8 Journal of 7
V Phytomedicine HVI\D\Py

Article

Microbially Matured Phytomedicines from Sesame Hull
(Sesamum indicum L.) Cell-Wall Oligosaccharides:
Lactobacillus-Generated Pre-Postbiotics with Antioxidant,
Enzyme-Inhibitory and Anti-Helicobacter pylori Activity in a
Functional Beverage

Fatemeh Naderi 1, Maryam Salami 123*(), Seyed Hadi Razavi 1, Mona Miran (%, Michael J. Serpe 2,
Marleny D. A. Saldafia 4, Raimar Loebenberg 3(*, Marlon C. Mallillin III 3-5©, Shengnan Zhao %°
and Neal M. Davies 3*

Department of Food Science and Engineering, College of Agriculture and Natural Resources, University of
Tehran, Karaj Campus, Tehran 31587, Iran; naderi.fatemeh@ut.ac.ir (EN.); srazavi@ut.ac.ir (S.H.R.);
mona.miran@ut.ac.ir (M.M.)

2 Department of Chemistry, Faculty of Science, University of Alberta, Edmonton, AB T6G 2P5, Canada;
serpe@ualberta.ca

Faculty of Pharmacy and Pharmaceutical Sciences, University of Alberta, Edmonton, AB T6G 2H7, Canada;
raimar@ualberta.ca (R.L.); mallilli@ualberta.ca (M.C.M.III); shengna2@ualberta.ca (S.Z.)

Department of Agricultural, Food and Nutritional Science, University of Alberta, Edmonton, AB T6G 2P5,
Canada; marleny.saldana@ualberta.ca

Department of Pharmacy, Faculty of Pharmacy, University of Santo Tomas, Manila 1015, Philippines

6 China Z. Pharmaceutical Productivity Centre, Beijing 101111, China

Correspondence: msalami2@ualberta.ca (M.S.); ndavies@ualberta.ca (N.M.D.)

Abstract

Many bioactive constituents of medicinal plants depend on microbial biotransformation for
their pharmacological activity, positioning postbiotics from plant substrates as microbially
matured phytomedicines. An emerging framework integrates prebiotic phytochemicals with
probiotic strains to modulate gut microbiota and host health. In this study, we explored
the functional properties of heat-inactivated Lactobacillus strains following the fermenta-
tion of oligosaccharides obtained from sesame hulls (Sesamum indicum L.), underutilised
agro-industrial residues. Cell-wall oligosaccharides were obtained by alkaline or enzy-
matic (Celluclast® 1.5 L (Novonesis, Copenhagen, Denmark)) extraction with Ultraflo®
L (Novonesis, Copenhagen, Denmark) hydrolysis and fermented with Lactobacillus aci-
dophilus, L. casei, or L. paracasei. Heat-inactivated pre-postbiotic preparations were profiled
for antioxidant capacity, inhibition of metabolic enzymes implicated in obesity and type
2 diabetes, and anti-Helicobacter pylori urease activity. Moreover, these preparations were
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1. Introduction

The classical conception of phytomedicine, defined by the World Health Organisation
as therapy with herbal medicines and their preparations [1], has historically focused on the
chemical complement of plant material itself. Yet a substantial body of pharmacological
evidence now indicates that many of the bioactive constituents of medicinal plants polyphe-
nols, glycosides, and structural polysaccharides are weakly active or pharmacologically
inert in their native form, and that their therapeutic activity depends on microbial biotrans-
formation in the gastrointestinal tract or during fermentation processing [2-4]. Polyphenols
are converted by gut microbiota into smaller phenolic acids [2]; glycosides are hydrolysed
to aglycones [3]; and structural fibres including (arabino-)xylans are fermented into short-
chain fatty acids and other bioactive metabolites [4,5]. The resulting compounds are, by
definition, postbiotic products [6], yet they are structurally derived from plant substrates
and functionally responsible for the pharmacological effects historically attributed to the
parent phytomedicine.

Postbiotics formally defined by the International Scientific Association of Probiotics
and Prebiotics (ISAPP) as “preparations of inanimate microorganisms and their components
that confer a health benefit on the host” [6] comprise inactivated microbial cells, cell wall
components, and metabolites [7,8]. They have advantages over live probiotics in stability,
safety in vulnerable populations (immunocompromised, post-surgical, premature) [9-11],
and resistance to industrial processing [12,13]. Crucially, when postbiotics are generated
from plant-derived substrates, the resulting preparations sit at the conceptual interface of
postbiotic biology and phytopharmacology. Fermented herbal preparations from traditional
medical systems exemplify this convergence: what is administered is no longer purely
plant material but a plant-microbe co-processed system in which postbiotic metabolites
mediate the therapeutic action [4,14].

A phytomedicine based framework is emerging that integrates prebiotic phytochemi-
cals with probiotic strains to modulate gut microbiota and host health [15]. Building on
this evidence, Possemiers et al. [16] have argued that the intestinal microbiome should be
regarded as a separate metabolic organ with the capacity to determine the bioactivity of
botanicals. Extending this position, we propose here that postbiotics generated from plant
substrates can be conceptualised as microbially matured phytomedicines, in which the micro-
biome serves as an obligate biotransformation step rather than an incidental contributor.
This framing has both regulatory and translational implications: it positions controlled
in vitro fermentation of plant materials as a route to standardised phytomedicine prepa-
rations whose active pharmacological mediators are postbiotic in nature, and it dissolves
the historical source-based distinction between phytomedicines and microbial products
into a unified pharmacological category. Combinations of prebiotic plant substrates with
the postbiotic preparations they generate termed here pre-postbiotics offer the additional
advantage of synergistic bioactivity [17-19], since the residual prebiotic substrate continues
to support microbial activity in vivo while the postbiotic component delivers immediate,
viability-independent pharmacological effects.

Among candidate plant substrates for microbially matured phytomedicine, sesame
(Sesamum indicum L.) hull is particularly attractive. Sesame hull is an agro-industrial
byproduct that typically accounts for 15-18% of total seed mass and is currently discarded
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or used as low-value animal feed [20,21], despite a complex carbohydrate composition rich
in pectic and hemicellulosic polysaccharides [22]. Oligosaccharides from agro-industrial
residues such as cereal (wheat, rye, barley straw) are established prebiotic substrates with
known capacity to selectively stimulate beneficial gut bacteria [23-25]. Plant cell-wall
polysaccharides are complex carbohydrates composed of monosaccharides linked by glyco-
sidic bonds, principally cellulose, hemicellulose, and pectin [26]. Pectic and hemicellulosic
polysaccharides and their derived oligosaccharides exhibit functional properties prebiotic,
antioxidant, immunomodulatory that depend on monomer composition, degree of poly-
merisation (DP), and glycosidic linkage pattern [22,27]. In the context of phytomedicine,
these structural features determine the substrate specificity of microbial fermentation and
therefore the chemical identity of the resulting bioactive postbiotic metabolites. Differential
fermentation of structurally distinct plant cell-wall oligosaccharides preparations by differ-
ent Lactobacillus strains can therefore be expected to generate phytomedicine preparations
with differential pharmacological profiles a hypothesis that is directly testable.

In this study, we test this hypothesis by fermenting three structurally distinct sesame-
hull oligosaccharide extracts with three Lactobacillus strains (L. acidophilus, L. casei, L. para-
casei). Under the revised taxonomy proposed by Zheng et al. [28], the latter two species
are now classified within the genus Lacticaseibacillus; for consistency with the prior liter-
ature, the historical genus name is retained throughout. In a previous study, Miran et al.
characterised the structural features of extracted sesame hull cell wall polysaccharides and
demonstrated that controlled enzymatic hydrolysis can release oligosaccharides, partic-
ularly (arabino-)xylooligosaccharides ((A)XOS) [20]. These compounds were thoroughly
characterised and may exhibit functional properties based on their structural features. In
this study, we select the oligosaccharide obtainment procedures based on their structure,
as determined by previous results, and investigate their prebiotic activity. The fermented
oligosaccharides are then used to produce pre-postbiotics. To date, the prebiotic activity and
postbiotic production, as well as the phytomedicinal activity of these fermented carbohy-
drates from sesame hulls, have not been previously explored. The resulting heat inactivated
pre-postbiotic preparations are profiled for the phytomedicine-relevant pharmacological
activities most consistently associated with plant-derived therapeutics: antioxidant capacity
(by ABTS and FRAP), inhibition of metabolic enzymes implicated in obesity and type 2
diabetes (pancreatic lipase, «-amylase, x-glucosidase), and anti-Helicobacter pylori urease
activity. The lead preparation is then incorporated into a barley malt (Hordeum vulgare L.)
beverage as a translational model of a functional phytomedicine product. Together, these
experiments characterise sesame hull-derived pre-postbiotics as a candidate microbially ma-
tured phytomedicine and provide a methodological template for the controlled generation
of standardised phytomedicine preparations from agro-industrial plant residues.

2. Materials and Methods
2.1. Plant Substrate, Cell-Wall Polysaccharide Extraction, and Oligosaccharides Production
2.1.1. Plant Substrate

White sesame (Sesarmum indicum L.) hull waste was obtained from Oghab Halva
Company (Shahriar, Iran). At the facility, hulls were separated from seeds using a wet
salt-water process, then filtered and washed until the electrical conductivity of the soaking
distilled water reached 50 pS/cm. Hulls were oven-dried at 45 °C, ground, and passed
through 500 um stainless-steel sieves [20].

2.1.2. Cell-Wall Polysaccharide Extraction

Polysaccharides were extracted by alkaline (ALK) or enzymatic (Celluclast, C6h)
procedures based on Miran et al. [20]. Briefly, for ALK extraction, dried hulls (50 g) were
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treated with 1500 mL of 2% NaOH shaken in a water bath at 80 °C for 90 min, filtered,
acidified to pH 5 with acetic acid, precipitated with 1500 mL of 96% ethanol overnight,
centrifuged at 12,000x g for 15 min at 10 °C, washed five times with 50% ethanol, and
freeze-dried (denoted ALK(P)). For enzymatic extraction, hulls (50 g) were incubated with
500 mL of sodium acetate buffer (0.05 M, pH 5) and Celluclast® 1.5 L (0.3 mL/g sesame hull)
at 50 °C with constant shaking (200 rpm) for 6 h. Following this, the mixture was then heat-
inactivated, filtered, precipitated with 96% ethanol overnight, centrifuged, washed three
times with 70% ethanol, and freeze-dried (denoted C6h(P)). The methods were chosen from
a wider range of techniques previously examined by Miran et al. [20], focusing on extraction
yield, structural characteristics, and the desired oligosaccharides (see Section 2.1.3).

2.1.3. Oligosaccharides Production by Ultraflo Hydrolysis

Each polysaccharide preparation (3 g) was hydrolysed with Ultraflo® L (1.4 mL/g of
extracted polysaccharides) in 150 mL of sodium acetate buffer (0.05 M, pH 5) at 40 °C, with
constant shaking (200 rpm) for either 1 h or 6 h. The reaction was then heat-inactivated and
freeze-dried [20]. The resulting oligosaccharides preparations are denoted a + 6 (ALK(P)
hydrolysed for 6 h), ¢ + 1 (C6h(P) hydrolysed for 1 h), and ¢ + 6 (C6h(P) hydrolysed for
6 h). In this study, we selected the oligosaccharides producing methods (including enzyme
type, dosage, incubation time and temperature) based on previous findings. The selection
process was conducted from a broader array of techniques examined by Miran et al. [20]
and was based on the structural features of these oligosaccharides, in conjunction with a
preliminary screening of their potential to promote probiotic growth.

2.1.4. Structural Characterisation of Oligosaccharides

Structural characterisation of the polysaccharide and oligosaccharides preparations
was previously reported by Miran et al. [20]. In summary, ALK(P) was composed of 34.6%
galacturonic acid, 28.5% xylose, 25.0% arabinose, 5.1% galactose, 4.2% rhamnose, and
minor amounts of glucose, glucuronic acid, ferulic acid, fucose, and mannose; C6h(P)
was rich in pectin (54.9% galacturonic acid) with substantial arabinoxylan (13.6% xylose,
9.1% arabinose). For the AXOS preparations, molecular weight by HPSEC-ELSD ranged
29.7-0.2 kDa for a + 6, 38.0-0.2 kDa for ¢ + 1, and 36.3-0.2 kDa for c + 6. MALDI-TOF-MS
analysis confirmed AXOS as the predominant oligosaccharide species in a + 6 (77%, DP
2-13), ¢ + 1 (~50%, DP 3-22, with one ferulic-acid-substituted AXOS), and ¢ + 6 (similar
series to ¢ + 1 with lower total intensity).

2.2. Lactobacillus Fermentation and Postbiotic Preparation

Three Lactobacillus strains were used as probiotics: L. acidophilus, L. casei, and L. para-
casei (under the Zheng et al. [28] taxonomy, the latter two are Lacticaseibacillus casei and
Lacticaseibacillus paracasei). These Lactobacillus strains were obtained from the culture col-
lection of the Bioprocess Engineering Laboratory at the Department of Food Science and
Engineering, University of Tehran, Iran. They were activated through two successive
passages in sterilised De Man, Rogosa and Sharpe (MRS) broth from Merck, incubated at
37 °C for 12 h. Following this, 40% (v/v) sterilised glycerol was added to the culture, which
was then stored at —20 °C in sterile screw-cap tubes.

One mL of activated culture in liquid MRS medium (107-10% CFU) was inoculated
into 8 mL of sterile MRS containing 1 mL of pasteurised (80 °C, 5 min) oligosaccharides
solution (1 mg/mL in distilled water). Controls received 1 mL of distilled water in place
of oligosaccharides. Cultures were incubated at 37 °C for 24 h [29-31]. After incubation,
samples were centrifuged at 13,570x g for 5 min at 4 °C, and the supernatant filtered
through a 0.45 pm membrane. To inactivate the cells, the cell pellet (cells) were heated
at 95 °C for 15 min, then recombined with the supernatant, and freeze-dried to yield the
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final pre-postbiotic powder. Bacterial cell counts were determined by serial dilution plate
counting [32] and expressed as log CFU/mL.

2.3. Pharmacological Profiling of Pre-Postbiotic Preparations
2.3.1. ABTS Radical Scavenging Assay

ABTSe" (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) radical scavenging
activity was determined by a modified Malunga & Beta method [33]. Pre-postbiotic samples
(1 and 3 mg/mL in pH 8 phosphate buffer) were mixed with 0.9 mL of ABTSe" reagent in
2 mL tubes, vortexed, and incubated in the dark for 30 min. Absorbance was read at 734 nm
using a UV-Vis spectrophotometer (Cecil Instruments Ltd., Cambridge, UK). Ascorbic acid
and gallic acid (1 and 3 mg/mL) served as positive controls [29].

ABTS scavenging (%) = [(A_blank — A_sample)/A_blank] x 100 (1)

where A_blank is the absorbance of the ABTSe* reagent mixed with buffer (no sample),
and A_sample is the absorbance of the ABTSe* reagent mixed with the test sample.

2.3.2. Ferric Reducing Antioxidant Power (FRAP) Assay

FRAP was determined by the method of Gullén et al. [34]. The FRAP reagent was
45 mL of 300 mM acetate buffer (pH 3.6), 4.5 mL of 10 mM 2,4,6-tripyridyl-s-triazine
(TPTZ) in 40 mM HCl, and 4.5 mL of 20 mM FeCl;-6H,O in distilled water. Samples
(0.1 mL of 3 and 5 mg/mL in pH 8 phosphate buffer) were combined with 3 mL of FRAP
reagent, vortexed, and incubated in the dark for 4 min. Absorbance was read at 593 nm
using a UV-Vis spectrophotometer (Cecil Instruments Ltd., Cambridge, UK). FeSO4-7H,0O
(0.02 mg/mL) served as the positive control.

Ferric reducing capacity (%) = (A_sample — A_blank)/(A_positive — A_blank) x 100 (2)

where A_blank is FRAP reagent plus buffer, A_positive is FRAP reagent plus FeSO,-7H,0
(positive control), and A_sample is FRAP reagent plus test sample.

2.3.3. Pancreatic Lipase Inhibition

Samples (3 mg/mL in pH 8 phosphate buffer; 40 uL) were mixed with 20 uL of
substrate (10 mM p-nitrophenylbutyrate in DMSO) and 40 puL of porcine pancreatic lipase
(2.5 mg/mL in 0.1 M phosphate buffer, pH 8). After 20 min at 37 °C, absorbance was
measured at 405 nm using an ELISA reader (Expert 96, Biotech, Miami, FL, USA). Orlistat
(50 uM) served as the positive reference [35].

Lipase inhibition (%) = [(A_control — A_sample)/A_control] x 100 3)

where A_control is the absorbance of the reaction mixture without the sample, and
A_sample is the absorbance of the reaction mixture containing the pre-postbiotic sample.

2.3.4. a-Amylase Inhibition

Samples (80 uL of 3 mg/mL in pH 8 phosphate buffer) were combined with 80 uL
of starch substrate (2 mg/mL in 0.1 M phosphate buffer, pH 6.5) and 80 uL of c-amylase
(0.6 mg/mL in 0.1 M phosphate buffer, pH 6.5). After 20 min at 37 °C, the reaction was
stopped with 400 uL of 3,5-dinitrosalicylic acid (DNS) reagent containing 1% DNS in
alkaline sodium potassium tartrate solution and heated at 100 °C for 5 min. Absorbance
was read at 540 nm using an ELISA reader (Expert 96, Biotech, Miami, FL, USA). Acarbose
(1 mg/mL) served as the positive control [27].

«-Amylase inhibition (%) = [(A_control — A_sample)/A_control] x 100 4)
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where A_control is the absorbance of the enzyme reaction without inhibitor and A_sample
is the absorbance with the test sample.

2.3.5. a-Glucosidase Inhibition

Samples (100 pL of 3 mg/mL in pH 8 phosphate buffer) were preincubated for 10 min
at 37 °C with 100 pL of x-glucosidase (0.5 U/mL in 100 mM phosphate buffer, pH 6.9).
100 pL of 5 mM p-nitrophenyl-a-D-glucopyranoside (pNPG) was added, and absorbance
was read after 20 min at 37 °C using an ELISA reader (Expert 96, Biotech, Miami, FL, USA).
Acarbose (1 mg/mL) served as the positive control [27].

«-Glucosidase inhibition (%) = [(A_control — A_sample)/A_control] x 100 (5)

where A_control is the absorbance of the reaction without inhibitor and A_sample is the
absorbance with the test sample.

2.3.6. Anti-Helicobacter pylori Activity (Urease Inhibition)

Anti-H. pylori activity was assessed by urease inhibition via Berthelot ammonium
release [36]. Samples (100 pL of 3 mg/mL in pH 8 phosphate buffer) were combined with
850 puL of 30 mM urea and 50 pL of urease (1 mg/mL in 100 mM phosphate buffer, pH 7.6)
and incubated at 37 °C for 30 min. A 100 pL aliquot was added sequentially to 500 uL of
solution A (4.47 g salicylic acid, 2.5 g NaOH, 20 mg sodium nitroprusside in 50 mL water)
and solution B (1.5 mL of 5% sodium hypochlorite solution and 0.5 g NaOH in 70 mL
water), incubated at 37 °C for 30 min, and the absorbances were measured at 625 nm using
an ELISA reader (Expert 96, Biotech, Miami, FL, USA).

Urease inhibition (%) = [(A_control — A_sample)/A_control] x 100 (6)

where A_control is the absorbance of the urease reaction without the test sample (buffer
instead of sample) and A_sample is the absorbance in the presence of the test sample.

2.4. Translational Application: Pre-Postbiotic Barley Malt Beverage

A commercial ready-to-drink barley malt (Hordeum vulgare L.) beverage was used as a
translational carrier. Pre-postbiotic powder derived from ¢ + 6 oligosaccharide fermentation
(selected on the basis of superior in vitro pharmacological profile) was added aseptically at
1,2, and 3% w/v in the commercial ready-to-drink barley malt beverage during the final
production stage, and 1% w/v was selected after preliminary screening. Final formulations
were assessed for antioxidant activity (ABTS, FRAP; Sections 2.3.1 and 2.3.2), pH (calibrated
meter, dried electrode in 10 mL aliquots after particles had settled), and apparent optical
density at 600 nm (OD600). OD600 was measured spectrophotometrically at 600 nm against
a distilled-water blank and was used as an indirect comparative indicator of beverage
cloudiness and suspended particulates under standardised measurement conditions.

2.5. Sensory Evaluation

Sensory evaluation of the malt beverages was conducted with 30 panellists (1 = 15 female,
n = 15 male; age range 22-58 years) drawn from the Department of Food Science at the Uni-
versity of Tehran. Panellists rated samples on a five-point quality scale (1 = extremely poor;
5 = excellent) for taste, aroma, colour, aftertaste, mouthfeel, and overall acceptability. Four
samples (one blank and three pre-postbiotic-supplemented) were presented in randomised
order under a three-digit code, with palate-cleansing water provided between samples.
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2.6. Statistical Analysis

Experiments were conducted in triplicate (1 = 3) and results expressed as mean =+ stan-
dard deviation. Data were analysed by one-way ANOVA with Duncan’s multiple range
test at p < 0.05 using Minitab 20 (Minitab LLC, State College, PA, USA). Equivalent results
were obtained with Tukey’s HSD.

2.7. Ethics Statement

All sensory evaluation procedures were approved by the Research Ethics Committee of
the University of Tehran (Approval No. ETHIC-202601-1665) and conducted in accordance
with the 1964 Declaration of Helsinki and its later amendments. Informed consent was
obtained verbally from all participants prior to evaluation.

3. Results and Discussion
3.1. Sesame-Hull Oligosaccharides as Plant-Derived Prebiotic Substrate for Lactobacilli

Phytomedicine generated by microbial biotransformation of plant material requires
that the plant substrate first sustain microbial growth. We therefore confirmed that all three
Lactobacillus species could grow on sesame-hull-derived AXOS as carbon source. After 24 h
fermentation in MRS supplemented with 1 mg/mL AXQOS, all strains exhibited significantly
higher growth than oligosaccharide-free controls (Table 1; p < 0.05), demonstrating that
the cell-wall oligosaccharides released from sesame hull are bioavailable to lactic-acid-
fermenting microbiota and meet the operational definition of a prebiotic substrate [37].
L. casei supported the highest growth (Alog CFU/mL up to 2.43), L. paracasei the second-
highest, and L. acidophilus the lowest. The relative inability of L. acidophilus to metabolise
complex AXOS structures has been previously reported [38] and likely reflects strain-
specific glycoside hydrolase repertoires; the superior growth of L. casei may additionally
relate to its higher exopolysaccharide-production capacity, which improves environmental
stress tolerance [39].

Table 1. Effect of sesame-hull-derived cell-wall AXOS on growth of three Lactobacillus species after
24 h fermentation.

Probiotic Strain Sample Log CFU/mL (t=0) Log CFU/mL (t=24) Alog CFU/mL
L. acidophilus (LA) Control 7.970 &+ 0.020 8.940 £ 0.030 0.970 ¢
a+6 8.120 £ 0.003 9.390 £ 0.004 1.270°
c+1 8.120 £ 0.008 9.460 £ 0.002 1.340 2
c+6 8.110 £ 0.003 9.490 £ 0.016 1.380%
L. casei (LCa) Control 7.100 £ 0.001 8.840 £ 0.061 1.740 P
a+6 7.070 £ 0.009 9.370 £ 0.010 2.300
c+1 7.170 + 0.009 9.480 + 0.009 2.310°
c+6 7.180 £ 0.003 9.610 £ 0.020 2.430°
L. paracasei (LPC) Control 7.650 = 0.004 8.840 £ 0.007 1.180 ¢
a+6 7.640 £ 0.004 9.310 =+ 0.009 1.670°
c+1 7.650 £ 0.016 9.540 £ 0.002 1.900 @
c+6 7.650 + 0.014 9.580 £ 0.030 1.980°

Values are mean + SD (n = 3). Different superscripts (a, b, c) indicate significant differences (p < 0.05) within strain;
comparisons were not made across strains. Sample codes: a + 6 = AXOS from alkaline-extracted polysaccharide
hydrolysed 6 h with Ultraflo; c + 1/c + 6 = AXOS from Celluclast-extracted polysaccharide hydrolysed 1 or 6 h
with Ultraflo; Control = MRS without AXOS.
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Distinctions in monomeric composition and chemical structure of oligosaccharides
significantly influence their prebiotic activity. Among the oligosaccharides preparations,
¢ + 1 and c + 6 from extended Celluclast-Ultraflo hydrolysis supported the highest growth
across all strains; the higher activity observed may be attributed to variations in their
monomeric composition; as ¢ + 1 and c + 6 have different compositions compared to a + 6,
consistent with the well-established principle that distinctions in monomeric composition
modulate oligosaccharides fermentability and the consequent yield of bioactive postbiotic
metabolites including short-chain fatty acids (SCFAs) [23,40]. The differential growth
observed across structurally distinct AXOS preparations therefore predicts differential
pharmacological profiles for the resulting postbiotics—the central testable hypothesis of the
present phytomedicine framework. Comparable strain X substrate interactions have been
documented for xylo-oligosaccharides from banana pseudostem [41] and for arabinoxylan
hydrolysates from wheat and rye [25], confirming that AXOS-driven prebiotic activity is a
general property of plant-derived cell-wall oligosaccharides.

3.2. Antioxidant Bioactivity: ABTS and FRAP

Antioxidant activity is one of the most extensively documented pharmacological ef-
fects of plant-derived therapeutics, attributable largely to polyphenols, phenolic acids, and
structurally related microbial metabolites [2,14,42]. In the present plant-microbe system,
fermentation of AXOS substrates by gut-relevant Lactobacillus species generates SCFAs
(acetate, propionate, butyrate), bioactive peptides, and organic acids that contribute to an-
tioxidant capacity [43-45]. We assessed antioxidant activity by two complementary assays.

In the ABTS assay (Table 2), antioxidant activity increased dose-dependently across all
preparations (1 — 3 mg/mL; p <0.05), and the AXOS-supplemented postbiotics consistently
outperformed the AXOS-free controls. L. paracasei generated the most potent antioxidant
postbiotics: at 3 mg/mL, LPC(c + 6) exhibited 87.02% radical scavenging—within the
range typical of high-potency plant antioxidant extracts. The corresponding FRAP data
(Table 3) confirmed concentration-dependent ferric-reducing capacity, with LPC(c + 1) the
most active at 5 mg/mL (65.85%). Differences between ABTS and FRAP results across
strain X substrate combinations reflect mechanistic differences between the assays (radical
scavenging vs. single-electron reduction) and underscore the value of orthogonal antioxi-
dant measurements when characterising candidate phytomedicine preparations [44].

Table 2. ABTS radical-scavenging activity of pre-postbiotic preparations from sesame-hull

AXOS fermentation.
Sample Antioxidant Activity (%) at 1 mg/mL Antioxidant Activity (%) at 3 mg/mL
LA (control) 882+131°¢ 63.70 £ 0.24 ¢
LA(a + 6) 17.16 +0.50 P 70.91 4+ 0.56 °
LA(c+1) 2698 +2.23% 80.21 +£1.522
LA(c+6) 29.79 £0.552 81.65 £2.162
LPC (control) 3290+ 0.83 € 7243 +0.96 €
LPC(a + 6) 41.60 +0.95° 82.61 + 2.64 20
LPC(c +1) 41.36 £ 0.95P 80.29 £ 0.16°
LPC(c + 6) 60.19 £0.722 87.02£0.162
LCa (control) 30.39 + 1.11P 69.31 +0.24 ¢
LCa(a + 6) 3754 +191°2 73.08 +£0.32°
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Table 2. Cont.

Sample Antioxidant Activity (%) at 1 mg/mL Antioxidant Activity (%) at 3 mg/mL
LCa(c + 1) 40.64 +£2.31°2 7292 +1.60°
LCa(c + 6) 41.00 £0.60 81.254+0.517
Values are mean + SD (n = 3). Different superscripts indicate significant differences (p < 0.05) within column
and the strain. LA, L. acidophilus; LCa, L. casei; LPC, L. paracasei. Suffixes (a + 6), (c + 1), (c + 6) denote the AXOS
substrate; “control” denotes postbiotic produced without AXOS.

Mechanistically, our findings are consistent with prior reports that synbiotic combi-
nations of Lactobacillus species with structurally diverse oligosaccharides synergistically
enhance antioxidant activity beyond that of either component alone [45], and that polysac-
charides released from heat-inactivated L. acidophilus cell walls themselves possess an-
tioxidant and anticancer activity [46]. From the phytomedicine perspective, these data
demonstrate that a plant-derived substrate (sesame-hull AXOS) is converted by Lactobacillus
fermentation into a postbiotic preparation whose antioxidant activity reflects both the phe-
nolic content of the original plant material (residual ferulic acid and related substituents on
AXOS [20]) and the microbial metabolites generated during fermentation. The microbially
matured product is, by both compositional and functional criteria, more pharmacologically
active than the parent plant fraction.

Table 3. Ferric-reducing antioxidant power (FRAP) of pre-postbiotic preparations from sesame-hull
AXOS fermentation.
Sample Reducing Activity (%) at 3 mg/mL Reducing Activity (%) at 5 mg/mL

LA (control) 5.31 4+ 0.94° 18.62 +2.32P

LA(a + 6) 275142272 51.40+1.512

LA(c+1) 28.65 +3.41°2 51.28 £2.702

LA(c +6) 39.15+1.06 2 56.90 +1.97 2

LPC (control) 1290 £0.18¢ 19.58 £1.27 ¢

LPC(a + 6) 25.8142.08 P 49.77 +£2.55°

LPC(c +1) 4023 £2.46° 65.85+2.322

LPC(c + 6) 4478 £2.084 56.76 4 0.58 2P

LCa (control) 9.11 +246° 17.83 + 1.16°

LCa(a + 6) 2827 £0.752 55.24 +1.33 %

LCa(c +1) 32.26 £0.18 2 4755+0.112

LCa(c + 6) 3093 +£1.512 4697 £0.812

Values are mean + SD (1 = 3); see Table 2 for sample-code definitions. Different superscripts indicate significant
differences (p < 0.05) within column and the strain.

3.3. Anti-Obesity Pharmacology: Pancreatic Lipase Inhibition

Pancreatic lipase hydrolyses 50-70% of dietary triglycerides and is a clinically vali-
dated target for anti-obesity phytomedicines [47]—orlistat, the only FDA-approved long-
term anti-obesity lipase inhibitor, is itself a microbial product (a hydrogenated derivative
of lipstatin from Streptomyces toxytricini). All three Lactobacillus-derived pre-postbiotics
significantly inhibited pancreatic lipase relative to AXOS-free controls (Figure 1; p < 0.05).
LCa(a + 6) was the most potent inhibitor at 47.82%, an activity comparable to several plant
phenolic phytomedicine preparations [48]. The strain-specificity of the response—L. casei-
derived postbiotics outperformed both L. acidophilus- and L. paracasei-derived preparations—
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supports the hypothesis that the microbial enzymatic complement that processes a plant
substrate determines the pharmacological identity of the resulting phytomedicine.

Pancreatic lipase inhibition

)
o

w
o

IS
o

Inhibition (%)
3

N
o

=
o

S
NRCAIRC AN SR ARG
NN I N YA G«
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Figure 1. Pancreatic lipase inhibition (%) of pre-postbiotic preparations (3 mg/mL in pH 8 phosphate
buffer) from sesame-hull AXOS fermentation. Values are mean + SD (n = 3). Different lowercase
letters denote p < 0.05 within strain. LA, L. acidophilus; LCa, L. casei; LPC, L. paracasei. Suffixes
(@ +6), (c + 1), (c + 6) denote the oligosaccharides substrate; “control” denotes postbiotic produced
without AXOS.

Mechanistically, L. casei-derived postbiotics have been reported to allosterically inhibit
pancreatic lipase, bile-salt-stimulated lipase, and phospholipase A; via specific bioac-
tive metabolites including 8-C-glucosylorobol [48], although whether such metabolites
are present in our AXOS-fermented preparations remains to be confirmed by targeted
metabolomics. More broadly, the physicochemical properties of the bacterial cell-wall
surface (notably hydrophobicity) enhance adhesion to lipid substrates and may sterically
interfere with lipase access [49], while fermentation-derived peptides and polysaccharides
can compete with or inhibit the catalytic site [50]. From the phytomedicine perspective,
these multiple convergent mechanisms reinforce the value of microbially matured postbiotic
preparations as multi-target anti-obesity therapeutics, complementary to single-component
plant phenolics.

3.4. Anti-Diabetic Pharmacology: «a-Amylase Inhibition

a-Amylase and x-glucosidase are key targets for the anti-hyperglycaemic action of
many plant-derived phytomedicines—acarbose, miglitol, and voglibose, the principal phar-
maceutical a-glucosidase inhibitors, derived from microbial natural products and related
genera, illustrating that microbially derived therapeutics have long served as anti-diabetic
agents [51]. All three Lactobacillus-derived pre-postbiotics inhibited «-amylase activity at 3
mg/mL (Figure 2). LA(a + 6) was the most potent inhibitor at 43.67%, with LPC(c + 1) the
least at 15.32%; AXOS-free controls showed no detectable inhibition. The pattern—maximal
inhibition for the alkaline-extracted AXOS substrate (a + 6) in L. acidophilus and L. casei, and
for ¢ + 6 in L. paracasei—again reflects the strain x substrate dependence of the resulting
phytomedicine pharmacology.

Suwanangul et al. [52] reported that probiotic metabolites including organic acids,
SCFAs, peptides, and exopolysaccharides interfere with o-amylase and x-glucosidase ac-
tive sites, potentially via substrate mimicry or catalytic-residue binding; Bacillus coagulans
metabolites display similarly potent inhibitory activity. From the phytomedicine perspec-
tive, the implication is significant: a plant-derived substrate (sesame-hull AXOS) that
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has no inherent x-amylase inhibitory activity in its native form acquires substantial phar-
macological activity—comparable to many plant phenolic extracts—following microbial
biotransformation. This is the canonical signature of a microbially matured phytomedicine.
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Figure 2. x-Amylase inhibition (%) of pre-postbiotic preparations (3 mg/mL in pH 8 phosphate
buffer). Values are mean + SD (n = 3). Different lowercase letters denote p < 0.05 within strain.

3.5. Anti-Diabetic Pharmacology: «-Glucosidase Inhibition

All pre-postbiotic preparations inhibited o-glucosidase, with LCa(a + 6) the most
potent at 52.14% and LCa(c + 6) the weakest at 29.60% (Figure 3). AXOS-free controls were
inactive. As with pancreatic lipase, L. casei-derived postbiotics from the alkaline-extracted
AXOS substrate were the lead inhibitors. L. casei produces higher levels of exopolysac-
charides than L. acidophilus [53,54]; given that exopolysaccharides have been linked to
a-glucosidase inhibition, the increased inhibitory activity of L. casei-derived preparations is
mechanistically plausible. The simultaneous lipase- and glucosidase-inhibitory activity of
LCa(a + 6) is particularly relevant from the phytomedicine perspective: dual-target phar-

macology against complementary metabolic enzymes is a hallmark of clinically valuable
plant-derived therapeutics for metabolic syndrome.

a-Glucosidase inhibition
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Figure 3. x-Glucosidase inhibition (%) of pre-postbiotic preparations (3 mg/mL in pH 8 phosphate
buffer). Values are mean + SD (n = 3). Different lowercase letters denote p < 0.05 within strain.
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3.6. Anti-Helicobacter pylori Urease Activity

Plant-derived antibacterial phytomedicines have a long history of use against H.
pylori, with the urease enzyme—essential for H. pylori colonisation of the gastric mucosa
via local pH neutralisation—a primary pharmacological target [55]. We assessed urease
inhibition at 3 mg/mL (Figure 4). Only preparations with detectable urease inhibition
are shown. LPC(c + 6) exhibited the highest activity at 20.66%, significantly above all
other preparations; AXOS-free controls were inactive. L. paracasei has previously been
reported to display strong anti-H. pylori activity attributed to bacteriocin and organic-acid
production [56,57], and strains with higher antioxidant activity tend to display stronger
anti-H. pylori properties [58]. The dual antioxidant and anti-H. pylori activity of LPC(c + 6)
is therefore mechanistically coherent and therapeutically attractive: the same preparation
simultaneously addresses gastric oxidative stress and the principal pathogen of chronic
gastritis and gastric ulcer disease, in line with the multi-target therapeutic profile expected
of a microbially matured phytomedicine.

Anti-Helicobacter pylori urease activity
30 -

20

Urease inhibition (%)

10 + b

LCa(c+6) LPC(a+6) LPC(c+1) LPC(c+6)

Figure 4. Anti-Helicobacter pylori urease inhibition (%) (3 mg/mL in pH 8 phosphate buffer). Values
are mean =+ SD (n = 3). Different lowercase letters denote p < 0.05.

3.7. Translational Phytomedicine: Antioxidant Activity in Pre-Postbiotic Barley Malt Beverage

A central challenge in phytomedicine development is translating in vitro pharmaco-
logical activity into a stable, palatable delivery vehicle. We selected barley malt (Hordeum
vulgare L.) as a translational carrier: barley is itself a plant material with intrinsic phy-
tomedicinal heritage (recognised antioxidant content enhanced through malting [59]), and
barley malt beverages are widely consumer-accepted. Pre-postbiotic powder from c + 6
AXOS fermentation—selected on the basis of its in vitro pharmacological profile—was in-
corporated at 1% w/v (higher concentrations produced unacceptable excessive cloudiness
and discolouration).

ABTS-measured antioxidant activity of the supplemented beverages increased sig-
nificantly (p < 0.05) by approximately 20% relative to the unsupplemented blank, with
LCa(c + 6) showing the strongest enhancement (67.75%; Figure 5). This represents a
clinically relevant improvement in radical-scavenging capacity in a real food matrix,
achieved using a 1% w/v inclusion of a microbially matured phytomedicine derived entirely
from agricultural plant byproducts. The translational case for sesame-hull-derived pre-
postbiotic phytomedicines is therefore supported by both component-level pharmacology
(Sections 3.2-3.6) and product-level functional behaviour.
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Antioxidant activity of supplemented malt beverages
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Figure 5. ABTS and FRAP antioxidant activity of barley malt beverages supplemented with 1% w/v
pre-postbiotic powder. “Blank” denotes unsupplemented beverage. Values are mean + SD (n = 3);
different letters denote p < 0.05 within assay.

3.8. Physicochemical Characteristics of the Pre-Postbiotic Beverage

Beverage pH and optical density at 600 nm (OD600) were evaluated as physicochemi-
cal characteristics relevant to beverage quality and visual appearance (Table 4) [60]. All for-
mulations exhibited an acidic pH (4.57—4.62), characteristic of fermented and fermentation-
derived beverages and consistent with reduced spoilage risk. Slight pH differences between
strains likely reflect residual organic acids carried over from the fermentation process rather
than de novo acid production by the inactivated cells. OD600 values differed significantly
among formulations, with LCa(c + 6) showing the highest value (2.760) and LPC(c + 6)
the lowest (2.260). OD600 was used here as a comparative optical indicator of beverage
cloudiness and suspended particulates under standardised measurement conditions [60].
The observed differences may reflect variation in suspended biomass and strain-dependent
exopolysaccharide production.

Table 4. pH and apparent optical density (OD600) of barley malt beverages supplemented with
pre-postbiotic preparations from c + 6 oligosaccharides fermentation.

Sample pH OD600
LA(c + 6) 4.570 + 0.005 © 2.370 + 0.002 P
LCa(c + 6) 4.580 =+ 0.006 b¢ 2.760 + 0.020 @
LPC(c + 6) 4.620 + 0.001 2 2.260 + 0.005 ©
Blank 4.600 4 0.005 P 1.230 + 0.001 4

Values are mean =+ SD (1 = 3). Different superscripts denote p < 0.05 within column. “Blank” denotes unsupple-
mented beverage.

3.9. Sensory Acceptability

Consumer acceptance is essential for any plant-derived therapeutic delivered as a
beverage. Sensory evaluation by an untrained panel of thirty adults from the Department
of Food Science at the University of Tehran revealed no significant differences between
formulations in flavour, odour, or aftertaste (Table 5). The unsupplemented blank achieved
the highest scores for colour, mouthfeel, and overall acceptance, while among the supple-
mented formulations LA(c + 6) and LCa(c + 6) performed best. These results indicate that
pre-postbiotic supplementation can be perceived organoleptically (most clearly in colour
and mouthfeel), and that further formulation work—lower inclusion rates, encapsulation,
masking agents—would likely be required to optimise consumer acceptance for commercial

https://doi.org/10.3390/jphytomed1020007


https://doi.org/10.3390/jphytomed1020007

J. Phytomed. 2026, 1,7

14 of 18

deployment. Importantly, no formulation generated unacceptable sensory characteristics;
the lead phytomedicine preparations remained within the acceptable consumer envelope.

Table 5. Sensory evaluation of barley malt beverages supplemented with pre-postbiotic preparations.

Sensory Attribute LA(c + 6) LCal(c + 6) LPC(c + 6) Blank

Flavour 450+0422 43540392 40040502 448 +0.462
Odour 5.00+0.002 50040002 5.00+0.00% 5.0040.002
Colour 3804050 3484053P 3.18+044° 46840392
Mouthfeel 4.03+040P 3884041 3404+052°¢ 5.00+40.00?
Aftertaste 45840412 44540352 42040312 49340172
Overall acceptance 4304+023> 408+033> 3.68+043°¢ 478+0.38°

Values are mean 4 SD (n = 30). Different superscripts denote p < 0.05 within row. Five-point quality scale
(1 = extremely poor; 5 = excellent).

3.10. Implications for Microbially Matured Phytomedicine and Functional-Beverage Development

Taken together, these data establish sesame-hull-derived pre-postbiotics as a candidate
microbially matured phytomedicine with multi-target pharmacology spanning oxidative
stress, dietary lipid digestion, carbohydrate digestion, and antibacterial activity against the
principal pathogen of chronic gastritis. Three implications are worth emphasising. First,
the pharmacological identity of the preparation is determined jointly by the plant substrate
(here, sesame-hull AXOS) and the fermenting microorganism (here, Lactobacillus species),
and is therefore tunable by selection of either component. This is precisely the design space
available for deliberate phytomedicine engineering. Second, the lead preparations approach
the pharmacological potency of single-component plant phytomedicines, despite being
generated from material that is currently discarded as agro-industrial waste—offering a
sustainable route to standardised phytomedicine ingredients. Third, the translational path-
way demonstrated here (in vitro fermentation — freeze-dried postbiotic — incorporation
into a plant-based beverage carrier) provides a manufacturing template that is compatible
with existing food-industry infrastructure.

The global functional-beverage market was valued at over USD 208 billion in 2024 and
continues to grow at a compound annual rate of approximately 7.5% [61]. Phytomedicine-
positioned products within this market—those whose health claims rest on standardised,
mechanistically characterised plant-derived bioactives—face both the greatest commercial
opportunity and the most demanding regulatory scrutiny. The framework demonstrated
here, in which a defined plant substrate is converted by defined microorganisms into
a chemically and biologically characterised postbiotic preparation, is well aligned with
the type of standardisation that regulators increasingly require for plant-based therapeu-
tics [61,62]. Compliance with labelling guidelines and health-claim regulations, including
ISAPP-aligned definitions of postbiotic preparations, will be essential for translation to
clinical use.

3.11. Limitations

Several limitations should be considered. First, the present study did not include
direct metabolomic profiling (LC-MS/MS, NMR) of the postbiotic preparations; the spe-
cific bioactive metabolites responsible for the antioxidant and enzyme-inhibitory activities
therefore remain to be definitively identified. Second, the heat-killed cell biomass and
the cell-free supernatant fractions were not characterised separately; the relative pharma-
cological contributions of cell-wall-associated and metabolite-associated activity cannot
be partitioned from these data. Third, in vitro and in vivo digestion models were not
employed; whether the inhibitory activities observed in buffer translate to post-prandial
efficacy requires further investigation. Fourth, the sensory panel was small and not naive,
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and beverage shelf-life stability was not assessed across storage conditions both critical
for commercial development. Finally, although in vitro pharmacology supports a phy-
tomedicine framing, in vivo pharmacokinetic, toxicological, and clinical studies will be
required before any therapeutic claim can be established.

4. Conclusions

Controlled fermentation of plant-derived oligosaccharides from sesame hulls using
Lactobacillus strains produces heat-stable, freeze-dried pre-postbiotic preparations with mul-
tiple pharmacological targets relevant to phytomedicine. These preparations demonstrated
enhanced antioxidant activity, achieving up to 87.02% ABTS scavenging. Furthermore,
the preparations exhibited inhibitory effects against key enzymes linked to obesity and
type 2 diabetes, including pancreatic lipase (47.82% inhibition), a-glucosidase (52.14%
inhibition), and a-amylase (43.67% inhibition). Additionally, the preparations inhibited
Helicobacter pylori urease by 20.66%. Consequently, the fermentation of sesame hull-derived
oligosaccharides in this framework resulted in a microbially matured phytomedicine. The
pharmacological activity was found to be strain- and substrate-dependent: preparations
obtained by L. casei and oligosaccharides from alkaline-extracted extended-hydrolysis
were identified as the leading anti-metabolic syndrome phytomedicines, while those ob-
tained by L. paracasei using enzymatic-extracted extended-hydrolysis oligosaccharides
were recognised as the leading antioxidants and anti-H. pylori phytomedicines. Incorpo-
rating these preparations into a barley malt beverage enhances antioxidant activity by
approximately 20% while maintaining acceptable sensory characteristics. More broadly,
this study supports the idea that specific plant substrates can be pharmacologically acti-
vated through defined microbial fermentation. It suggests that postbiotics generated from
plant-derived materials serve as the active components of many plant-based therapeutics,
offering a viable approach to creating standardised microbially matured phytomedicines
from agro-industrial residues. Future steps toward clinical translation include in vivo
pharmacokinetic studies, targeted metabolomics, and formulation optimisation. However,
to fully realise their potential and ensure their effectiveness, additional research is needed
to address the identified limitations.
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