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1. Introduction

Linking intestinal bitter taste receptors and
GSPE-induced long-lasting benefits in ageing rats:
an integrative analysis

Adria Vilalta, “2 Maria Descamps-Sola, & Marta Sierra-Cruz,
Alba Miguéns-Gomez, 2/ Raul Beltran-Debdn, U2 Esther Rodriguez-Gallego,
Montserrat Pinent, =/ Maria Teresa Blay, =/ Anna Ardévol® * and Ximena Terra

Ageing is associated with attenuated type-2 bitter-taste receptor (TAS2R) signalling and contributes to
metabolic, inflammatory and barrier decline, but its system-wide impact along the gut remains undefined.
We combined transcription analysis, physiology, metabolomics and microbiota profiling to test whether a
brief grape-seed proanthocyanidin extract (GSPE) intervention can counter age-related dysfunction by
long-term modulation of intestinal Tas2r expression. Female Wistar rats were distributed into young
(2 months, n = 10) or aged (21 months, n = 24) groups; eleven aged animals received GSPE (500 mg kg™,
oral gavage) for 10 days, followed by a 75-day wash-out. After sacrifice, we quantified Tas2r mRNA in five
gut segments, assessed ex vivo permeability, enteroendocrine outputs, systemic metabolites, inflamma-
tory markers, 16S microbiota and the untargeted plasma metabolome. An elastic-net/PLS-DA/random-
forest pipeline ranked variables discriminating age and GSPE effects, and GeneNet partial correlations
generated an integrated network. Ageing suppressed Tas2r gene expression across the small intestine and
the distal colon, while the proximal colon was largely unchanged. Despite the long wash-out, the brief
GSPE treatment restored small-intestinal Tas2r transcription of some receptors while paradoxically down-
regulating a subset in the distal colon. Consensus variable selection highlighted enterohormone
expression and its ex vivo secretion, intestinal barrier dysfunction indices, some microbiota genera and
several Tas2r transcripts among the 34 strongest discriminators. Tas2rs formed high-betweenness hubs
linking epithelial integrity, inflammatory tone and butyrate-producing taxa. These findings indicate that
intestinal type-2 bitter taste receptors (Tas2rs) may integrate multisystem regulatory networks fundamen-
tal to healthy ageing. Brief administration of grape-seed proanthocyanidin extract (GSPE) is sufficient to
durably reprogramme Tas2r expression and the surrounding microbiota—endocrine—barrier landscape in
aged rats.

transcripts and proteins are now documented in the respirat-
ory and gastrointestinal tracts, the brain and the immune

Bitter-taste receptors (TAS2Rs) are G-protein-coupled receptors
first identified in lingual taste buds as sentinels for potentially
harmful bitter compounds. Upon ligand binding, the receptor
activates the heterotrimeric G-protein a-gustducin and its
related downstream signalling, mainly through phospholipase
Cp2 activation, and triggers DAG and IP; production, leading
to downstream intracellular Ca®" increase.' TAS2Rs have diver-
sified markedly across species, with up to 25 functional genes
in humans and up to 35 in rodents, reflecting different eco-
logical pressures. Although discovered in the oral cavity, TAS2R
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system."” In these extra-oral sites, the receptors no longer
serve conscious taste perception; instead, they participate in
innate immunity, nutrient sensing, enteroendocrine regu-
lation, smooth-muscle contractility and reproductive biology.>
Multiple lines of evidence indicate an age-related dampen-
ing of TAS2R bitter sensing and signalling. In a cohort of 1020
Europeans, intensity ratings for 6-n-propyl-thiouracil and
other tastants declined steadily between 18 and 80 years,
revealing loss of oral bitter sensitivity.* Senescence-accelerated
SAMP1 mice show reductions in Tas2r105 and its transducer
a-gustducin within taste bud cells, indicating molecular and
functional compromise of bitterness signalling.® Extra-orally,
T2R38 expression in peripheral lymphocytes is lower in
elderly donors, suggesting systemic down-regulation of TAS2R

This journal is © The Royal Society of Chemistry 2026
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signalling with age.® Although not all the reports on bitter-
sensing and signalling produced consistent results, they
mostly suggest that ageing modifies taste sensitivity.” We con-
firmed in the human gut, by real-time PCR profiling of basal
TAS2R expression, that ageing up-regulates TAS2R4, -5, -13 and
-20 in the descending colon, coinciding with increased GLP-1
release ex vivo. In contrast, key receptors such as TAS2R38, -39
and -42 showed low expression levels.® Our previous findings
indicate that ageing does not universally lead to down-regu-
lation of bitter taste receptor expression; however, its activation
is linked to enterohormone secretion. In another study, we
also demonstrated that metabolomic mapping further links
colonic TAS2R5 and TAS2R38 expression to pro-inflammatory
lipids, B-hydroxybutyrate and frailty markers in adults >60
years, underscoring functional impairment.® Collectively, the
evidence suggests that TAS2R mRNA levels exhibit tissue- and
receptor-specific ageing effects, while the system’s signalling
capacity tends to diminish. This supports the evaluation of
pharmacological or dietary bitter ligands to transiently boost
TAS2R activity and potentially mitigate age-related metabolic
and inflammatory dysfunction.

Building on this premise, increasing life expectancy and the
parallel rise in related comorbidities have highlighted the
urgency for novel, mechanism-based interventions that can
enhance metabolic health in older adults. TAS2Rs have been
demonstrated to have a wide range of possible ligands which
marks them as new targets for drug administration and novel
therapies. Plant-derived polyphenols are attracting attention as
stand-alone or adjuvant therapies because they combine a bitter
sensory profile, suitable for TAS2R activation.'® Among them,
grape-seed proanthocyanidin extract (GSPE) is particularly com-
pelling. Flavanols, the dominant phenolics in the human diet,**
constitute the bulk of GSPE and have repeatedly been shown to
protect rodents and humans against diet-induced obesity.">

We have demonstrated, in the gut of young rats, that GSPE
strengthens the epithelial barrier, lowering permeability under
obesogenic conditions,”® and attenuates local oxidative and
inflammatory markers such as myeloperoxidase (MPO) activity,
while reducing systemic tumour necrosis factor (TNF)-a and C
reactive protein (CRP).">'® It also modulates enteroendocrine
secretion,'” improves glucose homeostasis, increases brown
adipose tissue size and metabolic activity,'® and influences
liver-muscle cross-talk.'® Furthermore, our previous work in
aged rats with the same extract showed that a 10-day pulse
leaves measurable metabolic and microbiota benefits 11 weeks
later: GSPE reduced food intake, visceral adiposity, HOMA-f and
tumour incidence, mimicking caloric restriction, and blunted
diet-induced disruptions in enteroendocrine secretion,?®">
alongside a shift in the microbiota towards a younger profile
long after the last dose.>® Crucially, GSPE oligomers are poorly
absorbed and cleared from the circulation within 24-48 h after
extensive phase-Il metabolism;**** however, the physiological
effects are still evident weeks later.?°™>*

Given the rapid clearance of GSPE oligomers alongside
durable metabolic effects, the persistence of metabolic benefits
suggests that early mucosal events initiate long-lasting adap-
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tations. Candidate mediators include acute changes in epithelial
barrier/immune tone (e.g., reduced permeability,'*'* MPO, and
TNF-o/CRP">'°), enteroendocrine signalling (e.g;, GLP-1 and
PYY"), and microbiota-dependent pathways;*®> however, the
specific mediators remain to be established.

Intestinal TAS2Rs are expressed along the epithelium in
mammals®® > and bind several bioactive molecules present in
GSPE,***! and upon activation of intestinal TAS2Rs, modulate
enterohormone release®®* and immune tone,* aligning per-
fectly with the multisystem benefits observed after GSPE
administration. Because the TAS2R genotype®® and individual
differences in microbiota-mediated flavanol catabolism®”
strongly influence responsiveness to bitter ligands, strategi-
cally timed GSPE ‘pulses’ could be tailored to a person’s
genetic and microbial profile—placing this approach squarely
within the scope of personalised nutrition.

Taken together, these data support the concept that intesti-
nal TAS2Rs act as a molecular bridge linking luminal polyphe-
nols with systemic metabolic and immune outcomes in
ageing. We therefore hypothesise that a short-term GSPE
exposure induces long-lasting changes in Tas2r gut expression
that remain detectable 11 weeks later in aged rats. Here, we
test this idea by examining whether GSPE modulates intestinal
Tas2r expression and whether these Tas2r transcripts show
associations with age-associated metabolic decline. Finally, we
use integrative machine-learning analysis to pinpoint the vari-
ables most predictive of successful ageing and the contri-
bution of Tas2r signalling to that phenotype.

2. Materials and methods

2.1. Proanthocyanidin extract

The grape seed extract rich in proanthocyanidins (GSPE) was
obtained from Les Dérivés Résiniques et Terpéniques (Dax,
France). According to the manufacturer, the GSPE used in this
study (lot 207100) had a total proanthocyanidin content of
76.9% consisting of a mixture of monomers of flavan-3-ols
(23.1%), dimers (21.7%), trimers (21.6%), tetramers (22.2%)
and pentamers (11.4%).

2.2. Experimental design

A total of 36 female Wistar rats were acquired from Envigo
(Barcelona, Spain). The rats were of different ages, with the
young group being 2 months old (n = 10) and the rest of the
animals aged 21 months (n = 26). After one week of adaptation,
all rats were individually housed under controlled conditions
(22 °C, 12-hour light/dark cycle) and were fed ad libitum with a
standard chow diet (Teklad 2014, Envigo, Barcelona, Spain) for
the duration of the whole experiment.

After the period of acclimation, the aged rats were randomly
distributed into two experimental groups: aged (n = 14) and
aged supplemented with GSPE (n = 12). The GSPE group
received an oral dose of GSPE at 500 mg per kg b.w. (body
weight) for 10 consecutive days (Fig. 1). To ensure a fasting
state, food was removed three hours before the onset of the
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Fig. 1 Experimental design. The study comprised ten 2-month-old (young) rats and twenty-four 21-month-old (aged) rats, of which 11 aged
animals received GSPE (500 mg kg™) by oral gavage for 10 days. After treatment, the animals were maintained for an additional 75 days before being
sacrificed, and tissues (intestine, blood, and faeces) were collected. Permeability assays, microbiota profiling, inflammatory and enterohormone
quantification, and gene expression analysis were performed. The collected data were analysed using machine learning software to identify the most
important variables, followed by a partial correlation network analysis to reveal relationships between variables.

dark cycle, and GSPE was administered via oral gavage one
hour prior to the dark cycle, dissolved in tap water. Control
animals received tap water as the vehicle. Food was replen-
ished immediately after gavage.

Following the supplementation period, all animals were
maintained caged for 75-day wash-out with a renewed chow
diet and free access to tap water. The duration of the wash-out
was selected to eliminate any direct pharmacological exposure,
based on human and rat ADME data indicating plasma clear-
ance within 1-3 days and no tissue accumulation even after
long-term administration.>*"*

Body weight records were monitored every two weeks. During
the study, one aged rat died spontaneously and one GSPE rat
died due to procedure-related complications, resulting in final
group sizes of young (n = 10), aged (n = 13), and GSPE (n = 11).

All procedures were approved by the Experimental Animal
Ethics Committee of the Generalitat de Catalunya, Spain
(Department of Territory and Sustainability, General
Directorate for Environmental and Natural Policy, project auth-
orization code: 10183).

2.3. Blood and tissue collection

The rats were fasted for 12 hours before euthanasia. After
sacrifice, plasma and intestinal samples from the duodenum,

1338 | Food Funct, 2026, 17, 1336-1349

jejunum, ileum, proximal and distal colon along with other
internal tissues/organs such as the liver, kidneys, spleen,
different adipose tissues (gonadal, mesenteric, subcutaneous,
retroperitoneal and brown), stomach, right femur, caecal con-
tents and caecum were rapidly removed, weighed and frozen
in liquid nitrogen before storage at —80 °C until further
analysis.

2.4. Biochemical variables

Commercial colorimetric enzymatic kits were used to measure
levels of glucose, triacylglycerol (TAG), cholesterol, urea, and
creatinine (QCA, Tarragona, Spain), non-esterified fatty acids
(NEFAs) (Wako, Neuss, Germany) and B-hydroxybutyrate (Ben
Biochemical Enterprise, Milano, Italy) in the plasma samples
in accordance with the instructions.
Commercial ELISA kits were used to quantify plasma levels of
insulin (Millipore, Madrid, Spain) and glucagon (Mercodia,
Uppsala, Sweden).

manufacturers’

2.5. Real-time expression analysis

Total RNA was extracted from each intestinal segment using
TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA),
following the phenol-chloroform extraction method.
Complementary cDNA was obtained using the high-capacity

This journal is © The Royal Society of Chemistry 2026
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cDNA reverse transcription kit (Applied Biosystems, Madrid,
Spain), following the manufacturer’s instructions.

Quantitative PCR amplification was performed using
TagMan Universal PCR Master Mix (Applied Biosystems,
Madrid, Spain) and specific TagMan probes for the rTas2r108

(Rn02396427_s1), rTas2r119 (Rn00576950_s1), rTas2ri26
(Rn00595098_s1), rTas2r135 (Rn02585807_s1), rTas2ri37
(Rn01500928_s1), rTas2ri38 (Rn02396417_s1), rTas2r139
(Rn04218919_s1), rTas2r140 (Rn01492598_s1), rTas2ri43
(Rn02585801_s1) and rTas2ri44 (Rn02585844_s1) genes from

Thermo Fisher Scientific (Waltham, MA, USA). The relative
expression of each gene was compared with the aged group
using the 27%%°* method and with cyclophilin (PPIA)
(Rn00690933_m1) as the endogenous gene and the aged group
as the relative control.

2.6. Statistical analysis (gene expression)

Relative expression results are expressed as mean + standard
error of the mean (SEM). The Mann-Whitney nonparametric
statistical test was assessed comparing the young and GSPE
groups with the aged group. Analyses were performed using
SPSS software version 27 (IBM, Chicago, USA). p-Values <0.05
were considered statistically significant.

2.7. Metabolomics from plasma

The extraction of plasma metabolites was performed using
gas chromatography coupled with quadrupole time-of-flight
(GC-qTOF). For the extraction, protein precipitation extraction
was performed by adding eight volumes of methanol: water
(8:2, v/v) containing an internal standard mixture (succinic
acid-d4, myristic acid-d27, glycerol-13C3, b-glucose-13C6,
a-ketoglutaric acid-13C4 and metabolomics labelled amino
acid mixture) to plasma samples. Then, the samples were
mixed, incubated at 4 °C for 10 min, and centrifuged at
15000 rpm, and the supernatant was evaporated to dryness
before compound derivatization (methoximation and silyla-
tion). The derivatized compounds were analysed by GC-qTOF
(model 7200 of Agilent, USA). The chromatographic separ-
ation was based on the Fiehn method, using a J&W
Scientific HP5-MS 30 m x 0.25 mm i.d., 0.25 pm film capil-
lary column and helium as the carrier gas using an oven
program from 60 to 325 °C. Ionization was performed by
electronic impact (EI), at an electron energy of 70 eV operat-
ing in full-scan mode. In addition to targeted compounds
from central carbon metabolism, which were quantified
using internal standard calibration curves, a screening for
the identification of more metabolites was performed by
matching their EI mass spectra and retention times to the
Fiehn metabolomics library (from Agilent), which contains
more than 1400 metabolites. After putative identification of
metabolites, these were quantified and expressed in pM. For
statistical analyses, those metabolites that were present in
100% of the samples in all groups were considered. Ninety-
five metabolites were identified in all plasma samples.

This journal is © The Royal Society of Chemistry 2026
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2.8. Other variables

Microbiota data (only at the genus level for analysis simplifica-
tion), intestinal dysfunction and enterohormone assessment
ex vivo, and SCFA quantification have already been described
in ref. 22, 23 and 39-41.

2.9. Variable importance ranking

To rigorously delineate differences between groups, variables
exhibiting the greatest discriminatory power were selected,
using the following machine-learning pipeline. All data proces-
sing, integration, variable selection pipeline and statistical ana-
lysis described in this section were performed using R version
2023.09.0+463. Previous data from plasma metabolomics, bio-
chemical measurements, morphometric measurements from
collected tissues, microbiota data and SCFA quantifications
were integrated with the 12 Tas2r expression in 5 gut segments.
Preprocessing steps included median imputation for missing
values and removal of redundant variables to reduce the dimen-
sionality and collinearity of the data. The resulting integrated
data consisted of 85 variables which included biochemical,
inflammatory, enterohormone, SCFA and permeability vari-
ables, 103 metabolomic variables, 58 microbiota variables and
60 variables of Tas2r expression. The data were centred and
scaled by dividing each variable by its standard deviation.

The variables were further analysed using a multivariate
approach by our variable selection pipeline that takes consen-
sus of three methods: elastic net regression, partial least
squares-discriminant analysis (PLS-DA), and random forest
(RF). The parameters for each of the methods were optimized
with 100x repeated 5-fold cross-validation following the one
standard error rule using the glmnet R package. The measures
of variable importance were calculated from the final models
with the optimized parameters. Non-zero coefficients of a
subset of variables selected from the elastic net model, vari-
able importance in projection (VIP) coefficients provided by
the PLS-DA model, and mean decrease in Gini values calcu-
lated by the RF model were used as measures of variable
importance. Variables selected by the elastic net were defined
as the variables with non-zero coefficients. Variable selection
for PLS-DA and RF was performed by ranking the variables
based on the corresponding variable importance measure and
taking the ones above the elbow point. The size of the largest
set among the three selected variable sets was taken as a score
for the most important variable in each set. The other vari-
ables in each set were scored in decreasing order according to
their corresponding variable importance measures within the
sets. The scores were summed across the sets to obtain total
scores for the variables. The most important variable in con-
sensus would be the variable selected with most of the
methods, with the highest variable importance measure in
each method, and would have the highest total score.

2.10. Partial correlation network

The selected variables were cross-referenced using the Venn
diagram package. Partial correlation was calculated between

Food Funct, 2026, 17,1336-1349 | 1339
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the variables selected from at least one of the three methods
for ageing and GSPE effect comparisons, using the GeneNet R
package. These correlations were plotted using Cytoscape
version 3.10.0. Pair-wise correlations were then recomputed for
the important clusters retained in the partial-correlation graph
by using the two-tailed Spearman p coefficient. Although
partial correlation isolates direct associations after condition-
ing on the rest of the variables, a concordant Spearman sign
and P < 0.05 indicate that the same relationship is also evident
in the raw data (any edge changed sign or lost significance),
lending robustness to the inference (SI Tables S2-510).

3. Results

3.1. Expression profile of Tas2r in aged rats

We deliberately imposed a 75-day wash-out (7.5 times the treat-
ment length) to test whether a brief exposure to proanthocya-
nidins could generate long-lasting physiological reprogram-
ming once the parent compounds had cleared.

Our results reveal an age-related decline in the intestinal
expression of bitter-taste receptors that is region specific. The
largest decreases occurred along the small intestine (Fig. 2A-
C), while the proximal colon showed no consistent age effect
(Fig. 2D), and no receptor showed age-related up-regulation in
our dataset. Specifically, Tas2R119, Tas2R126, Tas2R135,
Tas2R137, Tas2R138, Tas2R140 and Tas2R143 decreased sig-
nificantly in at least two small-intestinal segments. In contrast,
expression in the proximal colon remained unchanged
(Fig. 2D). The distal colon, however, mirrored the small-intesti-
nal profile, showing comparable down-regulation (Fig. 2E). Of
particular interest, Tas2R119, Tas2R126 and Tas2R135 were
consistently reduced across both the small intestine and distal
colon in aged rats, underscoring a region-spanning attenu-
ation of gut bitter-taste receptor expression with age.

Globally, GSPE administration clearly increased the
expression of Tas2r in the small intestine and the proximal
colon (Fig. 2A-D), except the expression of duodenal receptor
Tas2r139, which was significantly reduced (Fig. 2A). In con-
trast, GSPE in the distal colon appears to exert an opposite
effect, as evidenced by a reduction in the expression levels of
Tas2r138, Tas2r139, Tas2r143, and Tas2r144 (Fig. 2E).

3.2. Variable selection by machine-learning tools

We have previously demonstrated that this rodent ageing
model approximates key features of age-related metabolic dis-
ruption in humans. In light of our previous results, we now
delve deeper into the role of Tas2rs through the analysis of
their relationships with the phenotype of aged rats.

For that, all the expression levels of bitter taste receptors
throughout all the intestines were combined with all pre-
viously collected data (SI Table S1). All the data were analysed
using three different approaches for variable importance ana-
lysis: elastic net, random forest, and PLS-DA. The results were
later combined into a ranked list where the variables with
higher rankings exhibited greater power in the discrimination

1340 | Food Funct, 2026,17,1336-1349
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of the groups. Due to the nature of the analysis, only one con-
dition, ageing or GSPE treatment, was analysed at a time.

Enterohormone variables, including Chromogenin A (Chga)
expression in the colon or secreted Cholecystokinin (CCK), fol-
lowed by adiposity levels, ileal secretion of Glucagon-Like
Peptide-1 (GLP1) (ex vivo) and Peptide YY (Pyy) expression in
the proximal colon among other several variables, exhibited
the highest power in differentiating between the young and
aged groups (Fig. 3A). Among the 72 selected variables, in the
top 20 variables, the expression of bitter taste receptors (135 in
the distal and proximal colon, 119 in the ileum and 144 in the
proximal colon), along with morphometric parameters and
some plasma metabolites, were also present. As anticipated,
variables exhibiting significant changes between the young
and aged groups appear at the top of the importance ranking.
Beyond these primary markers, several additional variables
displayed appreciable discriminative power, despite their com-
paratively subtle changes.

When the GSPE group was compared solely to the aged
group, only 54 variables were selected. The top 20 selected vari-
ables included again a large number of enterohormone variables.
Moreover, in this comparison, ex vivo measurements of intestinal
integrity such as transepithelial permeability (TEER) in the ileum
or the transport of fluorescein isothiocyanate-dextran (FITC-D)
and the expression of tight junction proteins appear within the
top selected variables. Interestingly, microbiota variables also
gained power in this comparison (Fig. 3B). Tas2r expression was
also present in this selection (138 and 144 in the proximal colon,
144 in the distal colon and 119 in the ileum).

To start curating the important variables, we drew a Venn
diagram to identify the variables that were selected in both
comparisons. Only 34 variables were common among the 92
variables selected through the machine-learning process
(Table 1). The importance scores from the variables were then
normalised to make them comparable, and the variables were
ranked again.

Table 1 shows the variables that best describe the ageing
scenario together with the GSPE effect. The expression of Chga
and Pyy in colon samples had the highest scores in this selec-
tion process. Notably, the expression of Tas2r119 and 144 in
the ileum and proximal colon, respectively, emerged in the
third and fourth positions. Other Tas2rs that appeared in
these common variables were 135, 138, 139, 143 and 144 in
the colonic tissue and Tas2r108 in the ileum. Other variables
selected comprise the expression and ex vivo secretion of
certain enterohormones, plasma levels of urea, osteocalcin
and insulin; inflammatory and gut integrity parameters; and
some microbiota species. A notable finding was the opposite
behaviour exhibited by most of the selected variables when
comparing the aged group and the GSPE group (Table 1).

To check the accuracy of this methodology, we compared
the performance of 3 Principal Component Analysis (PCA)
including the different sets of variables (Fig. 4): (1) all the vari-
ables in our study; (2) variables selected by machine learning
tools; and (3) the selection of variables obtained from the
Venn diagram, which include the common variables selected

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Relative expression of bitter taste receptors through the gastrointestinal tract. Expression was normalized to PPIA and calculated using the

2AACt

method using the aged group as the relative control. Bars represent the mean + SEM (n = 10 rats per group). Different colours represent

different experimental groups: orange for young, yellow for aged, and blue for GSPE-treated. Statistical significance was determined using the
Mann-Whitney non-parametric statistical test. $ p < 0.1, * p < 0.05; **p < 0.01, *** p < 0.001 vs. aged group.

in the young vs. aged and aged vs. GSPE analyses. In the first
PCA (Fig. 4A), we could observe a differentiation between the
aged groups and the young groups but with a significant
overlap between the aged and the GSPE groups. When we took
the variables that were selected in our refinement process
(Fig. 4B), we observed a differentiation between the groups
and an increase in the coverage of the axis. Lastly, when only
the common variables from the Venn diagram were selected,
the separation between groups and the coverage were
increased, with almost no overlap (Fig. 4C). The separation of

This journal is © The Royal Society of Chemistry 2026

the groups when reducing the number of variables proved that
the selection methodology was effective.

3.3. Partial correlation network topology of the integrated
dataset

To move beyond single-variable ranking and probe how the
features interact as a system, we calculated a partial-correlation
matrix on the full, cleaned dataset and rendered the signifi-
cant associations as a network. This approach allows us to
visualise putative direct links among microbiota, metabolites,
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Integrated Variable Importance Score

Importance variable score plot. (A) Most important variables selected between the young and aged groups. (B) Most important variables

selected between the aged and the GSPE groups. Each colour represents a different category, and the size of the ball represents the number of
methods used to select the variables. Higher values indicate greater power in discriminating between groups.

barrier markers and Tas2r transcripts. The topology of this
network, detailed below, provides a coherent map of how vari-
ables coalesce into functional clusters.

After filtering the partial-correlation matrix for g value
<0.05, the network visualised in Fig. 5 contained 98 nodes and
151 edges. Seven thematic blocks are recognisable: microbiota
genera, Tas2r transcript levels, plasma metabolites, classical
plasma biochemistry-enterohormones, body/tissue weights
(purple), and intestinal barrier-inflammation read-outs.

The Tas2r family dominated the core of the network and
segregated according to gut segment. In the ileum, Tas2r108,
-118, -137 and -138 mRNAs formed a fully connected clique
that was positively linked to Bifidobacterium (g), indicating that
higher ileal expression of these bitter-taste receptors co-
occurred with increased abundance of this genus. A second
densely connected module integrated Tas2r119, Tas2r144 and
Tas2r135 mRNA expression in the proximal colon. These tran-
scripts correlated positively with transepithelial electrical resis-
tance in the colon and showed an indirect, negative associ-
ation with duodenal Mylk expression via intermediate nodes,
consistent with an association between higher receptor
expression and improved epithelial integrity. In the duode-
num, Tas2r119 expression showed a positive correlation with
circulating p-xylose. Through this metabolite, the receptor was
indirectly and inversely related to jejunal Interleukin 1b (Il1b)
mRNA, whereas duodenal expression of Tas2r143 was inversely
related to the bone-resorption marker CTX-I and positively
with hippuric acid.

Microbiota nodes were frequently positioned at the interface
between host and metabolite clusters. Coprococcus was positively
connected with the expression of proglucagon (Gcg) in the proxi-
mal colon and with Tas2r140 expression in the same segment,

1342 | Food Funct, 2026,17,1336-1349

while Prevotella showed a positive link to jejunal Tnf expression,
suggesting taxon-specific relationships with pro- or anti-inflam-
matory tone. A sub-network centred on Clostridiales (family
level) included positive edges to plasma insulin and uric acid
and extended to Bilophila and Oscillospira, hinting at a micro-
biota-metabolic axis that tracks insulin dynamics.

Barrier and permeability markers lay in a compact, largely
negative cluster. Both FITC-D, in the colon and ileum, dis-
played inverse correlations with a series of aromatic and
purine metabolites (hippuric, hydrocinnamic and vanillylman-
delic acids, and uric acid), which are involved in microbial
metabolism, oxidative stress regulation, and inflammation. In
contrast, FITC (colon) was positively related to Streptococcus,
p-mannonic acid and p-arabinose. Together with the TEER
(colon)/Myosin light chain kinase (Mylk) (mRNA duodenum)
relationships described above, these edges point to distinct
metabolite-microbe patterns accompanying either tightened
or loosened barrier function.

Within the metabolome, branched-chain amino acids (iso-
leucine, leucine, and valine) formed an isolated triangle of
positive correlations. Oleic acid and ornithine were negatively
linked to Mylk expression in the duodenum and Interleukin-6
(Il6) expression in the jejunum, respectively, and positively to
glycerol, suggesting a small lipid-amino acid sub-network with
anti-inflammatory overtones.

Finally, systemic metabolic read-outs showed partial corre-
lations onto body-weight nodes: final body weight correlated
positively with plasma cholesterol, which in turn related to
liver mass, delineating a simple weight-lipid module discon-
nected from the intestinal clusters. Overall, the integrative
network highlights strong intra-segmental co-regulation of
Tas2r genes, specific bacterial genera that covary with bitter-

This journal is © The Royal Society of Chemistry 2026
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Table 1 Overlapping variables identified by both selection methods in young vs. aged and aged vs. GSPE comparisons

View Article Online

Paper

Variable Type (units) Tissue Ageing vs. young GSPE vs. ageing
Chga mRNA (27°P¢Y) Proximal colon Down Up
Pyy mRNA (27°P¢ Proximal colon Down Up
Tas2r119 mRNA (27°°¢ lleum Down Up
Tas2r144 mRNA (2777 Proximal colon Down Up
GLP-1 basal Metabolite (pM) Ileum ex vivo Up Up
FITC-dextran Permeability marker (mM) Proximal colon ex vivo Down Up
CCK stimulated Metabolite (ng mL ™) Duodenum ex vivo Up Down
Tas2r135 mRNA (27°P¢ Proximal colon Down Up
CTXI Metabolite (ng mL™") Plasma Down Up
Urea Metabolite (mM) Plasma Down Up
GLP1 Metabolite (pM) Colon ex vivo Down Down
Tas2r135 mRNA (27°P¢ Distal colon Down Up
Osteocalcin Metabolite (ng mL™") Plasma Down Up
Claudin3 mRNA (27°P¢Y Proximal colon Up Down
MPO Activity (mU) Jejunum Up Down
Rikenellaceae Microbiota genus (relative abundance) Caecal content Up Down
Insulin Metabolite (pM) Plasma Up Down
FITC-dextran Permeability marker (mM) Ileum ex vivo Up Up
Actinomyces Microbiota genus (relative abundance) Caecal content Down Up
TEER Resistance (W cm?) Ileum ex vivo Up Down
Tas2r139 mRNA (277 Proximal colon Down Up
Tas2r138 mRNA (27°P¢ Proximal colon Down Up
Tas2r144 mRNA (27°P¢ Distal colon Down Down
Tnf mRNA (27°P¢Y Jejunum Down Down
Tas2r143 mRNA (277 Proximal colon Down Up
Tas2r108 mRNA (27°P¢) Hleum Down Up
Decanoic acid Metabolite (mM) Plasma Up Up
Bilophila Microbiota genus (relative abundance) Caecal content Up Down
Tas2r138 mRNA (27°PC lleum Down Down
HOMA IR Ratio Plasma Up Down
Mylk mRNA (27°P) Duodenum Down Up
TEER Resistance (W cm?) Proximal colon ex vivo Up Up
Anaerotruncus Microbiota genus (relative abundance) Caecal content Down Up

Variables are listed in decreasing order of importance for group separation. Each entry includes the variable name, units, tissue of origin, and
direction of change relative to the aged group. Bitter taste receptors are highlighted.

taste receptor expression and inflammatory transcripts, and
discrete metabolite constellations that track epithelial integrity
and systemic metabolic status. Taken together, these patterns
assign the intestinal Tas2r transcripts a bridging role: they
interface epithelial integrity, inflammatory tone, enteroendo-
crine outputs and microbial ecology, providing a mechanistic
backbone for the multiorgan benefits previously observed after
GSPE administration in aged rats.

4. Discussion

Our earlier studies demonstrated that grape-seed proantho-
cyanidin extract (GSPE) exerts geroprotective effects across
several hallmarks of human ageing. Building on that foun-
dation, we have now pooled all available datasets (enterohor-
mone outputs, morphometric indices, in vivo and ex vivo
barrier read-outs, plasma metabolomics, systemic inflamma-
tory markers, short chain fatty acids, 16S-based microbiota
datasets and untargeted plasma metabolites) together with
the newly quantified Tas2r transcriptome to explore the
potential contribution of intestinal bitter-taste receptors to
healthy ageing.

This journal is © The Royal Society of Chemistry 2026

Age-associated attenuation of bitter-taste signalling has
been documented in both humans and rodents, yet most
reports focus on lingual tissue or isolate single intestinal
segments.*>** Importantly, by ‘attenuation’ we refer to func-
tional signalling capacity; at the transcript level, our data show
segment-specific effects. Reduced taste perception is often
assumed to involve changes at the molecular level, such as
decreased Tas2r expression in taste bud cells, yet this link
remains largely unsubstantiated in current research. Evidence
for Tas2r expression in extra-oral tissues remains limited, and
investigations that relate this expression to functional signal-
transduction outcomes are even scarcer. In our work, we found
that ageing reshaped the intestinal bitter-taste landscape in
rats: most Tas2r transcripts decreased sharply from the duode-
num to the ileum and again in the distal colon, whereas the
proximal colon was broadly preserved (no consistent change).
A similar segment-specific pattern has been described in
humans, where jejunal Tas2r expression declines with age
while several colonic receptors rise or remain stable;® it also
resonates with the well-known drop in sensory taste acuity that
begins in mid-life.*>”*>** Because extra-oral TAS2Rs help
tighten epithelial junctions, restrain nuclear factor-kB (NF-kB)
and promote enteroendocrine hormone release,"*> their
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decrease could represent a potential mechanism underlying proximal colon but reduced several receptors distally. This see-
barrier leakiness, low-grade inflammation and altered incretin mingly paradoxical response makes biochemical sense.
tone that often accompany senescence, although a direct Oligomeric flavan-3-ols in GSPE activate broadly tuned recep-
causal relationship has not yet been established. tors such as TAS2R14 and 39,** but are poorly absorbed and

A preventive ten-day treatment with GSPE largely main- therefore reach the colon almost intact, where the microbiota
tained higher Tas2r expression along the small intestine and converts them into hippurate, pipecolate and related metab-
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olites.* Proximal segments thus encounter parent agonists
and mount a transcriptional up-swing, whereas distal tissues
face a mixed pool of agonists and high local metabolite con-
centrations, a context that can trigger feedback repression.

Although these processes might take place during GSPE
treatment, circulating flavan-3-ols and their phase-II and
microbiota-derived metabolites exhibit rapid clearance
in vivo.**** In humans, radiolabelled (—)-epicatechin is >90%
recovered in excreta within 48 h, and plasma radioactivity falls
below quantification by 36-72 h.?® In rats, even after 12 weeks
of daily GSPE, LC-MS/MS profiling 21 h after the last dose
shows no tissue accumulation of flavanol metabolites, indicat-
ing effective elimination at each dosing cycle.”® Given this
short systemic half-life and lack of tissue storage, our 75-day
wash-out far exceeds known exposure windows, arguing
against residual ligand-driven TAS2R activation at the time of
sampling. Our data therefore support an ‘imprinting’ model:
early receptor activation, coupled with polyphenol-driven
shifts in microbial ecology, sets off a cascade that maintains
higher Tas2r transcription, tighter epithelia and a rejuvenated
enteroendocrine profile weeks after the last dose. As stated
before, the preventive effects of GSPE have been documented
in previous studies, which demonstrated its epigenetic poten-
tial in young rats subjected to an obesogenic challenge.
Notably, the protective effects persisted even after a 17-week
washout period following a short 10-day treatment.'**®

Using three independent machine-learning algorithms, we
asked which among >300 variables best separated groups. For
both ageing and the GSPE effect, enterohormone variables
(Chga and CCK) prevailed over other variables. However, for
the GSPE effect, permeability variables gained importance,
ranking among the top ten variables. Regarding bitter taste
receptors, the expression of r135 in the colon (both proximal
and distal), 77144 in the proximal colon, and r119 in the ileum
were among the top twenty most important variables. The vari-
ables consistently maintained for the GSPE effect were r119 in
the ileum and r744 in the proximal colon, with the addition of
r138 in the proximal colon and r144 in the distal colon. As
expected, when both datasets were integrated, the third and
fourth variables with the highest discriminatory power were
ileal 77119 and ri44, followed by r135, r139, r138, ri44, and
r143, mainly in proximal and distal colonic tissues.
Interestingly, the expression of all these receptors decreased
with ageing, whereas GSPE administration preserved their pre-
vious expression levels, increasing them compared with the
aged group in almost all cases. The human homologues of
these receptors are TAS2R1 for Tas2r119, TAS2R60 for
Tas2r135, and TAS2R40 for Tas2ri44.' In humans, several
studies have reported associations between bitter taste recep-
tors and ageing, primarily focusing on the decline in taste per-
ception® and the investigation of polymorphisms in TAS2R16,
TAS2R4, TAS2R5,"” and TAS2R38 *® genes in relation to longev-
ity. Moreover, the expression levels of TAS2R5 and
TAS2R38 have been found to correlate with proteins involved
in the inflammatory response and with liver function, respect-
ively.” When we mapped all variables into a partial-correlation

This journal is © The Royal Society of Chemistry 2026
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graph, the same bitter receptors sat at the crossroads of four
functional domains: epithelial integrity, inflammation, enter-
oendocrine output and microbiota.

In the ileum, a tightly knit quartet of Tas2r108/118/137/138
was connected to an expansion of Bifidobacterium, a genus
known to generate flavanol metabolites and reinforce the
barrier.”**° Proximal-colonic Tas2r119 and 144 were positively
linked to transepithelial electrical resistance and, through
intermediate nodes, negatively to duodenal Mylk, underscoring
a scenario in which stronger bitter tone tracks with tighter
epithelia. The mirror image appeared in the permeability
cluster: FITC-D flux travelled with Streptococcus abundance;
pathogenic streptococci disrupt junctions via streptolysin-S,>
while exopolysaccharides from probiotic strains can counteract
the damage.>® GSPE simultaneously boosted Tas2r expression
and decreased the abundance of Streptococcus, suggesting a
dual route by which the extract reinsulates the ageing gut.

Endocrine signals fitted seamlessly into this architecture.
Coprococcus and Tas2r140 converged on GLP-1 in the proximal
colon. Bitter agonists such as denatonium stimulate GLP-1
release via TAS2R-PLC pathways;** short-chain fatty acids from
butyrate producers like Coprococcus amplify the same secretion
axis, implying that microbial metabolites and bitter ligands can
work in tandem to sustain incretin output late in life. The associ-
ations involving Prevotella were ambivalent: one edge connected
the genus to higher Tnf expression, consistent with the pro-
inflammatory potential of certain mucin-degrading strains;>>
however, other studies associate P. copri with succinate-driven
GLP-1 stimulation and improved glycaemic control.>®

Although Sutterella did not feature among the top network
nodes, its abundance still fell as major Tas2r hubs rose, mir-
roring observations that this IgA-degrading genus is depleted
in Chinese nonagenarians compared with younger elders.**
Alongside the favourable Tas2R-Bifidobacterium and Tas2R-
barrier associations, this inverse relationship suggests that
bitter-receptor signalling may help steer the microbiota toward
a longevity-aligned configuration.

Building on earlier work in diet-induced obesity, where the
same 10-day, high-dose GSPE pulse given before the obeso-
genic challenge prevented weight gain, insulin resistance, low-
grade inflammation and barrier leakiness for at least two
months," our current data show that an identical regimen
delivered during late life delays or blunts several hallmarks of
physiological ageing for more than eleven weeks after the last
dose. Importantly, the one-off course (500 mg per kg per day)
corresponds to a single-serving nutraceutical dose that is feas-
ible in humans and has already been tested for safety and
palatability.>® Because efficacy is maintained without chronic
re-dosing, strategically timed “polyphenol pulses” could rep-
resent a practical, compliance-friendly strategy to reinforce
intestinal resilience; prospective human studies are now
needed to determine how long such benefits persist and how
frequently the pulses should be repeated. Furthermore, this
translation to humans should also embrace a personalised
framework. The sizeable allelic diversity in human TAS2Rs,
together with wide interpersonal differences in gut-microbial
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polyphenol metabolism, implies that pulse frequency, dose
and even receptor-targeted polyphenol blends may need to be
stratified by genotype and microbiome profile.>*®*” Such pre-
cision tailoring could optimise the sentinel-node function we
describe here while avoiding over-supplementation in low
responders.

Several caveats merit consideration. First, we quantified
Tas2r transcripts rather than receptor protein or acute second-
messenger flux. Because our goal was to determine whether a
10-day polyphenol intervention leaves a molecular footprint
that is still detectable 11 weeks later, steady-state mRNA levels
provide the most relevant read-out: durable shifts in gene
expression are more likely to arise from chromatin remodel-
ling, altered transcription-factor binding or non-coding-RNA
regulation than from transient Ca®>" signalling. Future work
should therefore pair transcriptomics with histone-mark and
DNA-methylation profiling at the Tas2r loci to test for an epige-
netic “memory” of the initial GSPE encounter. Second, the
study used female rats only; sex-dependent differences in
bitter sensitivity and in GSPE efficacy have been reported,*>*
so replication in males is needed.

Finally, the partial-correlation network remains correlative
in nature. While associative analyses can reveal meaningful
relationships between variables, they are inherently limited in
their ability to establish causality. Observed associations may
be influenced by confounding factors, reverse causation, or
coincidental correlations. To move beyond correlation, comp-
lementary mechanistic or interventional approaches are
needed. These may include targeted receptor knock-out
models or the use of antagonists to block receptor signalling,
combined with gnotobiotic transfers or depletion of key
genera such as Bifidobacterium, Prevotella and Sutterella. Such
strategies will be essential to determine causality and to assess
whether defined proanthocyanidin fractions can replicate the
effects of the full GSPE mixture.

The present study was conducted in aged female subjects.
However, sex is known to modulate bitter taste biology and
polyphenol responses. Human mapping of gastrointestinal
TAS2Rs has revealed sex-dependent differences in the ascend-
ing colon and age-related effects in the descending colon,
suggesting region-specific regulation by sex hormones or sex-
linked factors.® Population studies also report sex differences
in bitter intensity phenotypes and responsiveness to PROP/
thiourea, indicating upstream sensory variation. In rodent
models, GSPE pharmacokinetics—including absorption, tissue
distribution, metabolism, and excretion—exhibit sex-depen-
dent patterns.>® Moreover, sex-specific microbiota-polyphenol
interactions have been described, which may influence ligand
exposure and receptor tone,® key components of our imprint-
ing model. Future studies will replicate the pulse regimen in
aged males, incorporating assessments of TAS2R expression,
intestinal barrier integrity, and endocrine responses. Analyses
will be stratified by microbiota composition and, where avail-
able, genotype.

Taken together, our data support an imprinting model of
gut bitter sensing in aged female rats. Region-specific attenu-
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ation of intestinal Tas2r transcription in aged rats was
accompanied by weaker epithelial barriers, dampened enter-
oendocrine signals, and microbiota shifts toward pro-inflam-
matory taxa. A brief, GSPE intervention, assessed 11 weeks
after dosing, well beyond the expected clearance of parent fla-
vanols, reinstated Tas2r expression in proximal segments,
reshaped microbial associations, improved barrier read-outs
and normalised hormone markers, even as several distal-
colonic receptors remained down-modulated. These durable
adaptations argue that early activation of mucosal bitter-taste
pathways can reprogram host-microbiota interactions rather
than requiring persistent ligand exposure. We propose that
gut-expressed TAS2Rs function as sentinel nodes linking episo-
dic dietary polyphenol intake to long-term metabolic and
immune outcomes, and that strategically timed polyphenol
“pulses” may offer a practical route to reinforce intestinal resi-
lience and extend health span in ageing populations.
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