
starch could be explored as an alternative strategy to generate 
fermentable sugars in situ, thereby reducing or eliminating the 
need for added sugars. 

WATER

DISRUPTION

SUGAR

L. PLANTARUM

FERMENTATION (3 DAYS)

OAT

HEAT

OR

NO HEAT

OR

FILTER

OBB-F OBB-H OBB

Page 2 of 13Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
5/

20
26

 4
:2

0:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FO00493H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00493h


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

The selected temperature (65 °C) was chosen to promote 
partial starch gelatinization, a process known to occur in oats 
within the range of 60–70 °C. This contributes to increased 
viscosity and improved mouthfeel, mimicking the texture of 
dairy-based beverages. Continuous agitation during heating 
ensured uniform heat distribution and prevented 
sedimentation. For the thermally treated variant (OBB-H), the 
mixture was maintained under the same conditions (65 °C, 12 
min, constant agitation). 

To obtain the fermented beverage (OBB-F), the thermally 
treated sample was cooled to room temperature (25–30 °C) and 
inoculated at 0.1 g·L⁻¹ with Lactobacillus plantarum (Christian 
Hansen, strain 718316; 1.0 × 10¹¹ CFU·g⁻¹). The inoculated 
mixture, with an initial pH of 7.0–7.2, was vacuum-packed in 
sterile individual bags to ensure anaerobic conditions and 
fermented at 25 °C for 3 days, reaching a final pH of 3.2–3.3. 
This temperature was selected as it falls within the optimal 
growth range for L. plantarum, promoting efficient lactic acid 
fermentation and metabolite production29. Following 
processing, all samples were filtered to remove insoluble 
fractions and stored at −20 °C until further analysis.

Oat grain extraction by matrix solid-phase dispersion (MSPD)

The bioactive profile of oat grains used for the preparation of 
the plant-based beverages was obtained using the Matrix Solid-
Phase Dispersion (MSPD) technique, as described by Gonzalez-
Iglesias et al. 2025, with slight modifications 30. Briefly, 1 g of 
sample was homogenised and mixed with 4 g of SiO₂. The 
resulting mixture was transferred into a polypropylene 
extraction cartridge containing a PTFE cellulose frit at the 
bottom, previously conditioned with 1 g of SiO₂ to improve 
filtration and elution. Subsequently, an additional 1 g of SiO₂ 
was added to the top of the cartridge to ensure an appropriate 
distribution of the extraction solvent. The extraction solvent 
(ethanol–water, 80:20, v/v) was then added, ensuring 
homogeneous contact with the matrix inside the cartridge. 
Once the solvent reached the bottom of the cartridge, a resting 
period of 5 min was allowed before opening the valve and 
collecting 5 mL of the eluate. The obtained extract was filtered 
through 0.22 µm hydrophilic filters and stored at -20 °C until 
further analysis. All extractions were performed in triplicate.

Ultrasound-assisted extraction (UAE) of oat-based beverages

For liquid samples, 1 g of sample was placed in a 10 mL glass vial 
and 4 mL of an ethanol-water mixture (80:20, v/v) were added. 
The vial was then sealed and immersed in an ultrasonic bath (JP 
Selecta, Barcelona, Spain) for 10 min at room temperature. 
Then, the extract was collected and centrifuged (Orto Alresa, 
Barcelona, Spain) at 3500 rpm for 15 min. Subsequently, the 
supernatant was filtered through 0.22 µm PTFE filters and 
stored at -20 °C until further analysis. All extractions were 
performed in triplicate.

Total polyphenol content (TPC)

TPC was determined using the Folin-Ciocalteu (FC) colorimetric 
method described by Zhang et al. 2006 for microtitration in 96-
well plates 31. Briefly, 20 µL of each diluted extract were mixed 

with 100 µL of Folin-Ciocalteu reagent (1:10, v/v) and 80 µL of 
an aqueous sodium carbonate solution (7.5 g·L⁻¹). The mixture 
was gently shaken and incubated in the dark for 30 min. 
Subsequently, absorbance was measured at 760 nm using a 
microplate reader (BMG LABTECH, Ortenberg, Germany). TPC 
was quantified using a gallic acid calibration curve over a 
concentration range of 20-160 mg·L⁻¹ (absorbance: 0.200-0.800 
AU). Results were expressed as milligrams of gallic acid 
equivalents per gram of sample on a dry weight basis (mg 
GAE·g⁻¹).

Antioxidant activity

The antioxidant activity (AA) of the samples, as well as their half-
maximal inhibitory concentration (IC₅₀), were evaluated using 
the 2,2-diphenyl-1-picrylhydrazyl (DPPH•) radical scavenging 
assay described by Symes et al. 201832. Briefly, 100 µL of each 
extract, at eight different dilutions, were dispensed into a 96-
well plate and mixed with 100 µL of DPPH• reagent prepared in 
methanol. The mixture was incubated in the dark for 10 min, 
and absorbance was measured at 515 nm using a microplate 
reader. AA was quantified using a Trolox calibration curve over 
a concentration range of 3-31 mg·L-1 (0.200-0.800 AU), and 
results were expressed as grams of Trolox equivalents per gram 
of dry matter (g TE·g-1 DW).

The IC₅₀ of the samples, expressed as milligrams of dry 
sample per-litre of extract (mg·L-1) required to inhibit 50% of 
DPPH• radicals, was obtained by linear interpolation in the 
range close to 50% inhibition.

UHPLC-QTOF-MS/MS analysis

The chromatographic strategy employed for the detection and 
quantification of metabolites was based on a protocol 
previously described by Castillo et al. 2025, with minor 
adaptations33. Analyses were performed using ultra-high-
performance liquid chromatography (UHPLC) coupled to a 
Compact quadrupole time-of-flight mass spectrometer (QToF) 
(Bruker Daltonics). Chromatographic separation was achieved 
using an Intensity Solo column (2.0 µm, 100 × 2.1 mm), 
maintained at 40 °C.

The mobile phase consisted of an aqueous solution of 4 mM 
formic acid (phase A) and methanol (phase B). Prior to each 
analysis, a standard calibrant (1·10-3 M NaOH in a 1:1 H₂O:2-
propanol mixture containing 0.2 % formic acid) was injected to 
correct for potential mass deviations during data acquisition. 
The total run time was 20 min, with a constant flow rate of 0.20 
mL·min-1. The elution programme started with an initial 
composition of 95 % A and 5 % B for 0.4 min (calibration 
interval), followed by a gradual increase in the proportion of the 
organic phase according to the following intervals (% B:min): 
30:4.5; 37:8.0; 50:9.0; 90:11.0; 90:14.0. The system then 
returned to the initial conditions at 16 min, which were 
maintained until completion of the total acquisition time. Each 
sample was injected in triplicate.
Detection was carried out using an electrospray ionisation (ESI) 
source operating in negative mode. Targeted analysis was 
performed using data-independent MS/MS acquisition in 
broadband collision-induced dissociation (bbCID) mode. Data 
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were acquired at a spectra rate of 1 Hz over a mass range of 20-
1000 m/z. For bbCID acquisition, the collision energy and 
acquisition time factor were set to 0, 10, and 1 for MS, and 5, 
30, and 1 for MS/MS, respectively.

For quantification purposes, stock solutions of phenolic 
compounds were prepared at different concentration levels 
ranging from 0.1 to 10 ppm, with each level being injected in 
triplicate. The method showed a direct proportional 
relationship between compound concentration and 
chromatographic response. Quantification of real samples was 
carried out using external calibration. Data processing and 
quantification were performed using TASQ software (version 
2024.1.3, build 12175; Bruker Daltonics).

Untargeted analysis was conducted using data-dependent 
MS/MS acquisition in Auto MS/MS mode, allowing the 
detection of deprotonated pseudomolecular ions [M-H]-. Data 
were acquired at a spectra rate of 8 Hz, with a total cycle time 
of 1 s, over a mass range of 20-1000 m/z. Fragmentation was 
achieved using dynamic collision energy through the Multi-CE 
function (20-80%), dependent on the precursor m/z. Each 
sample was injected five times in this analysis. Data acquisition 
was performed using Compass HyStar software, while data pre-
processing was carried out using DataAnalysis (version 5.1, 
Build 201.2.4019).

Metabolomic profiling analysis

The chromatograms obtained were screened using the T-Rex 
3D® algorithm. A retention time window between 0.5 and 20 
min was established for analyte filtering, considering only 
signals with intensities above 1 × 103 and a minimum recurrence 
of 25 % across the analysed samples. Untargeted metabolite 
annotation was performed using MetaboScape 4.0.4 (Build 19).
A comprehensive example of untargeted detection calculations 
is presented in Supplementary Section S1. In brief, Molecular 
formula assignment was carried out with the SmartFormula 
tool, applying criteria based on signal intensity, isotopic pattern 
(mSigma) and mass error (Δm/z). Maximum acceptable 
thresholds were set at 5 ppm for Δm/z and 50 mSigma for 
isotopic pattern deviation. Tentative metabolite identities were 
further validated through comparison with online databases 
from the National Center for Biotechnology Information 
(NCBI)34 and Chemical Entities of Biological Interest (ChEBI)35. In 
addition, fragmentation spectra were evaluated using in silico 
tools (Compound Crawler and MetFrag) and automatically 
compared with reference spectral libraries, including MassBank 
of North America (MoNA)36 and MassBank Europe37. The mass 
spectra obtained through untargeted analysis are summarized 
in Fig. S1, offering a detailed view of the identified metabolites 
and their fragmentation patterns.

Statistical analysis

The pre-processed data were exported to different statistical 
software packages for multivariate analysis. A comprehensive 
description of the statistical parameters is provided in 
Supplementary Section S2. In brief, unsupervised principal 
component analysis (PCA) with Pareto scaling was performed to 
evaluate the oat-based beverage, their thermal and 

fermentative treatments, as well as the oat grains used, 
employing MetaboAnalyst 6.038. In parallel, supervised analyses 
were carried out using partial least squares discriminant 
analysis (PLS-DA), together with the identification of the most 
influential variables through variable importance in projection 
(VIP) scores. Model robustness and predictive accuracy were 
assessed by permutation tests with 2000 replicates, allowing 
the exclusion of random separation in the generated models 
(p<0.05). Heat maps with dendrograms were generated using 
OriginPro® 10.3.0.180 following cluster analysis based on the 
Ward linkage method and Euclidean distance as the similarity 
metric. Five clusters corresponding to the analysed sample 
groups were defined.

RESULTS
Effects of Thermal Processing and Fermentation on Target 
Bioactive Compounds in Oat-Based Beverages
To evaluate the effects on the modulation of an oat-based 
beverage (OBB), a base formulation was initially developed and 
subjected to a heating stage at 65 °C during production, yielding 
the OBB-H sample. Subsequently, the impact of a fermentation 
stage involving inoculation with L. plantarum was investigated, 
generating the fermented variant (OBB-F). Given the sequential 
nature of these treatments, the analyses were conducted 
considering the potential overlap of effects, to elucidate and 
interpret the individual contribution of each process. The 
bioactive content of the different formulations was analysed 
using global indices, including TPC and IC₅₀. Fig. 2 illustrates the 
evolution of these overall indices across the three production 
stages evaluated.

Fig. 2 Evolution of total phenolic content (TPC) and half-maximal inhibitory 
concentration (IC₅₀) during the production of the oat-based beverage: base 
beverage (OBB), after thermal treatment (OBB-H), and fermented beverage with 
L. plantarum (OBB-F).

As shown in Fig. 2, TPC increased significantly (p<0.05) 
following the thermal treatment, rising from 3.51 mg GAE·g-1 
in OBB to 5.63 mg GAE·g-1 in OBB-H. This increase may be 
associated with a higher extraction efficiency, resulting from 
the disruption of the plant matrix induced by thermal 
treatment39, which on one hand releases reducing compounds 
that may interfere with the overall measurement of TPC. On 
the other hand, these effects have also been linked to the 
hydrolysis of cell wall polysaccharides, facilitating the release 
of previously bound phenolic compounds15. Consistent with 
these observations, targeted analysis (Fig. 3) revealed an 
overall increase in several phenolics after heating, including 

Lactobacillus
plantarum

65ºC
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Fig. 3 Profile of individual phenolic compounds in the oat beverage (OBB), after thermal treatment (OBB-H), and after fermentation with L. plantarum (OBB-F).

avenanthramides, catechin, and azelaic acid, together with a 
notable increase in the hydroxycinnamic acids ferulic, p-
coumaric, and caffeic. 

Subsequently, the fermentation step did not induce marked 
changes in TPC, which remained at comparable levels in the 
fermented beverage (OBB-F; 5.62 mg GAE·g-1). Nevertheless, 
targeted analysis revealed that fermentation was associated 
with a redistribution of the phenolic profile, characterised by an 
overall decrease in higher-molecular-weight phenolic 
compounds, including avenanthramides and hydroxycinnamic 
acids, alongside a relative increase in lower-molecular-weight 
phenolics compounds, particularly protocatechualdehyde. With 
respect to antioxidant activity, a progressive improvement was 
observed across the different processing stages. As shown in 
Fig. 2, thermal treatment led to a reduction in IC₅₀ from 208.8 
mg·100 g-1 in OBB to 185.4 mg·100 g-1 in OBB-H, indicating an 
enhancement of antioxidant capacity consistent with the 
increase in TPC and the release of phenolic compounds upon 
heating. More pronouncedly, fermentation with L. plantarum 
resulted in a significant decrease in the IC₅₀ in the base beverage 
to 105.24 mg·100 g⁻¹ in OBB-F, corresponding to a 49.6% 
reduction.

Despite the reduction in both the content and complexity of 
phenolic compounds following fermentation, overall 
antioxidant response increased, indicating that this effect is not 
solely dependent on TPC variation. This response may be 
associated with the interaction of the DPPH• radical with the 
structural conformation of antioxidants. It is known that smaller 
antioxidants, being able to access the radical more easily, 
exhibit higher antioxidant activity, considering that DPPH• is 
sterically hindered24. Therefore, the accumulation of low-
molecular-weight phenolic compounds, particularly derivatives 
such as protocatechualdehyde, likely contributes substantially 

to the observed increase in antioxidant capacity. This behaviour 
has been previously reported in Lactobacillus-mediated 
fermentations, such as kiwi pulp fermentation, where the 
activity of L. plantarum led to an increase in protocatechuic acid 
and protocatechualdehyde concomitant with a decrease in p-
coumaric acid content40. This process, schematically illustrated 
in Fig. 4, follows a catabolic pathway based on the 
decarboxylation of the hydroxycinnamic acids p-coumaric, 
ferulic, and caffeic acids, yielding intermediates such as 4-
vinylphenol, 4-vinylguaiacol, and 4-vinylcatechol, which are 
subsequently converted into protocatechualdehyde through 
successive hydroxylation, demethylation, and oxidation steps.

HO

O

OH

p-coumaric acid

HO

HO

O

OH

Caffeic acid

HO

4-vinyl phenol

HO

HO

4-vinyl catechol

O

HO

HO
Protocatechualdehyde

Oxidation

Hydroxylation

Decarboxylation Decarboxylation

O

HO

O

OH

Ferulic acid

O

HO

4-vinyl guaiacol

Demethylation

Decarboxylation

Fig. 4 Proposed metabolic pathways involved in the biotransformation of caffeic, 
ferulic, and p-coumaric acids into protocatechualdehyde during fermentation of 
the oat beverage with L. plantarum.

These transformations have been described as the result of 
the activity of different bacterial enzymes, with the catabolic 
pathway of ferulic acid being one of the most complex due to 
the requirement for a specific demethylation step41. This 
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observation is consistent with the individual concentrations 
detected in the present study (Fig. 3), where, despite a marked 
consumption of ferulic acid during fermentation, a residual 
concentration remained after the fermentative process. In 
contrast, for simpler catabolic pathways, such as those 
associated with caffeic and p-coumaric acids, no residual 
concentrations were detected in the fermented samples, 
suggesting a more selective conversion into lower-molecular-
weight derivatives, such as protocatechualdehyde.

Untargeted metabolomic profiling of processing‑induced 
biotransformation in oat‑based beverages
In order to perform a comprehensive assessment of the 
metabolic enrichment of the oat-based beverage throughout 
the different processing stages from the incorporation of oat 
grains, through thermal treatment, to the fermentation step, an 
untargeted metabolomic study was conducted. All samples 
were analysed by ultra-high-performance liquid chromatography 
coupled to a QTOF detector, leading to the identification of a 
total of 107 analytes (File S1), with their respective mass spectra 
(Fig. S1), classified into 13 compound families. Principal 
component analysis (PCA) (Fig. 5A) revealed a clear biochemical 
differentiation among the evaluated raw materials and 
beverages, resulting in three well-defined clusters. Oat grains 
used as raw material formed a distinct group, while the OBB and 
its thermally treated counterpart OBB-H clustered together. In 
contrast, the fermented beverage OBB-F showed a marked 
separation from the other samples.

To identify the metabolites responsible for this separation 
and to gain deeper insight into processing-induced changes, the 

evolution of the main compound families was examined in 
detail. In this context, a pronounced modification of the lipid 
profile was observed, characterised by a substantial loss of long-
chain essential fatty acids in OBB-H and OBB-F compared with 
OBB. A decrease in the signal intensity of oleic and palmitic acids 
was detected, together with a marked reduction of the 
compound tentatively assigned as FA 18:1;O (mid-OH), 
accompanied by an increase in FA 18:1;O (ω-OH).
FA 18:1;O (mid-OH) and FA 18:1;O (ω-OH) were tentatively 
identified as monohydroxylated fatty acid isomers differing in 
the position of the non-carboxylic hydroxyl group along the 
aliphatic chain. For FA 18:1;O (mid-OH), the observed MS/MS 
fragmentation pattern (Fig. 6A), including a product ion at m/z 
255 attributed to the loss of C₃H₇ (cleavage between C16-C18), 
suggests that the hydroxyl group is located at an intermediate 
position along the chain (between C1 and C15). The decrease in 
this isomer following thermal exposure may be related to the 
higher reactivity of a hydroxyl group positioned close to the 
double bond, favouring dehydration, oxidation or thermally 
induced structural rearrangements.
By contrast, FA 18:1;O (ω-OH) did not exhibit the characteristic 
m/z 255 ion (Fig. 6B), indicating that the hydroxyl group is 
located at the terminal ω-position of the aliphatic chain. The 
relative increase of this isomer during fermentation may be 
associated with selective terminal hydroxylation processes, 
potentially mediated by enzymes with ω-hydroxylase-like 
activity, or alternatively by changes in the physicochemical 
conditions of the fermentative environment, such as pH 
variations, which may favour this type of transformation.

Stereochemical and positional selectivity in fatty acid 

(B) (C)

(A) (D)
Fig. 5 Multivariate metabolomic analysis revealing sample discrimination across processing stages. (A) Principal component analysis (PCA); (B) supervised partial least 
squares–discriminant analysis (PLS-DA); (C) variable importance in projection (VIP) scores highlighting key discriminant metabolites; and (D) heat map visualising relative 
metabolite abundance patterns among oat grains, base beverage (OBB), thermally treated beverage (OBB-H) and fermented beverage (OBB-F). 

OBB
OBB-H
OBB-F
OAT-2
OAT-1
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(A) (B)
Fig. 6 MS/MS fragmentation patterns of isomeric FA 18:1;O according to hydroxyl group localisation: mid-chain (mid-OH) and terminal ω-position (ω-OH).

hydroxylation by Lactobacillus species has been widely 
reported. M. Takeuchi et al. (2016) described a pronounced 
positional and stereochemical selectivity in fatty acid 
hydroxylation systems mediated by L. plantarum, targeting C16 
and C18 fatty acids, with enzymatic activity enhanced by the 
presence of the reduced cofactor nicotinamide adenine 
dinucleotide (NADH)42. This observation is consistent with the 
findings of the present study, in which a marked response of 
NAD-related metabolites was detected exclusively in OBB-F, 
suggesting a fermentation-induced redox environment 
favourable to enzymatic lipid transformations. Notably, the 
selectivity described for L. plantarum has been predominantly 
associated with hydroxylation at mid-chain positions of 
aliphatic fatty acids43. In this context, the higher relative 
abundance of FA 18:1;O (ω-OH) observed OBB-F points to the 
involvement of secondary, environment-dependent processes 
rather than the direct action of the canonical fatty acid 
hydratase pathways classically attributed to this 
microorganism.

Beyond their structural specificity, hydroxy fatty acids have 
been associated with beneficial biological properties, including 
anti-inflammatory, immunomodulatory and metabolic effects, 
highlighting the potential functional relevance of the lipid 
transformations observed during oat beverage fermentation44.
Oleic and palmitic acids showed a moderate reduction after 
both thermal treatment and fermentation, whereas azelaic acid 
remained largely unchanged throughout processing. This 
behaviour is consistent with the results obtained in the targeted 
analysis (Fig. 3), where azelaic acid exhibited the highest 
relative stability among the quantified analytes. This stability 
can be attributed to the chemical nature of azelaic acid, a 
saturated dicarboxylic acid lacking double bonds, which confers 
enhanced resistance to degradation processes induced by heat 
or microbial metabolism. Azelaic acid is known to originate from 
the oxidation of unsaturated fatty acids such as oleic acid, yet 
its fully saturated structure renders it more stable under 
processing conditions.

The formation of dihydroxystearic acid was specifically 
detected in OBB-F, together with an increase in oxygenated 
fatty acids (FA 18:1+2O, FA 18:2+2O) and lysophospholipids, 
particularly LPC 18:2, in both OBB-H and OBB-F beverages. 
Oxygenated fatty acids may arise from lipid peroxidation 

processes, which are likely promoted by thermal stress during 
processing. Similarly, the increase in lysophospholipids may be 
attributed to partial phospholipid hydrolysis induced by 
temperature.

Regarding the fermentation stage, an increased formation 
of the oxylipins 9-HODE and 13-HODE was observed. Although 
these compounds can be generated via non-enzymatic 
pathways, their accumulation during lactic fermentation with L. 
plantarum has been previously reported 45,46. Several L. 
plantarum strains have been associated with increased levels of 
9-S-HODE, 9-R-HODE and 13-R-HODE, as well as 
lysophosphatidic acids (LysoPA), compounds linked to anti-
inflammatory effects and improved intestinal mucosal integrity, 
potentially contributing to epithelial repair and the alleviation 
of diarrhoeal disorders 45.

As expected, lactic acid was the most abundant metabolite 
detected in OBB-F, while it was not detected in OBB-H and was 
present only at residual levels in OBB. This observation is 
consistent with the fermentative activity of L. plantarum, whose 
primary metabolic pathway leads to lactic acid production from 
fermentable carbohydrates.

The second most intense metabolite corresponded to a 
compound tentatively identified as a lactoyl-disaccharide, 
consisting of disaccharide structures conjugated with lactic acid. 
The presence of this compound is consistent with the 
fermentative process, as the high production of lactic acid may 
favour its esterification with polysaccharides or 
oligosaccharides present in the OBB-F matrix, giving rise to 
lactoylated derivatives.

Negative ion mode MS/MS fragmentation (Fig. 7A) of the 
lactoyl-disaccharide showed a precursor ion at m/z 773, yielding 
characteristic fragments at m/z 683, 431, 341 and 179. The 
transition m/z 773 → 683 corresponds to a neutral loss of 90 Da, 
attributed to the elimination of a lactic acid residue (C3H6O3), 
supporting the proposed structural assignment. In addition, the 
fragment at m/z 341, approximately half of m/z 683, suggests 
cleavage of the polysaccharide backbone into simpler structural 
subunits, while the transition m/z 431 → 341 may be attributed 
to a second lactic acid loss, further reinforcing the identification 
of a lactoylated disaccharide.

This lactoyl-disaccharide has not previously been reported in 
fermentations mediated by L. plantarum. However, a structurally 
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(A) (B)
Fig. 7 Negative ion mode MS/MS fragmentation patterns of (A) lactoyl-disaccharide showing successive losses of lactic acid (C₃H₆O₃) and (B) 7-(α-D-glucopyranosyloxy)-
2,3,4,5,6-pentahydroxyheptanoic acid showing losses of HCOOH and C₇H₁₂O₇.

related molecule has been described in a metabolomic study 
of pineapple (Ananas comosus, cultivar Vitória), suggesting that 
the formation of lactoylated carbohydrate derivatives may occur 
in polysaccharide-rich plant matrices subjected to fermentation 
processes47. Moreover, fragments at m/z 683 and 431 were 
detected as major components in OBB-F, appearing both in their 
free form and conjugated with a lactic acid moiety. This group of 
molecules may be interpreted as fragments of 
exopolysaccharides (EPS). EPS are bioactive macromolecules 
produced by lactic acid bacteria and have been associated with 
antioxidant, antitumour and gut microbiota-modulating 
activities48. Notably, EPS typically exhibit molecular weights 
exceeding 10 kDa, which precludes their intact detection by 
UHPLC-QTOF, making their identification possible only through 
lower-molecular-weight fragments. 

Another metabolite showing a high response in OBB-F was 
identified as 7-(α-D-glucopyranosyloxy)-2,3,4,5,6-
pentahydroxyheptanoic acid. Its negative ion mode 
fragmentation spectrum (Fig. 7B) displayed a precursor ion at 
m/z 387, with a fragmentation pattern similar to that observed 
for the lactoyl-disaccharide. This compound can be interpreted 
as a structure formed by lactic acid-derived units conjugated to 
a monosaccharide, further supporting its association with the 
fermentation process. This metabolite has previously been 
reported in ethanolic extracts of fungi and plants, showing 
characteristic fragments at m/z 341, attributed to the loss of 
HCOOH (formic acid), and at m/z 179, corresponding to the loss 
of C7H12O7 (4-O-methylglucuronic acid)47, as observed in Fig. 7B.

A metabolite of particular interest detected in OBB-F was 
inosine-5′-monophosphate (IMP), a purine ribonucleotide 
whose nitrogenous base is hypoxanthine. Although direct 
evidence linking L. plantarum to IMP production is limited, 
increased levels of this metabolite have been reported in 
association with Lactobacillus sakei48 and other probiotic 
microorganisms49. IMP, like glutamate, acts as an umami flavour 
enhancer, and a synergistic effect between monosodium 
glutamate (MSG) and IMP has been described, whereby IMP 
amplifies the gustatory nerve response to MSG50. Therefore, 
the detection of IMP in OBB-F could be associated with a 
potential improvement in the sensory profile during 

fermentation, although further studies are needed to confirm 
this relationship.

OBB-F showed a significant consumption of fermentable 
sugars and polyols, including melezitose, glucose, xylitol, and 
sorbitol, with no appreciable variations observed in OBB-H or 
OBB. This pattern suggests a preferential utilization of these 
carbon sources by L. plantarum during fermentation. 
Concomitantly, an increase in glutamic acid and sucrose levels 
was observed. In the case of sucrose, this increase could be 
attributed to metabolic carbon redistribution processes, 
possibly associated with transglucosylation reactions 
originating from melezitose, involving partial cleavage of the 
glycosidic chain and subsequent sucrose formation. 
Consistently, this fermentative metabolism was associated with 
a markedly higher formation of pyroglutamate, which was 
detected at substantially higher levels in OBB-F. This 
phenomenon has been previously described in fermentations 
mediated by lactic acid bacteria and has been attributed to the 
microbial conversion of glutamate under fermentative 
conditions51.

Pyroglutamate, a cyclic derivative of L-glutamic acid, occurs 
naturally in animal and plant tissues and has been associated 
with potential beneficial effects on the gut microbiota51. In oat 
grains, its formation may occur through non-enzymatic 
cyclisation of glutamate 52,53 during certain stages of industrial 
processing under specific conditions. In the case of OBB-H, 
although elevated temperatures could promote pyroglutamate 
formation via dehydration, the presence of an aqueous medium 
and moderate temperatures, well below those required for this 
reaction, may explain the lack of a significant increase54. 
Conversely, in OBB-F, fermentation with L. plantarum 
significantly elevates pyroglutamate levels, likely through 
glutamate consumption and acidification of the medium. In 
addition to the non-enzymatic pathway, pyroglutamate 
formation can also be catalysed by γ-glutamylcyclotransferase, 
a mechanism whose activity may be enhanced during 
fermentation55.

During fermentation with L. plantarum, a decrease in 3-
hydroxybenzaldehyde is observed, which can be attributed to 
metabolic biotransformation processes towards simpler 
phenolic structures. Within bacterial metabolism, microbial 

0

2

4

6

8

10

12

21 52 80 111

141

172

202

233

264

294

325

355

386

In
te

ns
ity

m/z

0

2

4

6

8

10

12

27 86 147

208

270

331

392

451

512

573

635

696

757

816

In
te

ns
ity

m/z

68
3.

21
8

43
1.

13
9

34
1.

10
8

89
.0

23

17
9.

05
4

77
3.

25
1

34
1.

10
9

17
9.

05
4

71
.0

16
1

89
.0

24

59
.0

18

38
7.

11
4

387 m/z

46 m/z341 m/z

90 m/z

90 m/z

90 m/z

179 m/z

165 m/z

x1
03

x1
03

Page 8 of 13Food & Function

Fo
od

&
Fu

nc
tio

n
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/1
5/

20
26

 4
:2

0:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6FO00493H

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6fo00493h


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Please do not adjust margins

esterases have been reported to exhibit specificity towards 
phenolic acid esters, with L. plantarum showing relatively high 
esterase activity, particularly against protocatechuic acid56. In 
this context, although a direct hydroxylation mediated by L. 
plantarum does not represent a direct metabolic route, 
fermentative conditions and esterase activity may indirectly 
favour an increase in protocatechuic acid associated with the 
consumption of 3-hydroxybenzaldehyde. These findings are 
supported by the results obtained from the targeted analysis 
(Fig. 4). Moreover, protocatechuic acid is widely recognised as 
a phenolic compound with high antioxidant capacity compared 
with other hydroxybenzoic structures57, which could explain the 
notable radical-scavenging activity against the DPPH• reagent 
observed in OBB-F.

In the same line, OBB-F exhibits a consumption of amino 
acids such as tryptophan and cyanoalanine. Amino acid 
consumption is commonly observed in metabolic pathways 
promoted by L. plantarum 58; indeed, the marked increase in 
indole-3-lactic acid (ILA) detected in OBB-F, derived from the 
tryptophan metabolic pathway, clearly reflects the relationship 
between the utilisation of this amino acid and the production of 
this metabolite. Overall, these findings highlight the key role 
played by L. plantarum in the fermentation processes of oat-
based beverages, steering them towards a profile with greater 
bioactive potential. However, the validation of specific 
metabolic pathways requires further targeted studies to 
confirm the underlying mechanisms. Furthermore, comparisons 
need to be made with controls in which a single treatment 
pathway (fermentation or heating) is applied, including 
untreated samples, to support the observed effects.

Conclusions
This work addressed the development of oat-based beverages 
subjected to thermal processing and fermentation with L. 
plantarum using a comprehensive approach aimed at 
quantifying bioactive indices, characterising individual phenolic 
profiles and conducting untargeted metabolomic analysis.

The application of heat treatment to oat-based beverages 
promoted the release and extractability of phenolic 
compounds, particularly ferulic, p-coumaric and caffeic 
hydroxycinnamic acids. Meanwhile, the fermentation processes 
driven by L. plantarum revealed a metabolic reconfiguration 
characterised by the consumption of these hydroxycinnamic 
acids and their conversion into derivatives of lower molecular 
weight, such as protocatechualdehyde. This process resulted in 
maintaining the overall phenolic content and reducing the half-
maximal inhibitory concentration (IC₅₀) of the DPPH• radical by 
49.6% compared to the base drink.

Beyond phenolic compounds, untargeted metabolomic 
analysis revealed a profound metabolic reconfiguration induced 
by L. plantarum, including the formation of oxygenated fatty 
acids, oxylipins, lysophospholipids, lactoylated carbohydrate 
derivatives and exopolysaccharide fragments not previously 
described in this type of fermented oat beverage. Furthermore, 
fermentation significantly modulated nitrogen and nucleotide 
metabolism, promoting the accumulation of tryptophan-

derived metabolites, such as ILA, and phosphorylated 
nucleotides, including inosine 5′-monophosphate.

Taken together, these results broaden our understanding of 
the metabolic changes induced during the processing of oat-
based beverages and reinforce the potential of L. plantarum-
mediated fermentation as a tool for modulating their functional 
profile. 

Future research should focus on the specific validation of 
the proposed metabolic pathways, as well as on the evaluation 
of the bioactive and organoleptic properties associated with the 
described metabolic profiles, with a view to optimising their 
application in the development of functional foods.
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