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Abstract

Background/Objectives: Glucagon-like peptide-1 (GLP-1) is a nutritionally regulated in-
cretin involved in the coordination of intestinal, hepatic, and adipose metabolic responses.
Although plant-derived extracts are increasingly investigated for their metabolic effects,
mechanistic evidence integrating multiple metabolic tissues remains limited. This study
aimed to investigate the molecular effects of a combination of plant-derived extracts in
an integrated in vitro gut-liver-adipose model. Methods: Differentiated Caco-2 monolay-
ers were exposed to a standardised combination of plant-derived extracts obtained from
Gastrodia elata, Morus alba, and Paeonia lactiflora. GLP-1 secretion and epithelial barrier
integrity were assessed. Conditioned media from intestinal cells were applied to HepG2
hepatocytes, and downstream effects on lipid metabolism-related pathways were evaluated.
Subsequently, conditioned media from hepatic cells were applied to differentiated 3T3-L1
adipocytes to assess lipid accumulation and metabolic signalling. Results: Exposure of
intestinal cells to the extract combination significantly increased GLP-1 secretion without
altering epithelial barrier integrity. Intestinal conditioned media were associated with re-
ductions in intracellular triglyceride levels in hepatocytes and with modulation of markers
linked to lipid handling, including resistin, FGF21, SREBP-1c, NRF2, Src, AMPK, SIRT1,
and PGCl«, suggesting GLP-1-associated effects. In adipocytes, hepatic conditioned media
decreased lipid accumulation and increased the levels of metabolic markers associated
with adipocyte browning-related signalling, including UCP1, NOS, SIRT1, and STAT3.
Conclusions: Within the limitations of this in vitro multi-organ model, these findings sug-
gest that the tested combination of plant-derived extracts modulates cellular pathways
related to GLP-1-associated metabolic signalling across intestinal, hepatic, and adipose
systems. These results should be interpreted as mechanistic and hypothesis-generating, and
further in vivo and clinical studies are required to confirm their physiological relevance.

Keywords: GLP-1 signalling; plant-derived extracts; in vitro multi-organ model; lipid
metabolism; metabolic modulation

1. Introduction

Metabolic homeostasis depends on coordinated interactions among the gut, liver,
pancreas, and adipose tissue, regulating nutrient sensing, hormonal signalling, and energy
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partitioning. Disruption of this network under metabolic stress contributes to ectopic fat
accumulation and dysfunction independently of overall body weight [1-3].

Visceral adipose tissue plays a central role in metabolic regulation due to its high
lipolytic activity and direct drainage into the portal circulation. Excess lipid storage in
visceral adipocytes contributes to hepatic lipid overload, insulin resistance, and low-grade
inflammation, whereas favourable adaptations involve reduced lipid storage, enhanced
fatty acid oxidation, and improved metabolic flexibility [4,5]. At the cellular level, these
adaptations are associated with increased mitochondrial activity and induction of uncou-
pling protein 1 (UCP1), a marker of browning-related processes [6], representing early
molecular events that often precede measurable changes in body weight [7].

Among endocrine pathways linking nutrient intake to systemic metabolism, the
incretin Glucagon-like peptide-1 (GLP-1), secreted by intestinal L-cells in response to nutri-
ents, represents a key mediator of gut-peripheral tissue communication. GLP-1-associated
signalling has been linked to postprandial regulation of insulin secretion, appetite, lipid
metabolism, and energy balance [8-13]. Its receptor (GLP-1R), expressed in pancreatic,
hepatic, and adipose cells, may contribute to these coordinated responses.

In hepatic tissue, signalling pathways associated with GLP-1 have been reported to
reduce de novo lipogenesis, limit intracellular triglyceride (TG) accumulation, and enhance
metabolic adaptability through the coordinated activation of AMP-activated protein kinase
(AMPK), sirtuin 1 (SIRT1), and peroxisome proliferator-activated receptor y coactivator 1ot
(PGC1w) [14]. Conversely, decreased GLP-1 activity has been linked to the upregulation
of lipogenic transcription factors, such as sterol regulatory element-binding protein 1c
(SREBP-1c), ultimately leading to hepatic lipid deposition [15]. Given the liver’s crucial
role in regulating lipid distribution to peripheral tissues, these hepatic changes are likely to
have downstream effects on adipose tissue function.

Hepatic lipid handling is further linked to adipose tissue metabolism through the
release of hepatokines that influence systemic energy balance [16,17]. Among these, resistin
and fibroblast growth factor 21 (FGF21) exert opposing effects on lipid storage, inflam-
mation, and metabolic flexibility [18]. Elevated resistin levels are associated with insulin
resistance, inflammatory signalling, and enhanced lipid storage [19-21], whereas FGF21
promotes fatty acid oxidation, mitochondrial function, and adaptive responses to metabolic
stress [22-25]. Notably, GLP-1-associated pathways have been reported to influence hepatic
FGF21 production, suggesting that intestinal incretin signalling may indirectly modulate
adipose tissue metabolism through liver-adipose communication [26-29]. The presence
of GLP-1 receptors in adipocytes suggests a role for incretin-associated pathways in mod-
ulating lipogenesis, lipolysis, and inflammatory signalling [30]. Improved hepatic lipid
processing can further limit lipid delivery to adipose depots, favouring a shift toward
a more oxidative adipocyte phenotype, including increased mitochondrial activity and
induction of browning-related molecular markers [31,32].

Despite the clinical efficacy of synthetic GLP-1R agonists, their use is frequently limited
by gastrointestinal adverse effects and high costs [33]. Specific plant-derived compounds,
including polyphenols, polysaccharides, and oligostilbenes, have been shown to stimulate
GLP-1 secretion in enteroendocrine models [34], suggesting potential roles in metabolic
regulation beyond glucose homeostasis. In this context, extracts from Morus alba, Gastrodia elata,
and Paeonia lactiflora have individually demonstrated beneficial effects on glucose and lipid
metabolism, intestinal function, oxidative stress, and inflammatory responses [35-37]. Morus
alba has been reported to modulate GLP-1 levels, improve insulin sensitivity, and influence
hepatic lipid metabolism [38]. Gastrodia elata, traditionally used for neurological indications,
also impacts glucose and lipid regulatory pathways and may influence enteroendocrine
signalling [39]. Paeonia lactiflora, via its active compound paeoniflorin, can stimulate GLP-1
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secretion and activate AMPK-mediated energy pathways, while modulating adipocyte lipid
accumulation and browning-related signalling [40]. Collectively, these botanicals were selected
for their complementary effects on GLP-1-associated signalling and inter-tissue metabolic
pathways. However, their biological effects on GLP-1-associated metabolic signalling across
interconnected metabolic tissues remain poorly characterised.

Integrated in vitro multi-organ models, including gut-liver-adipose platforms, pro-
vide a valuable experimental framework to dissect early nutrient-driven and inter-tissue
signalling mechanisms. While these systems cannot replicate whole-body energy balance
or adipose tissue mass, they allow mechanistic investigation of how intestinal GLP-1-
associated signalling may influence downstream hepatic lipid metabolism and adipocyte
browning-related pathways, capturing molecular events that precede measurable changes
in body weight or fat depots [41,42].

Accordingly, the aim of this study was to investigate the metabolic effects of a stan-
dardized combination of Gastrodia elata, Morus alba, and Paeonia lactiflora extracts using
an integrated in vitro gut-liver-adipose model. Specifically, we examined whether nutri-
tional modulation of endogenous GLP-1 secretion at the intestinal level could propagate
downstream change in cellular metabolic pathways in hepatic and adipose cells, including
pathways associated with lipid handling and adipocyte remodelling, and activation of
browning-associated molecular pathways, without implying direct measurement of body
weight or visceral fat mass. These outcomes are intended to provide mechanistic insight
rather than evidence of physiological or clinical effects.

2. Materials and Methods
2.1. Phytochemical Characterisation of the Botanical Extracts

To ensure the quality, standardisation, and reproducibility of the botanical extracts used
in this study, a targeted phytochemical characterisation was conducted using established
and validated analytical methods. Since the composition of the extract plays a central role
in determining biological activity, representative bioactive markers were selected for each
botanical ingredient based on their documented relevance to metabolic health regulation.

The Morus alba leaf extract was prepared from the leaves of Morus alba L., focusing
on plant parts rich in bioactive compounds such as flavonoids and 1-deoxynojirimycin
(1-DNJ), which are implicated in carbohydrate metabolism and incretin-related pathways.
1-DN]J is a naturally occurring iminosugar with potent x-glucosidase inhibitory activity,
widely studied for its hypoglycaemic and metabolic effects in both preclinical and clinical
contexts [43,44]. 1-DN]J content was assessed using high-performance liquid chromatog-
raphy (HPLC) after derivatisation, following a validated analytical protocol. Analytical
approaches such as HPLC-MS/MS and HPLC-FLD (Agilent, Santa Clara, CA, USA) with
pre-column derivatisation have been used to reliably quantify 1-DN]J in Morus alba leaves
and related products, demonstrating sensitivity and specificity for this iminosugar [45].

The Gastrodia elata extract was analysed by determining its total polysaccharide content,
as polysaccharides are a key bioactive component of this botanical and have been linked
to metabolic and anti-inflammatory effects. Total polysaccharides were measured using
the phenol-sulfuric acid colourimetric assay, a widely recognised method for assessing
polysaccharides in plant-derived matrices [46].

Meanwhile, the Paeonia lactiflora extract was characterised by measuring its total polyphe-
nol and flavonoid contents, which are commonly linked to antioxidant and metabolic regula-
tory roles. Total polyphenols were quantified using the Folin—Ciocalteu method [47], while
total flavonoid content was determined with a colourimetric aluminium chloride-based as-
say [48]. The results obtained were within the range reported in the literature for high-quality
botanical extracts, confirming the chemical consistency of the preparation.
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Overall, this phytochemical profiling confirms that the botanical extracts used in the
present study were properly standardised and contained representative levels of bioactive
constituents relevant to metabolic regulation. Detailed analytical procedures, validation
parameters, and comprehensive methodological information for phytochemical analyses
are included in Appendices A.1-A 4.

2.2. Agent Preparation

Morus alba L. (Leaf extract), Gastrodia elata Blume (Rhizoma extract), and Paeonia lacti-
flora (Root extract) were evaluated both as single treatments and as a combined formulation
to investigate their impact on intestinal barrier function and metabolic signalling within
the gut-liver—adipose axis. Concentration ranges were selected based on preliminary dose—
response assessments and supported by the literature data describing the metabolic activity
of the respective extracts [49].

Specifically, Morus alba extract was administered at concentrations of 0.1-0.5 mg/mL,
whereas Paeonia lactiflora extract was tested at 0.1-1 mg/mL. Gastrodia elata dry extract (10:1)
was tested at a fixed concentration of 0.1 mg/mL, selected based on previous optimisation
experiments and published dose-response evidence in Caco-2 cells [49] (Appendix A,
Figure Al). Considering the observed efficacy and the absence of cytotoxic effects, optimal
concentrations were selected and combined into a formulation comprising Gastrodia elata
(0.1 mg/mL), Morus alba (0.2 mg/mL), and Paeonia lactiflora (0.1 mg/mL). All extracts
were prepared as concentrated stock solutions by accurately weighing the dry materials
and dissolving them in culture medium. The prepared stock solutions were subsequently
diluted in phenol red-free Dulbecco’s Modified Eagle’s Medium (DMEM)supplemented
with 0.5% fetal bovine serum (FBS), 2 mM L-glutamine, and 1% penicillin-streptomycin,
which served as the working medium for all experimental assays (all from Merck Life
Sciences, Rome, Italy). The botanical extracts utilised in this study were supplied by
Noivita S.r.l. (Novara, Italy). For all experimental conditions, untreated cells cultured
under identical conditions served as controls, representing the baseline physiological state.

2.3. Cell Cultures

Human intestinal epithelial Caco-2 cells and enteroendocrine NCI-H716 cells (American
Type Culture Collection, ATCC® Manassas, VA, USA) were used to create an in vitro intestinal
model that mimics the epithelial-enteroendocrine interface, allowing simultaneous evaluation
of epithelial transport and GLP-1 secretion. Caco-2 cells were cultured in Advanced Dulbecco’s
Modified Eagle Medium (Adv-DMEM,; GIBCO®, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin-streptomycin. The
cultures were incubated at 37 °C under standard humidified conditions with 5% CO, [44,50].
Cells between passages 26 and 32 were used to ensure stable differentiation and reproducible
barrier properties [51]. Caco-2 cells were seeded onto polycarbonate Transwell® inserts
(6.5 mm diameter, 0.4 um pore size; Corning® Costar®, Merck Life Science, Rome, Italy) ata
density of 1.5 x 10* cells per insert and allowed to differentiate over 21 days, with medium
changes every 48 h, to form a fully mature epithelial monolayer [52].

NCI-H716 cells were cultured in Roswell Park Memorial Institute (RPMI)-1640
medium (GIBCO®, Thermo Fisher Scientific) supplemented with 10% FBS, 2 mM L-
glutamine, and 1% penicillin—streptomycin under standard incubation conditions. Cells
between passages 20 and 35 were used to ensure phenotypic stability and consistent secre-
tory activity, as previously described [53]. To establish the co-culture model, NCI-H716 cells
were seeded at a density of 5 x 10* cells per insert onto Transwell® membranes coated with
type I collagen, which contained fully differentiated Caco-2 monolayers. Collagen coating
was utilised to promote adhesion and differentiation of NCI-H716 cells. Following seeding,
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NCI-H716 cells were allowed to adhere and differentiate for 48-72 h prior to experimental
treatments, in accordance with previously validated protocols [54].

Human HepG2 hepatocellular carcinoma cells (ATCC®, Manassas, VA, USA) were
used as an in vitro hepatic model to investigate glucose and lipid metabolic pathways.
HepG2 cells were cultured in Adv-DMEM supplemented with 10% FBS, 2 mM L-glutamine,
and 1% penicillin-streptomycin under standard conditions (37 °C, 5% CO,) and used
for experiments upon reaching 90-95% confluence to ensure metabolic competence and
reproducibility [55]. A total of 3.5 x 10* cells were seeded into 24-well plates fitted with
6.5 mm Transwell® inserts (Corning® Costar®, Merck Life Science, Rome, Italy). The
development of a mature monolayer was confirmed by TEER, which reached 486 Q)-cm?.

Murine 3T3-L1 preadipocytes (ATCC®, Manassas, VA, USA) were employed as an adipocyte
model to evaluate lipid accumulation, adipogenic differentiation, and browning-related pathways.
Cells were cultured in DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 1% penicillin—
streptomycin at 37 °C in 5% CO,. Cells were subcultured between passages 2 and 10 to preserve
adipogenic potential [56,57]. Differentiation into mature adipocytes was induced using a standard
hormonal cocktail, as previously described [58], and fully differentiated adipocytes were utilised
for subsequent metabolic and browning analyses [59,60].

2.4. Experimental Protocol

The experimental design was structured as a sequential in vitro model to replicate
key aspects of the gut-liver-adipose axis and to examine the metabolic effects of the
botanical combination along this integrated pathway. The protocol was organised into three
interconnected phases, reflecting the putative propagation of intestinal signals towards
hepatic and adipocyte metabolic responses (Figure 1). Before stimulation, all cell types were
synchronised overnight in phenol red-free DMEM supplemented with L-glutamine, sodium
pyruvate, and penicillin—streptomycin but without FBS. All experimental procedures were
conducted under standard incubation conditions (37 °C, 5% CO5).

e  Preliminary Phase. Chemical characterisation and Cytocompatibility-Dose Selection: an

initial chemical characterisation of single extracts and intestinal cytocompatibility screen-
ing were performed. Cytocompatibility was analysed using a 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT)-based assay (detailed in Appendix A.5) to
identify non-cytotoxic concentrations of the individual extracts and their combination,
ensuring cell viability across all experimental models prior to functional analyses [61].
This assessment was primarily conducted for Morus alba and Paeonia lactiflora, which
required experimental concentration optimisation, while Gastrodia elata concentrations
were selected based on previously published dose-response data and a prior study [49].
Based on these results, selected concentrations were used for all subsequent experiments.
e  Phase L. Intestinal Barrier and Incretin Response: an in vitro intestinal barrier model

based on a Transwell® co-culture of Caco-2 and NCI-H716 cells was employed to
assess epithelial integrity, permeability, and enteroendocrine function within the 1-6 h
time window. Barrier maturation and integrity were monitored by transepithelial
electrical resistance (TEER) measurements, while tight junction (TJ) functionality was
evaluated through quantification of claudin-1, occludin, and Zonula Occludens-1
(ZO-1) proteins [51,52]. Intestinal permeability was assessed using a fluorescent tracer
to evaluate transport kinetics across the epithelial layer [62]. Following stimulation
with the botanical combination, basolateral supernatants were collected to quantify
GLP-1 secretion and generate conditioned media for downstream experiments.

e  Phase II. Simulated Gut-Liver Crosstalk: an in vitro intestine-liver axis was established

to investigate hepatic metabolic responses to intestinal-derived signals. HepG2 cells were
first exposed to palmitic acid (PA; Merck Life Sciences, Rome, Italy) 0.5 mM for 24 h
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to induce intracellular lipid accumulation and a steatosis-like condition. Subsequently,
cells were treated for another 24 h with basolateral supernatants collected from the
intestinal model. Hepatic responses were evaluated by analysing key signalling and
metabolic markers involved in glucose and lipid regulation, including GLP-1R expression,
intracellular TG accumulation, activation of AMPK-related pathways, and secretion of
hepatokines associated with metabolic homeostasis, such as resistin and FGF-21.

Phase III. Simulated Liver—Adipose Tissue Communication: the gut-liver—adipose
axis was completed by exposing differentiated 3T3-L1 adipocytes, for 24 h, to con-
ditioned media collected from HepG2 cells previously treated with intestinal super-
natants. Prior to stimulation, as performed at the hepatic level, adipocytes were
treated with PA to induce lipid accumulation and metabolic stress. Adipocyte re-
sponses were subsequently evaluated by assessing lipid accumulation, markers of

adipogenic and lipogenic activity, and proteins associated with mitochondrial function
and browning-related signalling, including UCP1 and related signalling pathways.
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Figure 1. Illustrative scheme of the experimental protocol and the in vitro multi-organ pathway

under investigation.
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To investigate the contribution of GLP-1R signalling to the downstream effects ob-
served in our multi-organ model, additional experiments were performed using the GLP-
1R antagonist Exendin(9-39) (Merck Life Science, Rome, Italy). Exendin(9-39) is a well-
characterised competitive antagonist of the GLP-1 receptor shown to effectively inhibit
GLP-1-mediated signalling in vitro [63]. HepG2 and 3T3-L1 cells were pretreated with
Exendin(9-39) at a final concentration of 500 nM for 45 min prior to exposure to conditioned
media with the botanical combination. Furthermore, to evaluate receptor mechanistic speci-
ficity through a “rescue” approach, additional sets of cells were co-treated with the botanical
combination and either exogenous human GLP-1 (100 nM; Merck Life Science, Rome, Italy)
or a specific GLP-1R agonist (Liraglutide, 100 nM; Merck Life Science, Rome, Italy) in the
presence of the antagonist [64,65]. Following antagonist pretreatment, cells were processed
as described above for measurement of intracellular triglyceride content and analysis of
target markers, including GLP-1R, AMPK, SIRT1, resistin, and UCP1 levels through an
ELISA kit. Data derived from these antagonist experiments and rescue are presented in
Appendix A (Figures A2 and A3).

2.5. In Vitro Intestinal Barrier Model

To evaluate intestinal absorption, permeability, and potential bioavailability of the
tested extracts and their combinations, an in vitro barrier model was created using a
Transwell® system with Caco-2 and NCI-H716 cells. This method aligns with widely
accepted approaches for intestinal modelling and corresponds with frameworks referenced
by regulatory agencies such as the Food and Drug Administration (FDA) and the Euro-
pean Medicines Agency (EMA), as well as with established protocols described in the
literature [52,66,67].

Caco-2 cells were cultured and differentiated on Transwell® inserts as previously
described, with medium renewed in both the apical and basolateral compartments every
48 h until full epithelial maturation was achieved [52].

The formation of a functional epithelial barrier was evaluated by measuring transep-
ithelial electrical resistance (TEER) using an EVOM 3 volt-ohmmeter equipped with STX 2
electrodes (World Precision Instruments, Sarasota, FL, USA). Only cell monolayers with
TEER values of at least 400 Q-cm? on day 21 were selected for further permeability stud-
ies [62]. To simulate physiological intestinal conditions during stimulation, the apical
compartment was adjusted to pH 6.5, while the basolateral side was maintained at pH
7.4, reflecting luminal and systemic environments, respectively [51]. Cells were exposed
to the selected extracts and their combination for 1-6 h. Intestinal permeability was as-
sessed using fluorescein (0.04%; Santa Cruz Biotechnology, Santa Cruz, CA, USA) as a
paracellular tracer. After a 40-min incubation at 37 © C, fluorescein transport to the basolat-
eral compartment was quantified using a fluorescence microplate reader (Infinite 200 Pro
MPlex, Tecan, Mannedorf, Switzerland) at excitation/emission wavelengths of 490/514 nm,
respectively [62].

The permeation rate (J) was calculated based on Michaelis-Menten kinetics as:

J =Jmax x [C]/(Kt +[C]) 1)

where:

- Jmax denotes the maximum permeation rate;
- [C] the initial fluorescein concentration;
- Kt the Michaelis-Menten constant.

Negative controls, consisting of Transwell® inserts without cells, were included to
exclude nonspecific membrane permeation.
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At the end of the 6 h incubation, basolateral supernatants were collected to quantify
GLP-1 secretion and to treat hepatic and adipocyte cell models.

2.6. T] Protein Analysis

The integrity and function of the intestinal epithelial barrier after treatment were
confirmed by measuring the levels of key T] proteins in Caco-2/NCI-H716 co-cultures:
Specifically, Claudin-1, Occludin, and ZO-1 levels were quantified as established markers of
epithelial junctional organisation and paracellular permeability [51]. Following experimen-
tal stimulation, cell lysates were collected and analysed using commercially available ELISA
kits for Claudin-1 (Cusabio Technology LLC, Houston, TX, USA), Occludin (MyBioSource,
San Diego, CA, USA), and ZO-1 (MyBioSource, San Diego, CA, USA), following the man-
ufacturers’ instructions [51]. Absorbance was measured at 450 nm using a microplate
reader (Infinite 200 Pro MPlex, Tecan, Mannedorf, Switzerland). Protein concentrations
were determined based on standard calibration curves (0-1000 pg/mL for Claudin-1 and
Z0-1; 0-1500 pg/mL for Occludin), and results were expressed as percentage changes
relative to untreated controls. Data are presented as mean £ SD (%) from five independent
experiments, each conducted in triplicate, and relative to control values (0% reference line).

2.7. ELISA Assay for GLP-1

Glucagon-like peptide-1 (GLP-1) secretion was measured in basolateral supernatants
collected from the Caco-2/NCI-H716 Transwell® co-culture system after 6 h of stimulation.
GLP-1 levels were analysed using a commercial Human GLP-1 ELISA kit (Thermo Fisher
Scientific, Waltham, MA, USA), following the manufacturer’s instructions and previously
validated methods [53,54]. Optical density was read at 450 nm with a microplate reader
(Infinite 200 Pro MPlex, Tecan, Mannedorf, Switzerland). Concentrations were calculated
from standard calibration curves and expressed as percentage changes relative to untreated
controls. Results are presented as mean £ SD (%) from five independent experiments
performed in triplicate.

2.8. ELISA Assay for Src Phosphorylation

The activation state of the proto-oncogene tyrosine-protein kinase Src (Src) was as-
sessed in HepG2 cells after exposure to conditioned media from the intestine, to examine
early intracellular signalling events associated with GLP-1 pathways. Src phosphorylation
was measured using cell-based ELISA kits specific for total Src and Src phosphorylated
at tyrosine 529 (pSrc Tyr®?’) (MyBioSource, San Diego, CA, USA), following the manu-
facturer’s instructions and established literature protocols. HepG2 cells were seeded in
96-well plates at suitable densities and exposed to the indicated treatments. At the end
of the incubation period, cells were fixed using the supplied fixation solution to preserve
phosphorylation states. A primary antibody specific for Src phosphorylated at Tyr529
was then applied, followed by incubation with an HRP-conjugated secondary antibody.
Signal detection was performed through enzymatic colour development with the provided
substrate, and absorbance was measured at 450 nm using a microplate reader (Infinite 200
Pro MPlex, Tecan, Mannedorf, Switzerland). Simultaneously, total Src protein levels were
determined using a dedicated ELISA kit capable of detecting all Src isoforms regardless of
their phosphorylation status. For each experimental condition, the ratio of phosphorylated
Src to total Src (pSrc/Src) was calculated as an index of Src activation. Data are presented
as mean =+ SD (%) from five independent experiments, each conducted in triplicate, and
relative to control values (0% reference line).
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2.9. ELISA Assay for GLP-1R

GLP-1R expression was measured in HepG2 cell lysates to assess hepatic sensitivity to
intestinally derived GLP-1 signalling after exposure to conditioned media. GLP-1 receptor
(GLP-1R) levels were quantified using a commercially available Human GLP-1R ELISA
kit (FineTest, Wuhan, China), following the manufacturer’s protocol. Optical density was
measured at 450 nm with a microplate reader (Infinite 200 Pro MPs, Tecan, Madnnedorf,
Switzerland). Protein levels were derived from the corresponding standard calibration
curve and are presented as mean + SD (%) relative to untreated control cells. Data are
presented as mean + SD (%) from five independent experiments, each conducted in
triplicate, and relative to control values (0% reference line).

2.10. TG Colourimetric Assay

Intracellular TG accumulation was measured in HepG2 cells to assess hepatic lipid pro-
cessing after exposure to intestinal-derived conditioned media. TG levels were determined
using a TG Colourimetric Assay Kit (Invitrogen™, Thermo Fisher Scientific), following
the manufacturer’s instructions. At the end of the stimulation period, HepG2 cells were
lysed, and 2.5 pL of each sample was transferred to a 96-well plate. After incubation at
room temperature for approximately 30 min, absorbance was measured at 510 nm using
a microplate reader (Infinite 200 Pro MPlex, Tecan, Madnnedorf, Switzerland). TG levels
were calculated using a standard calibration curve spanning 0.14 to 10 mmol/L. Data
are presented as mean =+ SD (%) from five independent experiments, each conducted in
triplicate, and relative to control values (0% reference line).

2.11. ELISA Assay for SREBP-1c

SREBP-1c levels were measured in 3T3-L1 adipocyte lysates to evaluate the regulation
of lipogenic transcription pathways after treatment with conditioned media from the
intestinal-hepatic axis. SREBP-1c expression was assessed using a commercially available
ELISA kit (LSBio, Seattle, DC, USA), according to the manufacturer’s instructions. The
optical signal was read at 450 nm with a microplate reader (Infinite 200 Pro MPlex, Tecan,
Mainnedorf, Switzerland). SREBP-1c levels were determined using a standard calibration
curve ranging from 0.312 to 20 ng/mL. Data are presented as mean £ SD (%) from five
independent experiments, each conducted in triplicate, and relative to control values (0%
reference line).

2.12. ELISA Assay for AMPK Phosphorylation

AMPK activation was evaluated in HepG2 cell lysates to investigate downstream
metabolic signalling pathways associated with GLP-1-mediated effects following exposure
to intestinal-derived conditioned media. Levels of phosphorylated AMPK (Thr172) were
measured using a Human AMPK «1/2 (Phospho) [pT172] ELISA Kit (Thermo Fisher Scien-
tific, Milan, Italy), according to the manufacturer’s instructions and previously established
protocols [68]. Absorbance at 450 nm was recorded with a microplate reader (Infinite 200
Pro MPlex, Tecan, Médnnedorf, Switzerland). Phosphorylated AMPK levels were calculated
using the standard calibration curve supplied with the assay kit and are expressed as
mean =+ SD (%) relative to untreated control cells. Data are presented as mean & SD (%)
from five independent experiments, each conducted in triplicate, and relative to control
values (0% reference line).

2.13. ELISA Assay for PGCla

PGCla levels were measured in HepG2 cell lysates to evaluate mitochondrial and ox-
idative metabolic responses downstream of AMPK activation after exposure to conditioned
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media derived from the intestine. PGClx expression was quantified using a commercially
available ELISA kit (Antibodies, Stockholm, Sweden), according to the manufacturer’s
instructions. The optical signal at 450 nm was recorded with a microplate reader (Infinite
200 Pro MPlex, Tecan, Mannedorf, Switzerland). PGCl« levels were determined from a
calibration curve ranging from 0 to 10 ng/mL and are expressed as mean =+ SD (%) relative
to untreated control cells. Data are presented as mean £ SD (%) from five independent
experiments, each conducted in triplicate, and relative to control values (0% reference line).

2.14. ELISA Assay for Resistin

Resistin levels were measured in HepG2 cell culture supernatants to assess the modu-
lation of hepatokine release related to lipid metabolism and inflammatory signalling after
exposure to intestinal-derived conditioned media. Resistin concentrations were determined
using a commercially available Human Resistin ELISA Kit (Thermo Fisher Scientific, Milan,
Italy), following the manufacturer’s instructions. The optical density at 450 nm was mea-
sured with a microplate reader (Infinite 200 Pro MPlex, Tecan, Mdnnedorf, Switzerland).
Resistin levels were quantified based on a standard calibration curve ranging from 31 to
2000 pg/mL. Data are presented as mean + SD (%) from five independent experiments,
each conducted in triplicate, and relative to control values (0% reference line).

2.15. ELISA Assay for FGF-21

Fibroblast growth factor 21 (FGF-21) levels were measured in HepG2 cell culture
supernatants to evaluate hepatokine responses related to metabolic flexibility and lipid
oxidation after exposure to intestinal-derived conditioned media. FGF-21 concentrations
were determined using a Human FGF-21 DuoSet ELISA Kit (R&D Systems, Minneapo-
lis, MN, USA), following the manufacturer’s instructions and established protocols [69].
Measurements at 450 nm were obtained using a microplate reader (Infinite 200 Pro MPlex,
Tecan, Mannedorf, Switzerland). FGF-21 levels were estimated from a standard calibration
curve covering a range of 31.2-2000 pg/mL. Data are presented as mean + SD (%) from
five independent experiments, each conducted in triplicate, and relative to control values
(0% reference line).

2.16. ELISA Assay for NRF2

Nuclear factor erythroid 2-related factor 2 (NRF2) levels were measured in HepG2
cell lysates to assess the activation of antioxidant and cytoprotective pathways involved in
metabolic adaptation following exposure to intestinal-derived conditioned media. NRF2
expression was quantified using a commercially available NRF2 Quantification ELISA
Kit (MyBioSource, San Diego, CA, USA) according to the manufacturer’s instructions
and previously described methods [70]. The signal at 450 nm was measured using a
microplate reader (Infinite 200 Pro MPlex, Tecan, Mannedorf, Switzerland). NRF2 levels
were determined from a calibration curve spanning 0-25 ng/mL. Data are presented as
mean £ SD (%) from five independent experiments, each conducted in triplicate, and
relative to control values (0% reference line).

2.17. Western Blot Analysis for UCP1

UCP1 expression was assessed in differentiated 3T3-L1 adipocytes to evaluate the
activation of thermogenic and browning-related pathways following treatment with condi-
tioned media derived from the intestinal-hepatic axis. UCP1 protein levels were analysed
using Western blotting according to standard procedures. Briefly, 3T3-L1 adipocytes were
lysed on ice with Complete Tablet lysis buffer (Roche, Basel, Switzerland) supplemented
with 2 mM sodium orthovanadate (NazVOj;), 1 mM phenylmethylsulfonyl fluoride (PMSF;
Merck Life Science, Rome, Italy), phosphatase inhibitor cocktail (1:50), and protease in-
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hibitor cocktail (1:200; Merck Life Science, Rome, Italy). Total protein content was initially
measured, and equal amounts of protein (35 ug per sample) were separated by sodium do-
decyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) using 10% polyacrylamide
gels. After electrophoretic separation, proteins were transferred onto polyvinylidene di-
fluoride (PVDF) membranes (GE Healthcare Europe GmbH). Membranes were incubated
overnight at 4 °C with a primary antibody against UCP1 (1:500; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), while (-actin (1:4000, Merck Life Science, Rome, Italy) was
used as a loading control to normalise protein expression. Immunoreactive bands were
detected using appropriate secondary antibodies and visualisation reagents. Band intensity
was quantified by densitometric analysis (Image Lab™ Software version 5.2.1; Bio-Rad,
Hercules, CA, USA). UCP1 data expression are presented as mean £ SD (%) from three
independent experiments, each conducted in triplicate, and relative to control values (0%
reference line).

2.18. ELISA Assay for SIRT1

SIRT1 levels were quantified in HepG2 and differentiated 3T3-L1 cell lysates to as-
sess the involvement of NAD"-dependent deacetylase signalling in metabolic regulation
downstream of intestinal-hepatic communication. SIRT1 expression was measured using
a commercially available Human SIRT1 ELISA Kit (Thermo Fisher Scientific™, Waltham,
MA, USA) according to the manufacturer’s instructions and established protocols [71].
Absorbance readings at 450 nm were obtained using a microplate reader (Infinite 200 Pro
MPlex, Tecan, Mdnnedorf, Switzerland). SIRT1 levels were quantified based on a calibration
curve ranging from 1.23 to 300 ng/mL. Data are presented as mean £ SD (%) from five
independent experiments, each conducted in triplicate, and relative to control values (0%
reference line).

2.19. ELISA Assay for eNOS/NOS3

Endothelial nitric oxide synthase (eNOS/NOS3) levels were measured in differentiated
3T3-L1 adipocyte lysates to evaluate nitric oxide-related signalling involved in mitochon-
drial function, metabolic adaptation, and adipose tissue browning after treatment with
conditioned media from the intestinal-hepatic axis. eNOS expression was determined using
a commercially available Human eNOS/NOS3 ELISA Kit (Invitrogen™, Thermo Fisher Sci-
entific), following the manufacturer’s instructions. Measurements at 450 nm were obtained
using a microplate reader (Infinite 200 Pro MPlex, Tecan, Mdnnedorf, Switzerland). eNOS
levels were determined from a calibration curve covering the range of 0.4-100 ng/mL. Data
are presented as mean =+ SD (%) from five independent experiments, each conducted in
triplicate, and relative to control values (0% reference line).

2.20. ELISA Assay for STAT3

Signal transducer and activator of transcription 3 (STAT3) activation was assessed in
differentiated 3T3-L1 adipocyte lysates to evaluate downstream signalling events related
to adipose tissue remodelling and thermogenic responses following treatment with con-
ditioned media from the intestinal-hepatic axis. Phosphorylated STAT3 at tyrosine 705
(pSTAT3 Tyr705 ) was measured using a commercially available STAT3 [pY705] ELISA Kit
(Invitrogen™, Thermo Fisher Scientific), following the manufacturer’s instructions. Signal
intensity at 450 nm was recorded using a microplate reader (Infinite 200 Pro MPlex, Tecan,
Mainnedorf, Switzerland). Levels of phosphorylated STAT3 were quantified using the
assay Kkit’s calibration curve. Data are presented as mean £ SD (%) from five independent
experiments, each conducted in triplicate, and relative to control values (0% reference line).

https://doi.org/10.3390/nu18091393


https://doi.org/10.3390/nu18091393

Nutrients 2026, 18, 1393

12 of 35

2.21. Mouse Mitochondrial Brown Fat Uncoupling Protein 1 (UCP1) ELISA Kit

UCP1 levels in 3T3-L1 adipocyte lysates were quantified using a Cusabio ELISA kit
(CUSABIO Innovation Center, Houston, TX, USA), following the manufacturer’s protocol.
The enzymatic reaction was terminated by adding 50 uL of stop solution, and the resulting
signal was measured at 450 nm using a Tecan Infinite 200Pro MPlex microplate reader
(Mannedorf, Switzerland). UCP1 concentrations were determined from a standard calibra-
tion curve (0-300 pg/mL). Data are presented as mean + SD (%) from five independent
experiments, each conducted in triplicate, and relative to control values (0% reference line).

2.22. Statistical Analysis

All data are reported as mean £ SD (%) and were normalised to untreated control
values (0% reference line), except for TEER values and GLP-1 levels secretion.

Results are derived from at least five independent biological experiments, each per-
formed with three technical replicates unless otherwise specified. For Western blot analyses,
densitometric values are expressed as mean =+ SD from three independent biological repli-
cates, each conducted in triplicate, and representative images of the blots are provided.
Biological replicates correspond to independent experimental runs conducted on different
days and with different sample preparations, thereby capturing true biological variability.

Data distribution was assessed for normality using the Shapiro-Wilk test, while
homogeneity of variance was evaluated using Levene’s test. Statistical comparisons among
multiple groups were performed using one-way ANOVA followed by Bonferroni’s post hoc
test. When the assumptions for parametric testing were not met, nonparametric analyses
(Kruskal-Wallis test with Dunn'’s post hoc test) were used to confirm the consistency of the
observed trends.

Given the exploratory and mechanistic nature of the study, statistical interpretation
was focused on identifying consistent biological patterns rather than drawing definitive
conclusions on clinical relevance. The selected sample size (n = 5 biological replicates) was
based on preliminary estimates of variability and is consistent with commonly accepted
practices for in vitro mechanistic studies [72].

All statistical analyses were performed using GraphPad Prism (version 10.6.1; Graph-
Pad Software, La Jolla, CA, USA). A p-value < 0.05 was considered statistically significant.
The synergistic interactions were assessed post hoc using the Bliss independence model
on specific biological markers. The expected additive response was derived from the
effects of each single agent and subsequently compared with the experimentally observed
combined outcome.

3. Results
3.1. Phytochemical Characterisation of the Plant-Derived Extracts

Prior to biological evaluation, the plant-derived extracts were chemically characterised
to confirm their phytochemical profiles and degree of standardisation (Table 1). This pre-
liminary assessment aimed to ensure consistency and quality of the materials used in sub-
sequent in vitro experiments. High-performance liquid chromatography (HPLC) analysis
verified that the Morus alba leaf extract contained a high level of 1-DNJ (5.03 £ 0.26 mg/g)
and measurable levels of polysaccharides (12.00 £ 0.94 mg/g). In the absence of quantita-
tive specifications in the analytical certificates for Paeonia lactiflora root and Gastrodia elata
rhizome extracts, the contents of major phytochemical classes, including total polyphenols,
flavonoids, and polysaccharides, as reported in Table 1, Paconia lactiflora root extract con-
tained total polyphenols (5.00 £ 0.43 mg/g) and flavonoids (0.70 £ 0.17 mg/g), determined
using the Folin—Ciocalteu and AlCl3 methods, respectively. Gastrodia elata thizome extract,
on the other hand, contained total polysaccharides (10.20 & 0.82 mg/g), measured by the
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phenol-sulfuric acid method, and total polyphenols (2.00 + 0.34 mg/g), assessed with
the Folin—Ciocalteu method. The phytochemical profiles obtained revealed distinct com-
positional features among the three extracts, supporting their complementary biological
potential. Overall, this characterisation confirmed a sufficient level of standardisation and
provided a rational basis for interpreting the downstream biological effects observed in the
integrated in vitro model.

Table 1. Content of the main bioactive components in the plant-derived extracts. Values are expressed
as mg/g of dry extract and reported as mean =+ SD of five independent experiments, each performed
in triplicate.

Sample Methods Components Content (%)
Morus alba HPLC 1-DNJ 5.03 = 0.26
(Leaf extract) Phenol-sulfuric acid ~ Total polysaccharides ~ 12.00 £ 0.94
Paeonia lactiflora Folin—Ciocalteu Total polyphenols 5.00 £ 0.43
(Root extract) AlCl Total flavonoids 0.70 £ 0.17
Gastrodia elata Phenol-sulfuric acid  Total polysaccharides 10.20 £ 0.82
(Rhizome extract) Folin—Ciocalteu Total polyphenols 2.00 £ 0.34

3.2. Selection of Non-Cytotoxic and Biologically Active Concentrations in Intestinal Cells

Before assessing intestinal barrier function and metabolic signalling, a dose-response
study was performed in differentiated Caco-2 cells to identify non-cytotoxic and biologically
active concentrations of the individual extracts and their combination. Cell viability was
assessed over 1 to 6 h to exclude acute cytotoxic effects and to determine appropriate
exposure conditions for subsequent functional assays.

As shown in Figure 2A,B, treatment with Paeonia lactiflora and Morus alba extracts did
not induce cytotoxicity at any of the tested concentrations. On the contrary, both extracts
significantly increased mitochondrial metabolic activity compared with untreated controls
(p <0.05).

For Paeonia lactiflora, the lowest concentration tested (0.1 mg/mL) was associated with
the greatest increase, resulting in an approximately 25% increase in cell viability at 4 h,
which was significantly greater than that observed at higher concentrations (p < 0.05). Simi-
larly, Morus alba displayed maximal efficacy at an intermediate concentration of 0.2 mg/mL,
leading to an approximately 18% increase in cell viability at 4 h (p < 0.05), whereas both
lower and higher concentrations were less effective.

The combined formulation containing Gastrodia elata 0.1 mg/mL, Morus alba 0.2 mg/mL,
and Paeonia lactiflora 0.1 mg/mL was subsequently evaluated and compared with the
individual extracts (Figure 2C). The combination was associated with the greatest increase
in cell viability, reaching a peak increase of approximately 33% at 4 h (p < 0.05), while
exhibiting a kinetic profile comparable to that of the individual components. Importantly,
no reduction in cell viability was observed at any time point, confirming the absence of
cytotoxic effects.

Based on these results, the concentrations that maximised the observed increase
in mitochondrial activity while preserving cell viability were selected for subsequent
experiments: Paeonia lactiflora at 0.1 mg/mL, Morus alba at 0.2 mg/mL, and the combined
extract formulation (hereinafter indicated as Combination).
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Figure 2. Effects of individual extracts on cell viability in Caco-2 cells under dose-response conditions,
and effects of their combination under time-dependent conditions (1-6 h). In (A), dose-response
effects of Paeonia lactiflora root extract; in (B), dose-response effects of Morus alba leaf extract; and
in (C), comparative effects of the combination (Gastrodia elata + Morus alba + Paeonia lactiflora) ver-
sus individual components. Gastrodia elata concentration (0.1 mg/mL) were based on published
dose-response data as described in Section 2.2 and reported in Appendix A. Data are expressed as
mean + SD (%) from 5 independent experiments, each performed in triplicate and normalized to the
control (0%). * p < 0.05 vs. control.

3.3. Regulation of GLP-1 Secretion and Intestinal Barrier Integrity: The Primary Trigger of the
Metabolic Axis

To establish the role of the gut as the initiating node of the metabolic axis, it was em-
ployed an in vitro co-culture model (Caco-2 and NCI-H716) to evaluate both the individual
plant extracts and their combination. We focused on the gut’s sensing capacity by assessing
GLP-1 secretion, alongside its structural response, including intestinal integrity (TEER),
permeability, and the expression of TJ proteins.

As shown in Figure 3A, treatment with all extracts preserved epithelial integrity
throughout the experimental period, as indicated by stable or increased TEER values
compared with untreated controls (p < 0.05). Among the individual components, Gastrodia
elata 0.1 mg/mL exerted the most pronounced effect on maintaining barrier resistance.
Notably, the combination produced the highest TEER values, reaching approximately
468 O-cm? at 4 h, which were significantly greater than those of both the control and
single-extract treatments (p < 0.05).
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Figure 3. Evaluation of intestinal permeability in Caco-2 cells. (A) TEER values measured using EVOM3
voltohmmeter over time (1-6 h). (B-D) TJ protein levels (Claudin-1, Occludin, and ZO-1, respectively)
were quantified by ELISA after 6 h of treatment. (E) Absorption rate over time (1-6 h), calculated
according to the equation J = Jmax [C]/(Kt + [C]) using fluorescent probe. (F) GLP-1 secretion was
measured after 6 h by ELISA kit. The botanical extracts used in this study were derived from Morus alba
leaves, Paeonia lactiflora roots, and Gastrodia elata thizomes. Data in panel (A) and (F) are presented as
mean + SD from five independent experiments each performed in triplicate. Data in panels (B-E) are
expressed as mean £ SD from 5 independent experiments, each performed in triplicate and normalized
to the control (0%).* p < 0.05 vs. control; * p < 0.05 vs. single components.

These observations were further supported by the analysis of T] proteins. As shown in
Figure 3B-D, the combined formulation significantly increased the expression of Claudin-
1, Occludin, and ZO-1 compared with both control and individual extract treatments
(p <0.05). While Gastrodia elata alone displayed the strongest effect among the single
agents, the combined treatment induced a markedly greater upregulation of all T] markers,
indicating greater-than-additive enhancement of epithelial cohesion.

Consistent with the improved barrier function, intestinal absorption analysis (Figure 3E)
indicated that the combined formulation exhibited the highest transport efficiency across the
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epithelial monolayer. At 4 h, the combination achieved an absorption rate of approximately
29%, which was significantly higher than that observed for the individual extracts (p < 0.05).

Finally, the metabolic relevance of intestinal exposure was assessed by measuring
GLP-1 secretion (Figure 3F). All treatments significantly stimulated GLP-1 release compared
with control conditions (p < 0.05); however, the combined formulation elicited a markedly
greater response, resulting in approximately 0.6 ng/mL of GLP-1 secretion. This level was
significantly higher than those induced by Gastrodia elata (~0.22 ng/mL), Paeonia lactiflora
(~0.21 ng/mL), or Morus alba (~0.18 ng/mL) alone (p < 0.05), without evidence of impaired
barrier integrity.

Collectively, these findings indicate that the combined plant-derived formulation mod-
ulates intestinal barrier-related parameters and GLP-1 secretion in this in vitro model,
supporting its potential role in modulating gut-derived metabolic signalling at the
cellular level.

3.4. Integration of Intestinal Signals in Hepatic Metabolism: From GLP-1 Sensitivity to Lipid and
Hepatokine Regulation

To evaluate whether the effects observed in the intestinal model could influence hepatic
metabolic pathways, HepG2 cells were used to model liver responses. Lipotoxic stress was
induced by exposing cells to PA (0.5 mM for 24 h) to model the metabolic alterations typical
of excess lipid availability. To mimic the potential inter-organ communication, PA-stressed
HepG2 cells were then incubated with the basolateral conditioned media collected from the
intestinal Transwell® system. This experimental design allowed us to investigate how the
metabolites and signalling molecules, presumably generated during the epithelial transit
of the extracts, might act as putative messengers to modulate hepatic lipid regulation in an
integrated in vitro environment.

As shown in Figure 4, PA 0.5 mM exposure significantly altered hepatic metabolic
signalling compared with control conditions (p < 0.05). Specifically, PA 0.5 mM markedly
increased Src levels (+33.2%), a marker associated with alterations in metabolic and inflam-
matory signalling (Figure 4A). Conditioned media derived from intestinal cells treated with
individual extracts partially attenuated Src upregulation, with Gastrodia elata 0.1 mg/mL
exerting the strongest effect among the single agents. Notably, conditioned media from
the combination produced a significantly greater reduction (p < 0.05), limiting Src levels
to 11.4% above control levels, corresponding to an approximate 65% reduction relative to
PA-treated cells.

PA 0.5 mM exposure also significantly decreased hepatic GLP-1R expression (—28.5%),
indicating reduced responsiveness to incretin-mediated metabolic regulation (Figure 4B).
While conditioned media from individual extracts partially restored GLP-1R expression
(p < 0.05), media derived from the combination restored GLP-1R levels to values compa-
rable to controls with a slight increase (+4.2%) under lipotoxic conditions. Appendix A
(Table A1) shows that the actual combined effects exceeded the predicted additive responses
under Bliss independence. Additionally, supplementary experiments including the GLP-1
receptor antagonist Exendin(9-39) 500 nM indicated partial attenuation of these effects,
confirming a contributory role of GLP-1 receptor signalling in the observed downstream
responses. In additional rescue experiments, it was observed that concomitant admin-
istration of exogenous GLP-1 or the GLP-1R agonist Liraglutide (100 nM) counteracted
the effects of the antagonist, leading to a recovery of its levels (see Figures A1 and A2 in
the Appendix A).

Consistent with disrupted lipid handling, PA treatment induced a significant increase
in intracellular TG accumulation (+58.7%; Figure 4C). Conditioned media from all extract-
treated intestinal cells significantly reduced TG content (p < 0.05); however, the combination
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showed the greatest efficacy («, p < 0.05), limiting TG accumulation to only 10.3% above
control, compared with the 23.5% increase observed with the individual extracts.
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Figure 4. Protective effects against lipotoxicity markers in HepG2 cells. HepG2 cells were exposed
to palmitic acid (PA) for 24 h to induce lipotoxicity followed by 24 h treatment with basolateral
conditioned medium collected from the Transwell® intestinal system. In (A-E) were reported
the levels of signalling proteins and intracellular lipids quantified by ELISA: (A) Src, (B) GLP-1R,
(C) triglycerides, (D) SREBP-1, and (E) AMPK. The Morus alba extract used in this study was obtained
from leaves, the Paeonia lactiflora extract from roots, and the Gastrodia elata extract from rhizomes.

Data are expressed as mean + SD (%) of 5 independent experiments, each performed in triplicate,
normalised to the control (0%) line. ® p <0.05 vs. PA, * p <0.05vs. control, * p < 0.05 vs. single agents.

To further assess hepatic lipogenic signalling, the expression of SREBP-1, a key tran-
scriptional regulator of de novo lipogenesis, was evaluated (Figure 4D). Whereas condi-
tioned media from single extracts modestly attenuated PA-induced SREBP-1 upregulation,
the combination elicited a significantly stronger inhibitory effect, restricting SREBP-1 levels
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to 8.1% above control levels (p < 0.05) with a reduction of 73.6% compared to PA 0.5 mM
(p <0.05).

Finally, analysis of AMPK, a central energy sensor involved in metabolic homeostasis,
revealed significant activation in response to all conditioned media treatments (Figure 4E).
Conditioned media derived from the combination induced the most pronounced AMPK ac-
tivation, exceeding baseline control levels by approximately 2.5%, consistent with enhanced
hepatic energy sensing and reduced lipogenic signalling. The combination increased the
AMPXK levels by 1.20-fold compared to PA 0.5 mM (p < 0.05). Appendix A (Table A2) shows
that the actual combined effects exceeded the predicted additive responses under Bliss
independence. Raw data related to the results displayed in Figure 4B-D are provided in
Appendix B (Tables A5-A7). Additionally, supplementary experiments in Appendix A
(Figure A2) using the GLP-1 receptor antagonist Exendin(9-39) 500 nM indicated partial
attenuation of these effects for AMPK levels, confirming a contributory role of GLP-1
receptor signalling. Furthermore, in rescue experiments, it was observed that concomitant
administration of exogenous GLP-1 or the GLP-1R agonist Liraglutide (100 nM) counter-
acted the effects of the antagonist, leading to a recovery of AMPK levels (see Figure A3 in
the Appendix A).

The impact of the intestinal conditioned media on hepatic metabolic flexibility was
further assessed by quantifying key regulators of mitochondrial function, antioxidant
defence, and inflammatory signalling in PA-challenged HepG2 cells. Additionally, the level
of hepatokines was measured to evaluate the potential of the liver to modulate downstream
systemic signals within this in vitro axis (Figure 5).

As shown in Figure 5A, PA exposure at 0.5 mM significantly reduced SIRT1 levels
compared with control conditions (p < 0.05). Conditioned media derived from individual
extracts partially attenuated this reduction but did not restore SIRT1 levels to baseline. In
contrast, conditioned media from the combination was associated with a greater increase
in SIRT1 levels (e, p < 0.05), normalising SIRT1 expression (+1.2% vs. control). The
combination was also associated with a 1.12-fold increase in AMPK levels compared with
PA 0.5 mM (p < 0.05).

A comparable trend was observed in PGCl«, a key regulator of mitochondrial oxida-
tive metabolism (Figure 5B). While individual extract-derived conditioned media induced
only partial recovery, the combined formulation fully restored PGCl« levels, reaching
levels slightly above control (+1.4%) and increasing them by 1.10-fold compared to PA
0.5 mM.

PA 0.5 mM treatment significantly increased the expression of the pro-inflammatory
hepatokine resistin (Figure 5C). All conditioned media treatments significantly reduced
resistin levels relative to PA alone (p < 0.05); however, conditioned media from the combined
formulation was associated with the largest reduction (e, p < 0.05), limiting the upregulation
of resistin to 6.7%, compared to residual increases, averaging 17.05%, observed with
individual extracts.

Conversely, PA exposure at 0.5 mM significantly increased FGF-21 levels (Figure 5D).
Conditioned media derived from individual extracts partially mitigated this reduction,
whereas media from the combination nearly normalised FGF-21 levels (—1.5% vs. con-
trol). The combination increased FGF-21 levels by 1.08-fold compared with PA at 0.5 mM
(p < 0.05). Appendix A (Table A3) shows that actual combined effects exceeded predicted
additive responses per Bliss independence.
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Figure 5. Comparative effects of individual extracts and their combination on metabolic signalling
and oxidative stress markers. HepG2 cells were exposed to palmitic acid (PA) for 24 h to induce
lipotoxicity followed by 24 h treatment with basolateral conditioned medium collected from the
Transwell® intestinal system. In (A-E) were reported the levels of signalling proteins quantified by
ELISA assay: (A) SIRT1, (B) PGCl1«, (C) Resistin, (D) FGF-21, and (E) NRF2. The Morus alba extract
used in this study was obtained from leaves, the Paeonia lactiflora extract from roots, and the Gastrodia
elata extract from rhizomes. Data are expressed as mean =+ SD (%) from 5 independent experiments,
each performed in triplicate and normalised to the control (0%) line. ¥ p < 0.05 vs. PA, * p < 0.05 vs.
control, * p < 0.05 vs. single agents.

Finally, NRF2, a key regulator of antioxidant responses, was significantly suppressed
by PA 0.5 mM (Figure 5E). This effect was only modestly counteracted by individual extract-
derived conditioned media. In contrast, conditioned media from the combined formulation
was associated with an increase in NRF2 levels, slightly exceeding control levels (+4.8%,
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o, p < 0.05). The combination increased NRF2 levels by 1.15-fold compared with PA at
0.5mM (p < 0.05).

Overall, intestinal-derived conditioned media from the combined plant extract for-
mulation was associated with changes in multiple hepatic pathways related to mitochon-
drial function, inflammatory signalling, hepatokine expression, and antioxidant responses.
Raw data related to the results displayed in Figure 5C,D are provided in Appendix B
(Tables A8 and A9). Additionally, supplementary experiments in Appendix A (Figure A2)
using the GLP-1 receptor antagonist Exendin(9-39) at 500 nM indicated partial attenuation
of the combined effects on resistin and SIRT1 levels, confirming a contributory role for
GLP-1 receptor signalling. Furthermore, in rescue experiments, it was observed that con-
comitant administration of exogenous GLP-1 or the GLP-1R agonist Liraglutide (100 nM)
counteracted the effects of the antagonist, leading to a recovery of resistin and SIRT1 levels
(see Figure A3 in Appendix A).

3.5. Liver—Adipose Tissue Crosstalk: Botanical Formulations Promote Adipocyte Browning-Related
Pathway and Mitigate Inflammation

To assess whether liver-derived signals could potentially influence adipocyte metabolism,
differentiated 3T3-L1 cells were exposed to media conditioned by BP-treated HepG2 cells
(previously treated with intestinal basolateral supernatants). This setup allowed us to
complete the in vitro reconstruction of the gut-liver-adipose axis and to study the botanical
formulation’s ability to mitigate lipotoxicity-induced dysfunction within this multiorgan
in vitro system (Figure 6).

As shown in Figure 6A,B, PA 0.5 mM exposure significantly decreased UCP1 expres-
sion compared with control adipocytes (p < 0.05), indicating impaired thermogenic capacity.
Conditioned media derived from individual extract treatments partially restored UCP1
expression, whereas the combination was associated with levels close to or slightly above
control (+1.8% vs. control). The combination increased UCP1 expression by 1.05-fold
compared with PA at 0.5 mM (p < 0.05). The combination increased UCP1 expression by
1.05-fold compared with PA at 0.5 mM (p < 0.05). A post hoc analysis of Bliss independence
was complemented by Appendix A (Table A4), which showed that the observed combined
effects surpassed the expected additive responses. Furthermore, additional experiments
in Appendix A (Figure A2) using the GLP-1 receptor antagonist Exendin(9-39) at 500 nM
showed a partial reduction in the combination effects on UCP1 levels, measured via an
ELISA kit, confirming the involvement of the GLP-1 receptor signalling.

SIRT1 levels were significantly reduced by PA 0.5 mM treatment (—18.5% vs. control;
Figure 6C). Individual extract-conditioned media partially attenuated this reduction, while
the combined formulation was associated with SIRT1 levels closer to control (—1.2%).

NOS levels, a marker of oxidative and inflammatory stress, were significantly elevated
after PA exposure (+31.4% vs. control; Figure 6D). Conditioned media from the combination
was associated with a smaller increase in NOS (3.5%), whereas individual treatments had a
lesser effect. In detail, the combination increased NOS levels by 1.24-fold compared with
PA at 0.5 mM (p < 0.05).

Phosphorylated STAT3, a key mediator of inflammatory signalling, was significantly
increased in PA-treated adipocytes (+24.1% vs. control), thus limiting STAT3 levels (depicted
in the dephosphorylated form in Figure 6E). All conditioned media treatments decreased
STAT3 activation through phosphorylation (p < 0.05), with the combination associated with
the greatest reduction, limiting STAT3 upregulation to 5.2% (e, p < 0.05). The combination
increased STAT3 levels by 1.10-fold compared with PA at 0.5 mM (p < 0.05).
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Figure 6. Effects of single extracts and their combination on browning-associated molecular pathways
and inflammatory signalling. 3T3-L1 cells were exposed for 24 h with basolateral conditioned medium
collected from the Transwell® liver system. In (A,B) UCP1 analysis by Western blot: (A) densitometric
quantification normalized to 3-actin; (B) representative Western blot of UCP1. In (C-E) ELISA-based
quantification of: (C) SIRT1, (D) NOS, and (E) STAT3 levels, respectively. The Morus alba extract used
in this study was obtained from leaves, the Paeonia lactiflora extract from roots, and the Gastrodia
elata extract from rhizomes. Data are expressed as mean + SD (%) from 5 independent experiments,
each performed in triplicate and normalised to the control (0%) line. For Western blot analysis, data
are expressed as mean & SD (%) from 3 independent experiments, each performed in triplicate and
normalised to the control (0%) line. ¥ p <0.05 vs. PA,* p <0.05vs. control, * p < 0.05 vs. single agents.

Collectively, hepatic-conditioned media derived from the combined botanical formula-
tion was associated with changes in UCP1, SIRT1, NOS, and STAT3 levels in PA-challenged
adipocytes, indicating improved thermogenic capacity, mitochondrial signalling, and lower
inflammatory and oxidative stress markers at the cellular level. Furthermore, in rescue
experiments, it was observed that concomitant administration of exogenous GLP-1 or the
GLP-1R agonist Liraglutide (100 nM) counteracted the effects of the antagonist, leading to
a recovery of UCP1 and SIRT1 levels (see Figure A3 in Appendix A). Raw data related to
the results displayed in Figure 6A,C are provided in Appendix B (Tables A10 and A11).
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4. Discussion

Visceral fat accumulation plays a crucial role in metabolic dysregulation and results
from the interaction of genetic, dietary, and environmental factors that disrupt energy
homeostasis and inter-organ communication [73]. Excess lipid storage is closely associated
with low-grade inflammation, impaired lipid processing, and dysfunction of the gut-liver—
adipose axis, an essential regulatory network that controls metabolic flexibility and energy
expenditure [73-76]. Within this axis, the central role of the intestinal barrier in regulating
nutrient absorption and enteroendocrine signalling is highlighted, thereby influencing
downstream hepatic and adipose metabolic responses [77,78]. Among gut-derived hor-
mones, GLP-1 is a key mediator linking nutrient sensing to systemic metabolic regulation.
Reduced endogenous GLP-1 secretion and impaired GLP-1R responsiveness have consis-
tently been associated with obesity, insulin resistance, and increased lipid storage, whereas
restoring GLP-1 signalling improves metabolic flexibility and adiposity [79].

In this study, the combination of plant-derived extracts induced coordinated metabolic
effects along the gut-liver-adipose axis, with changes consistent with involvement of
GLP-1-associated signalling. At the intestinal level, the combined formulation maintains
epithelial integrity in Caco-2 cells, as indicated by stable TEER values and increased TJ
protein expression, and promotes GLP-1 secretion. These cellular-level observations are
consistent with previous reports that dietary bioactives can stimulate endogenous GLP-1
release in vitro [80] and suggest that the botanical mixture may produce complementary
effects compared to individual extracts.

Importantly, intestinal-derived signals produced by the combined treatment were
associated with significant hepatic metabolic adaptations under lipotoxic conditions. In
HepG2 cells, exposure to conditioned media from the intestinal model resulted in decreased
intracellular TG accumulation and reduced lipogenic signalling, as evidenced by downregu-
lation of SREBP-1. These effects were accompanied by the restoration of GLP-1R expression
and a decrease in Src activation through phosphorylation, a kinase involved in insulin
resistance and metabolic inflammation [81]. Overall, these in vitro findings suggest that in-
creased intestinal GLP-1 availability may modulate hepatic signalling pathways, including
lipid metabolism, at the cellular level, without implying direct in vivo metabolic effects.

Concurrent activation of AMPK and the restoration of SIRT1 and PGCl«x further
support the development of a metabolically beneficial hepatic phenotype, characterised
by improved mitochondrial function and oxidative metabolism [82,83]. The regulation of
hepatokines supports this finding: resistin, linked to inflammation and lipid accumulation,
was decreased, while FGF-21, a vital regulator of fatty acid oxidation and energy expendi-
ture, was restored to near-normal levels [84,85]. These coordinated changes position the
liver as a key relay through which intestinal signals modify systemic metabolic responses.

Downstream effects of these hepatic adaptations were evident in adipocytes exposed to
hepatic-conditioned media. In differentiated 3T3-L1 cells, the botanical combination modu-
lated inflammatory and oxidative stress markers, including STAT3 and NOS, and influenced
browning-related signalling pathways, such as UCP1, without direct measurement of ther-
mogenic activity or energy expenditure. The browning of white adipose tissue, characterised
by enhanced mitochondrial uncoupling and energy dissipation, is increasingly recognised
as a key mechanism for reducing lipid storage and improving metabolic health [86,87]. The
observed upregulation of UCP1 and related markers suggests that hepatic-derived signals
produced following combined botanical treatment modulate browning-related signalling path-
ways in adipocytes, without implying functional thermogenesis. The concurrent activation
of the AMPK/SIRT1/PGCl«x axis in both hepatic and adipose models further supports the
involvement of mitochondrial biogenesis and oxidative metabolism as common downstream
effectors of the observed metabolic enhancements [14].
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Similar browning-related signalling effects have been reported for the botanical ex-
tracts tested. Paeonia lactiflora root increased UCP1 and browning-associated markers, such
as PGClg, in 3T3-L1 adipocytes via AMPK activation, supporting enhanced mitochondrial
uncoupling and energy expenditure [88]. Moreover, combined extracts of Morus alba leaf
and root improved browning-related signalling activation in vitro, including UCP1, and
activated the AMPK-SIRT1-UCP1 axis in adipocyte models, consistent with greater-than-
additive metabolic effects [89]. Natural phenolic compounds have also been shown to
increase and regulate the expression of UCP1 and other thermogenic markers in 3T3-L1
cells, indicating a broader potential for plant-derived agents to promote adipocyte brown-
ing [90]. These observations underscore the utility of the 3T3-L1 cell model for studying
adipocyte thermogenic programming. Indeed, 3T3-L1 adipocytes faithfully recapitulate
key molecular pathways involved in mitochondrial uncoupling, browning, and sirtuin-
mediated energy regulation [91]. This makes them particularly suitable for investigating
the effects of hepatic-derived signals and botanical treatments, such as Paeonia lactiflora and
Morus alba, on adipocyte thermogenic activation and inflammatory response.

Notably, the botanical formulation showed combined effects greater than those of
individual extracts, which were consistently observed across some experimental levels,
indicating that functional complementarity among the botanical components is necessary to
achieve coordinated metabolic adaptations across the gut-liver-adipose axis. The enhanced
effects of the combined formulation can be explained by the complementary phytochem-
ical profiles and multi-target actions of the three botanical extracts. Morus alba, rich in
1-DNJ and polysaccharides, contributes to the modulation of carbohydrate metabolism
and glycaemic control [92], Gastrodia elata provides polysaccharides and polyphenols with
anti-inflammatory and metabolic regulatory properties [93], while Paeonia lactiflora offers
polyphenols and flavonoids associated with AMPK activation to lipid metabolism and
GLP-1 signalling [88]. The combination may support coordinated modulation along the
gut-liver-adipose axis, potentially enhancing interactions among different compartments
and producing broader effects than those observed with individual extracts. The experi-
mental responses likely reflect the integrated activity of the multi-component formulation
of the multi-component formulation, in which distinct bioactive molecules appear to act in
a complementary manner across the different experimental models. Notably, the use of the
GLP-1R antagonist Exendin(9-39) partially or significantly abrogates these effects, support-
ing the hypothesis of an integrated regulatory mechanism in which intestinal signalling
influences adipocyte browning pathways through a receptor-dependent process. This inhi-
bition was further characterised by a salvage approach; administration of exogenous GLP-1
or the GLP-1R agonist Liraglutide was able in HepG2 and 3T3-L1 (with PA pretreatment)
to restore AMPK, SIRT1, resistin levels and at the same time UCP-1 and SIRT1 levels in
adipocytes, which had been reduced by the antagonist. These observations underscore
the role of the GLP-1R-mediated pathway in bridging intestinal signalling with hepatic
and adipocyte metabolic responses within this in vitro model. In this perspective, GLP-1R
can act as a central molecular hub through which the overlapping yet complementary
activities of the extracts may contribute to integrated regulation of metabolic processes,
from intestinal barrier function and GLP-1 secretion to browning-related signalling in
adipocytes. While direct assessment of body weight or adipose mass is not feasible in vitro,
the observed changes reflect early molecular and signalling events at the cellular level.
They provide mechanistic insight but cannot be extrapolated to predict systemic or clini-
cal outcomes [94]. Similar effects have been reported for nutraceutical interventions that
act through GLP-1- and AMPK-dependent mechanisms, including Morus alba-derived
bioactives [95], supporting the translational relevance of the present findings.
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Several limitations should be acknowledged. This study relies entirely on in vitro
models, which cannot fully replicate systemic endocrine, neural, or immune interactions.
Although Caco-2, HepG2, and 3T3-L1 cells are well-established models for investigating
intestinal, hepatic, and adipose functions [96-98], they provide mechanistic insight at the
cellular level rather than direct evidence of physiological or clinical effects. Nonetheless, the
integrated multi-organ approach employed here allowed a detailed examination of early
molecular events linking intestinal function with hepatic metabolism and browning-related
signalling in adipocytes, generating testable hypotheses for future in vivo validation.

In conclusion, this study offers mechanistic evidence that a combination of plant-
derived extracts can influence GLP-1-associated signalling and coordinate metabolic adap-
tations along the gut-liver-adipose axis. The observed greater-than-additive effects among
the botanical components highlight the potential of multi-target nutraceutical strategies
to modulate metabolic flexibility and pathways involved in lipid handling and adipocyte
remodelling. However, these findings primarily reflect mechanistic intercellular signalling
observed under controlled in vitro conditions and do not provide direct evidence of effects
on body weight, visceral fat, energy expenditure, or functional thermogenesis in vivo. It is
important to note that factors such as intestinal absorption, first-pass metabolism, systemic
distribution, and achievable plasma concentrations of the bioactive compounds are not
accounted for in the current models. Therefore, while modulation of endogenous GLP-1
signalling by these plant-derived extracts remains biologically plausible, the translational
relevance of these observations should be interpreted with caution.

Future studies employing in vivo models and clinical investigations will be essential
to validate these mechanisms, determine physiologically relevant doses, and assess their
potential impact on systemic metabolic outcomes.

5. Conclusions

This study provides mechanistic insight into GLP-1-associated signalling and related
cellular responses within an integrated in vitro gut-liver-adipose model. Within this
experimental framework, a standardised combination of extracts from Gastrodia elata, Morus
alba, and Paeonia lactiflora increased intestinal GLP-1 secretion and induced downstream
changes in cellular pathways related to hepatic lipid metabolism, hepatokine signalling,
and adipocyte function.

Across sequential models, the combined formulation consistently showed greater
effects than individual extracts, suggesting greater-than-additive effects across the experi-
mental models, although formal pharmacological synergy analyses were not performed.
At the hepatic level, intestinal-derived conditioned media were associated with modulation
of pathways involved in metabolic flexibility, including the AMPK/SIRT1/PGClx axis, as
well as changes in intracellular triglyceride levels and hepatokine-related markers. These
effects were paralleled in adipocytes by reduced lipid accumulation and modulation of
markers linked to inflammatory signalling and cellular remodelling.

Given the in vitro nature of this study, these findings should be interpreted as reflecting
cellular and molecular responses rather than whole-body physiological regulation and are
therefore mechanistic and hypothesis-generating. Overall, this work supports the utility
of integrated multi-organ in vitro systems to study intercellular metabolic communication
and nutrient-responsive signalling at the mechanistic level.
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Abbreviations

The following abbreviations are used in this manuscript:

1-DNJ 1-deoxynojirimycin

Adv-DMEM  Advanced Dulbecco’s Modified Eagle Medium
AMPK AMP-activated protein kinase

ATCC American Type Culture Collection

DMEM Dulbecco’s Modified Eagle’s Medium

ELISA Enzyme-Linked Immunosorbent Assay

EMA European Medicines Agency

eNOS Endothelial nitric oxide synthase

FBS Fetal bovine serum

FDA Food and Drug Administration

FGF21 Fibroblast growth factor 21

GLP-1 Glucagon-like peptide-1

GLP-1R GLP-1 receptor

HPLC High-performance liquid chromatography
HRP Streptavidin-horseradish peroxidase

MTT 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
NRF2 Nuclear factor erythroid 2-related factor 2

PA Palmitic Acid

PGCl«x Peroxisome proliferator-activated receptor y coactivator 1ot
PVDF Polyvinylidene difluoride

RPMI Roswell Park Memorial Institute

SD Standard Deviation

SDS-PAGE Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis
SIRT1 Sirtuin 1

Src Proto-oncogene tyrosine-protein kinase Src
SREBP-1c Sterol regulatory element-binding protein 1c
STAT3 Signal transducer and activator of transcription 3
TEER Transepithelial electrical resistance

TG Triglyceride

TJ Tight junction

TMB 3,3’ 5,5 -tetramethylbenzidine

ucCr1 Uncoupling protein 1

70-1 Zonula Occludens-1
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Appendix A

-©- Gastrodia elata 0.3 mg/mL

-¥-- Gastrodia elata 0.2 mg/mL
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Figure A1. Cell viability assay of Gastrodia elata rhizome extract on intestinal cells (Caco-2). Data
are expressed as mean £ SD (%) of 5 independent experiments, each performed in triplicate and
normalised to the control (0%) line. p < 0.05 vs. control.
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Figure A2. Mechanistic evaluation of combination treatment with the GLP-1R antagonist Exendin
(9-39) on metabolic markers. Metabolic markers, including GLP-1R, AMPK, SIRT1, and resistin, were
quantified in HepG2 cells, while SIRT1 and UCP-1 levels was evaluated in 3T3-L1 adipocytes. Specifically,
in (A) GLP-1R levels; in (B) AMPK levels; in (C) SIRT1 levels (HepG2 cells); in (D) Resistin levels; in
(E) UCP-1 levels; in (F) SIRT1 levels (3T3-L1 cells). The Morus alba extract used in this study was obtained
from leaves, the Paeonia lactiflora extract from roots, and the Gastrodia elata extract from rhizomes. Data
are expressed as mean + SD (%) from 5 independent experiments, each performed in triplicate and
normalised to the control (0%) line. * p < 0.05 vs. control; ¢ p < 0.05 vs. PA.
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Figure A3. Validation of GLP-1R-mediated signalling through rescue experiments with exogenous
GLP-1 and Liraglutide (both at 100 nM). The contribution of the GLP-1R pathway was confirmed by
co-treating cells with the botanical combination and either exogenous GLP-1 or a specific GLP-1R
agonist (Liraglutide) in the presence of the antagonist Exendin(9-39). Metabolic markers, including
GLP-1R, AMPK, SIRT1, and resistin, were quantified in HepG2 cells, while SIRT1 and UCP-1 levels
was evaluated in 3T3-L1 adipocytes. Specifically, in (A) GLP-IR levels; in (B) AMPK levels; in
(C) SIRT1 levels (HepG2); and in (D) Resistin levels; in (E) UCP-1 levels and in (F) SIRT1 levels
(3T3-L1). The Morus alba extract used in this study was obtained from leaves, the Paeonia lactiflora
extract from roots, and the Gastrodia elata extract from rhizomes. Data are expressed as mean + SD
(%) of 5 independent experiments, each performed in triplicate and normalised to the control (0%)
line. * p < 0.05 vs. control; ¢ p <0.05 vs. PA.

Appendix A.1. Determination of 1-DNJ by HPLC

The quantification of 1-DNJ in Morus alba extract was performed by HPLC (Agilent,
Santa Clara, CA, USA), a method known for its sensitivity and reproducibility in the
determination of iminosugars in botanical matrices. Dried Morus alba samples were finely
ground and extracted with ultrapure water or mildly acidic buffer (pH 4-5) under constant
agitation at room temperature. Extracts were subsequently centrifuged and filtered through
0.22 pm membrane filters before analysis.

To enhance detectability, 1-DNJ was derivatised with 9-fluorenylmethyl chloroformate
(FMOC-CI) before chromatographic separation. Separation was achieved on a C18 reversed-
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phase column (250 mm x 4.6 mm, 5 pm) using a gradient mobile phase consisting of
acetonitrile and water containing 0.1% trifluoroacetic acid (TFA), at a flow rate of 1 mL/min
and a column temperature of 30 °C. Detection was carried out at 254 nm. Quantification
was based on calibration curves generated using derivatised DNJ standards, and results
were expressed as mg 1-DN] per g of dried plant material.

The method was validated for linearity (R? > 0.999), precision, and accuracy. Limits of
detection (LOD = 3) and quantification (LOQ = 10) were calculated based on signal-to-noise
ratios. Derivatised samples were stored in the dark at 4 °C and analysed within 24 h. This
analytical protocol is consistent with previously reported methods for the determination of
DNJ in Morus alba extracts.

Appendix A.2. Determination of Total Polysaccharide Content

The total polysaccharide content of Gastrodia elata extract was determined using the
phenol-sulfuric acid colourimetric method, as previously described [40]. Briefly, aliquots
of the extract were dissolved in purified water and diluted to fall within the assay’s linear
range. One millilitre of sample solution was mixed with 1.0 mL of 5% (w/v) phenol solution,
followed by the rapid addition of 5.0 mL of concentrated sulfuric acid.

The reaction mixture was incubated at room temperature for 30 min to allow colour
development, and absorbance was measured at 490 nm using a UV-Vis spectrophotometer.
D-glucose was used as the reference standard for calibration, and total polysaccharide
content was expressed as mean (%) 4= SD. All measurements were performed in triplicate.

Appendix A.3 Determination of Total Flavonoid Content

Total flavonoid content (TFC) in Paeonia lactiflora extract was determined using a
previously established aluminium chloride-based colourimetric method [42]. Briefly, 1.0 mL
of extract solution (0.1 mg/mL) was mixed with 4.0 mL of distilled water in a 10 mL
volumetric flask. Subsequently, 0.3 mL of 5% NaNO, solution was added, followed by
0.3 mL of 10% AICl3 after 5 min. After an additional 6 min, 2.0 mL of 1 M NaOH was
added, and the volume was adjusted to 10 mL with distilled water (all reagents from Merck
Life Science, Rome, Italy).

After thorough mixing, absorbance was measured at 510 nm. Results were expressed
as mean (%) £ SD of triplicate measurements.

Appendix A.4 Determination of Total Polyphenol Content

Total polyphenol content (TPC) was measured using the Folin—Ciocalteu colourimet-
ric method, following established protocols with minor modifications [43]. Aliquots of
Gastrodia elata and Paeonia lactiflora extracts were mixed with the Folin—Ciocalteu reagent
(Merck Life Science, Rome, Italy) and incubated at room temperature for 3-5 min. Af-
terwards, an aqueous sodium carbonate solution was added to alkalinise the reaction
mixture. Samples were kept in the dark at room temperature for 30-60 min to develop
colour. Absorbance was read at 760 nm using a UV-Vis spectrophotometer. Gallic acid
served as the reference standard, and the results were expressed as mean £ SD from at
least three independent experiments.

Appendix A.5. Cell Viability Assay

Cell viability was evaluated using an MTT-based In Vitro Toxicology Assay Kit (Merck
Life Science, Rome, Italy) on 96-well plates, following standard procedures previously
described in the literature [55]. Briefly, cells were seeded at suitable densities and exposed
to the tested extracts and their combination for specified time periods. At the end of the
treatment, MTT reagent was added and incubated to enable formazan crystal formation.
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The formed formazan was solubilised, and absorbance was measured at 570 nm with
background correction at 690 nm using a microplate reader (Infinite 200 Pro MPlex, Tecan,
Miénnedorf, Switzerland). Cell viability was expressed as a percentage relative to untreated
control cells, set as 100%. Data are presented as the mean + SD of five independent
experiments conducted in triplicate.

Table A1l. Bliss independence analysis on GLP-1R levels.

Observed Data Interaction
Combination —22.40% 4.30% Synergistic

Treatment Expected Data

Table A2. Bliss independence analysis on AMPK levels.

Observed Data Interaction

Combination —29.60% 2.50% Synergistic

Treatment Expected Data

Table A3. Bliss independence analysis on FGF-21 levels.

Treatment Expected Data Observed Data Interaction

Combination —20.97% —0.90% Synergistic

Table A4. Bliss independence analysis on UCP-1 expression.

Treatment Expected Data Observed Data Interaction
Combination —20.03% 0.78% Synergistic
Appendix B

Table A5. Effects of different treatments on GLP-1R levels in vitro. Raw data (ng/mL) corresponding
to the graph shown in Figure 4B. Values are expressed as mean =+ SD of five independent experiments
performed in triplicate. Percentage change indicates the difference relative to the Control.

GLP1-R (ng/mL)

Samples % Difference vs. Control

Mean + SD
Control 7.80 £ 0.25
Palmitic Acid 5.52 +0.30 —29.20
Morus alba 0.2 mg/mL 721 £0.28 —7.50
Paeonia lactiflora 0.1 716 4 027 820
mg/mL
Gastrodia elata 0.1 mg/mL 7.39 £ 0.26 —5.20
Combination 8.14 £ 0.29 4.30

Table A6. Effects of different treatments on TG levels in vitro. Raw data (mmol/L) corresponding to
the graph shown in Figure 4C. Values are expressed as mean + SD of five independent experiments
performed in triplicate. Percentage change indicates the difference relative to the Control.

TG (mmol/L)

Samples % Difference vs. Control

Mean + SD

Control 5.34 +£0.22
Palmitic Acid 8.49 £+ 0.35 58.90
Morus alba 0.2 mg/mL 6.66 + 0.25 24.70
Paeonia lactiflora 0.1 mg/mL 6.83 £ 0.29 27.85
Gastrodia elata 0.1 mg/mL 6.47 £ 0.27 21.10
Combination 5.92 4+ 0.25 10.95
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Table A7. Effects of different treatments on SREBP-1 levels in vitro. Raw data (ng/mL) corresponding
to the graph shown in Figure 4D. Values are expressed as mean + SD of five independent experiments
performed in triplicate. Percentage change indicates the difference relative to the Control.

SREBP-1 (ng/mL)

Samples % Difference vs. Control

Mean + SD

Control 12.00 4+ 0.50
Palmitic Acid 16.70 + 0.69 39.20
Morus alba 0.2 mg/mL 14.29 + 0.25 19.10
Paeonia lactiflora 0.1 mg/mL 14.54 £ 0.62 21.15
Gastrodia elata 0.1 mg/mL 13.88 £ 0.58 15.69
Combination 12.99 4+ 0.55 8.25

Table A8. Effects of different treatments on resistin levels in vitro. Raw data (pg/mL) corresponding
to the graph shown in Figure 5C. Values are expressed as mean =+ SD of five independent experiments
performed in triplicate. Percentage change indicates the difference relative to the Control.

Samples Re;,}i:: (ipgS/]I)n L) % Difference vs. Control
Control 764.0 £ 5.81
Palmitic Acid 1020.3 £ 6.22 33.35
Morus alba 0.2 mg/mL 882.1 £ 5.69 15.53
Paeonia lactiflora 0.1 mg/mL 905.3 £+ 6.12 18.48
Gastrodia elata 0.1 mg/mL 850.2 £+ 5.61 11.26
Combination 815.2 £5.92 6.88

Table A9. Effects of different treatments on FGF-21 levels in vitro. Raw data (ng/mL) corresponding
to the graph shown in Figure 5D. Values are expressed as mean =+ SD of five independent experiments
performed in triplicate. Percentage change indicates the difference relative to the Control.

FGF-21 (ng/mL)

Samples % Difference vs. Control

Mean + SD

Control 838.0 £ 5.42
Palmitic Acid 701.0 £ 5.80 —16.36
Morus alba 0.2 mg/mL 7832+ 6.13 —6.54
Paeonia lactiflora 0.1 mg/mL 767.1 £591 —8.50
Gastrodia elata 0.1 mg/mL 798.2 £5.53 —4.65
Combination 830.5 £ 5.74 —0.90

Table A10. Effects of different treatments on UCP-1 expression in vitro. Raw data of ratio UCP-1/3-
actin corresponding to the graph shown in Figure 6A. Values are expressed as mean =+ SD of five
independent experiments performed in triplicate. Percentage change indicates the difference relative

to the Control.
UCP-1/B3-Actin o T
Samples Mean + SD % Difference vs. Control
Control 0.960 £+ 0.05
Palmitic Acid 0.773 £ 0.06 —19.47
Morus alba 0.2 mg/mL 0.897 £+ 0.05 —6.45
Paeonia lactiflora 0.1 mg/mL 0.886 £ 0.07 —7.72
Gastrodia elata 0.1 mg/mL 0.915 4 0.08 —4.68
Combination 0.968 + 0.03 0.78
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Table A11. Effects of different treatments on SIRT1 levels in vitro. Raw data (ng/mL) corresponding
to the graph shown in Figure 6C. Values are expressed as mean =+ SD of five independent experiments
performed in triplicate. Percentage change indicates the difference relative to the Control.

SIRT1 (ng/mL)

Samples Mean - SD % Difference vs. Control
Control 132.0 £ 6.21
Palmitic Acid 102.5 £+ 5.50 —22.45
Morus alba 0.2 mg/mL 117.9 +£5.08 —10.62
Paeonia lactiflora 0.1 mg/mL 1159 £ 543 —12.26
Gastrodia elata 0.1 mg/mL 121.1 £5.28 —8.30
Combination 135.8 + 5.62 2.85

References

1.  Martin, AM,; Sun, EW,; Keating, D.]. Mechanisms controlling hormone secretion in human gut and its relevance to metabolism.
J. Endocrinol. 2019, 244, R1-R15. [CrossRef] [PubMed]

2. Holst, J.J. The physiology of glucagon-like peptide 1. Physiol. Rev. 2007, 87, 1409-1439. [CrossRef]

3. Perez, L.M.; Pareja-Galeano, H.; Sanchis-Gomar, F.; Emanuele, E.; Lucia, A.; Galvez, B.G. “Adipaging”: Ageing and obesity share
biological hallmarks related to a dysfunctional adipose tissue. J. Physiol. 2016, 594, 3187-3207. [CrossRef]

4. Ahima, R.S.; Lazar, M.A. Adipokines and the peripheral and neural control of energy balance. Mol. Endocrinol. 2008, 22, 1023-1031.
[CrossRef]

5. Lee, Y.S; Li, P; Huh, J.Y.; Hwang, I].; Lu, M.; Kim, J.I.; Ham, M.; Talukdar, S.; Chen, A.; Lu, W.J.; et al. Inflammation is necessary
for long-term but not short-term high-fat diet-induced insulin resistance. Diabetes 2011, 60, 2474-2483. [CrossRef] [PubMed]

6. Gong, D.; Lei, J.; He, X.;; Hao, J.; Zhang, F; Huang, X.; Gu, W.; Yang, X.; Yu, J. Keys to the switch of fat burning: Stimuli that trigger
the uncoupling protein 1 (UCP1) activation in adipose tissue. Lipids Health Dis. 2024, 23, 322. [CrossRef]

7. Tsuchiya, K.; Tsutsumi, T. Beyond the BMI Paradox: Unraveling the Cellular and Molecular Determinants of Metabolic Health in
Obesity. Biomolecules 2025, 15, 1278. [CrossRef]

8.  Baggio, L.L.; Drucker, D.J. Biology of incretins: GLP-1 and GIP. Gastroenterology 2007, 132, 2131-2157. [CrossRef]

9.  Gribble, EM.; Reimann, F. Function and mechanisms of enteroendocrine cells and gut hormones in metabolism. Nat. Rev.
Endocrinol. 2019, 15, 226-237. [CrossRef] [PubMed]

10. Herrmann, C.; Goke, R.; Richter, G.; Fehmann, H.C.; Arnold, R.; Goke, B. Glucagon-like peptide-1 and glucose-dependent
insulin-releasing polypeptide plasma levels in response to nutrients. Digestion 1995, 56, 117-126. [CrossRef]

11. Holst, J.J.; Andersen, D.B.; Grunddal, K.V. Actions of glucagon-like peptide-1 receptor ligands in the gut. Br. J. Pharmacol. 2022,
179, 727-742. [CrossRef]

12.  Doyle, M.E.; Egan, ]. M. Mechanisms of action of glucagon-like peptide 1 in the pancreas. Pharmacol. Ther. 2007, 113, 546-593.
[CrossRef]

13.  Drucker, D.]. Mechanisms of Action and Therapeutic Application of Glucagon-like Peptide-1. Cell Metab. 2018, 27, 740-756.
[CrossRef] [PubMed]

14. Chen, J; Liu, B; Yao, X,; Yang, X.; Sun, J.; Yi, ].; Xue, F; Zhang, ]J.; Shen, Y.; Chen, B.; et al. AMPK/SIRT1/PGC-1« Signaling
Pathway: Molecular Mechanisms and Targeted Strategies from Energy Homeostasis Regulation to Disease Therapy. CNS Neurosci.
Ther. 2025, 31, €70657. [CrossRef] [PubMed]

15. Al Qassab, M.; Mneimneh, M.; Jradi, A.; Derbas, B.; Dabboussi, D.; Khoury Baini, J.; Katrib, N.; Chaarani, N.; Attieh, P.; Kanaan,
A.; et al. The Expanding Role of GLP-1 Receptor Agonists: Advancing Clinical Outcomes in Metabolic and Mental Health. Curr.
Issues Mol. Biol. 2025, 47, 285. [CrossRef] [PubMed]

16. Ataeinosrat, A.; Abednatanzi, H.; Hajesfandiari, S.; Al Nasser, M.N.; Dara, M.M.; Farzanegi, P.; Nahand, M.S.; Almaghawi, A.;
Karimi, N.; Bagherzadeh-Rahmani, B.; et al. Hepatokines modulation in obesity: Which exercise training model is better in men
with obesity? Front. Endocrinol. 2025, 16, 1560453. [CrossRef]

17.  Ferndndez-Verdejo, R.; Ravussin, E.; Galgani, J.E. Body weight regulation models in humans: Insights for testing their validity.
Nat. Rev. Endocrinol. 2025, 21, 703-717. [CrossRef]

18. Li, S.; Chen, J.; Wei, P.; Zou, T.; You, J. Fibroblast Growth Factor 21: A Fascinating Perspective on the Regulation of Muscle
Metabolism. Int. J. Mol. Sci. 2023, 24, 16951. [CrossRef] [PubMed]

19. Reynoso-Roa, A.S.; Gutiérrez-Rubio, S.A.; Magallén-Gastélum, E.; Garcia-Iglesias, T.; Sudrez-Rico, D.O.; Garcfa-Cobian, T.A. The
Role of Resistin in Macrovascular and Microvascular Complications of Type 2 Diabetes. Life 2025, 15, 585. [CrossRef]

20. Chandrasekaran, P.; Weiskirchen, R. Cellular and Molecular Mechanisms of Insulin Resistance. Curr. Tissue Microenviron. Rep.

2024, 5, 79-90. [CrossRef]

https://doi.org/10.3390 /nu18091393


https://doi.org/10.1530/JOE-19-0399
https://www.ncbi.nlm.nih.gov/pubmed/31751295
https://doi.org/10.1152/physrev.00034.2006
https://doi.org/10.1113/JP271691
https://doi.org/10.1210/me.2007-0529
https://doi.org/10.2337/db11-0194
https://www.ncbi.nlm.nih.gov/pubmed/21911747
https://doi.org/10.1186/s12944-024-02300-z
https://doi.org/10.3390/biom15091278
https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1038/s41574-019-0168-8
https://www.ncbi.nlm.nih.gov/pubmed/30760847
https://doi.org/10.1159/000201231
https://doi.org/10.1111/bph.15611
https://doi.org/10.1016/j.pharmthera.2006.11.007
https://doi.org/10.1016/j.cmet.2018.03.001
https://www.ncbi.nlm.nih.gov/pubmed/29617641
https://doi.org/10.1111/cns.70657
https://www.ncbi.nlm.nih.gov/pubmed/41268687
https://doi.org/10.3390/cimb47040285
https://www.ncbi.nlm.nih.gov/pubmed/40699685
https://doi.org/10.3389/fendo.2025.1560453
https://doi.org/10.1038/s41574-025-01149-1
https://doi.org/10.3390/ijms242316951
https://www.ncbi.nlm.nih.gov/pubmed/38069273
https://doi.org/10.3390/life15040585
https://doi.org/10.1007/s43152-024-00056-3
https://doi.org/10.3390/nu18091393

Nutrients 2026, 18, 1393 32 of 35

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Song, R.; Wang, X.; Mao, Y,; Li, H.; Li, Z.; Xu, W.; Wang, R.; Guo, T;; Jin, L.; Zhang, X.; et al. Resistin disrupts glycogen synthesis
under high insulin and high glucose levels by down-regulating the hepatic levels of GSK33. Gene 2013, 529, 50-56. [CrossRef]
[PubMed]

BonDurant, L.D.; Potthoff, M.]. Fibroblast Growth Factor 21: A Versatile Regulator of Metabolic Homeostasis. Annu. Rev. Nutr.
2018, 38, 173-196. [CrossRef] [PubMed]

Itoh, N. FGF21 as a Hepatokine, Adipokine, and Myokine in Metabolism and Diseases. Front. Endocrinol. 2014, 5, 107. [CrossRef]
Yano, K.; Yamaguchi, K.; Seko, Y.; Okishio, S.; Ishiba, H.; Tochiki, N.; Takahashi, A.; Kataoka, S.; Okuda, K,; Liu, Y.; et al.
Hepatocyte-specific fibroblast growth factor 21 overexpression ameliorates high-fat diet-induced obesity and liver steatosis in
mice. Lab. Investig. 2022, 102, 281-289. [CrossRef]

Falamarzi, K.; Malekpour, M.; Tafti, M.E,; Azarpira, N.; Behboodi, M.; Zarei, M. The role of FGF21 and its analogs on liver
associated diseases. Front. Med. 2022, 9, 967375. [CrossRef]

Lymperopoulos, A.; Altsman, V.L.; Stoicovy, R.A. Glucagon-like Peptide-1 Receptor (GLP-1R) Signaling: Making the Case for a
Functionally Gs Protein-Selective GPCR. Int. J. Mol. Sci. 2025, 26, 7239. [CrossRef]

Zheng, Z.; Zong, Y.; Ma, Y,; Tian, Y.; Pang, Y.; Zhang, C.; Gao, J. Glucagon-like peptide-1 receptor: Mechanisms and advances in
therapy. Signal Transduct. Target. Ther. 2024, 9, 234. [CrossRef] [PubMed]

Tezze, C.; Romanello, V.; Sandri, M. FGF21 as Modulator of Metabolism in Health and Disease. Front. Physiol. 2019, 10, 419.
[CrossRef]

Su,K.Z,; Li, YR,; Zhang, D.; Yuan, ]. H.; Zhang, C.S,; Liu, Y.; Song, L.M.; Lin, Q.; Li, M.W.; Dong, ]. Relation of Circulating Resistin
to Insulin Resistance in Type 2 Diabetes and Obesity: A Systematic Review and Meta-Analysis. Front. Physiol. 2019, 10, 1399.
[CrossRef]

Szekeres, Z.; Nagy, A.; Jahner, K.; Szabados, E. Impact of Selected Glucagon-Like Peptide-1 Receptor Agonists on Serum Lipids,
Adipose Tissue, and Muscle Metabolism—A Narrative Review. Int. J. Mol. Sci. 2024, 25, 8214. [CrossRef]

Bu, T.; Sun, Z.; Pan, Y.; Deng, X.; Yuan, G. Glucagon-Like Peptide-1: New Regulator in Lipid Metabolism. Diabetes Metab. . 2024,
48,354-372. [CrossRef]

Zhao, L.; Li, W.; Zhang, P; Wang, D.; Yang, L.; Yuan, G. Liraglutide-Induced Browning of Visceral White Adipose through
Regulation of miRNAs in High-Fat-Diet-Induced Obese Mice. Endocrine 2024, 85, 222-232. [CrossRef]

Bettge, K.; Kahle, M.; Abd El Aziz, M.S.; Meier, ].J.; Nauck, M.A. Occurrence of nausea, vomiting and diarrhoea reported as
adverse events in clinical trials studying glucagon-like peptide-1 receptor agonists: A systematic analysis of published clinical
trials. Diabetes Obes. Metab. 2017, 19, 336-347. [CrossRef]

Mansour, A.; Hosseini, S.; Larijani, B.; Pajouhi, M.; Mohajeri-Tehrani, M.R. Nutrients related to GLP1 secretory responses.
Nutrition 2013, 29, 813-820. [CrossRef]

Wu, YN.,; Wen, S.H.; Zhang, W.; Yu, S.S.; Yang, K; Liu, D.; Zhao, C.B.; Sun, J. Gastrodia elata BL.:A Comprehensive Review of Its
Traditional Use, Botany, Phytochemistry, Pharmacology, and Pharmacokinetics. Evid.-Based Complement. Altern. Med. 2023, 2023, 5606021.
[CrossRef]

Tinebra, L; Sortino, G.; Inglese, P; Fretto, S.; Farina, V. Effect of Different Modified Atmosphere Packaging on the Quality of
Mulberry Fruit (Morus alba L. cv Kokuso 21). Int. ]. Food Sci. 2021, 2021, 8844502. [CrossRef] [PubMed]

Xue, Y.; Hu, Z,; Jiang, Y.; Li, M.; Liu, Y,; Duan, Y.; Zhou, W.; Sun, J.; Li, G. Ultrasound-assisted deep eutectic solvent of
neuroprotective extracts from Paeonia lactiflora Pall. root: Process optimization, compositions characterization, and neuroprotective
activity validation. Ultrason. Sonochemistry 2025, 120, 107449. [CrossRef] [PubMed]

Cheng, J.J.; Wei, W.C.; Chen, C.C,; Shiao, Y.J.; Huang, N.K,; Liao, C.H.; Wu, T.H.; Ueng, Y.F; Liu, H.K. Mulberry leaf extract
exhibits multiple anti-diabetic activities and alleviates dysglycemia, systemic inflammation, hepatic steatosis, and xenobiotic
metabolism abnormalities in type 2 diabetic mice. J. Funct. Foods 2024, 119, 106330. [CrossRef]

Yang, H.J.; Kim, M.].; Kwon, D.Y,; Kim, D.S; Lee, Y.H.; Kim, ].E.; Park, S. Anti-diabetic activities of Gastrodia elata Blume water
extracts are mediated mainly by potentiating glucose-stimulated insulin secretion and increasing [3-cell mass in non-obese type 2
diabetic animals. Nutrients 2016, 8, 161. [CrossRef]

Wu, S.L.; Zhang, C.C.; Chen, ]J.; Zhang, X.M.; Guan, M.; Geng, C.A. Oligostilbenes from the seeds of Paeonia lactiflora as potent
GLP-1 secretagogues targeting TGRS receptor. Fitoterapia 2022, 163, 105336. [CrossRef]

Tabatabaei-Malazy, O.; Larijani, B.; Abdollahi, M. Targeting metabolic disorders by natural products. J. Diabetes Metab. Disord.
2015, 14, 57. [CrossRef]

Kumar, M; Singh, P.; Murugesan, S.; Vetizou, M.; McCulloch, J.; Badger, ].H.; Trinchieri, G.; Al Khodor, S. Microbiome as an
Immunological Modifier. Methods Mol. Biol. 2020, 2055, 595-638. [CrossRef]

Tricase, A.F; Cavalluzzi, M.M.; Catalano, A.; De Bellis, M.; De Palma, A.; Basile, G.; Sinicropi, M.S.; Lentini, G. Insights into the
activities and usefulness of deoxynojirimycin and Morus alba: A comprehensive review. Molecules 2025, 30, 3213. [CrossRef]
Kang, C.W,; Park, M.; Lee, H.]. Mulberry (Morus alba L.) leaf extract and 1-deoxynojirimycin improve skeletal muscle insulin
resistance via activation of the IRS-1/PI3K/ Akt pathway in db/db mice. Life 2022, 12, 1630. [CrossRef]

https://doi.org/10.3390/nu18091393


https://doi.org/10.1016/j.gene.2013.06.085
https://www.ncbi.nlm.nih.gov/pubmed/23860320
https://doi.org/10.1146/annurev-nutr-071816-064800
https://www.ncbi.nlm.nih.gov/pubmed/29727594
https://doi.org/10.3389/fendo.2014.00107
https://doi.org/10.1038/s41374-021-00680-9
https://doi.org/10.3389/fmed.2022.967375
https://doi.org/10.3390/ijms26157239
https://doi.org/10.1038/s41392-024-01931-z
https://www.ncbi.nlm.nih.gov/pubmed/39289339
https://doi.org/10.3389/fphys.2019.00419
https://doi.org/10.3389/fphys.2019.01399
https://doi.org/10.3390/ijms25158214
https://doi.org/10.4093/dmj.2023.0277
https://doi.org/10.1007/s12020-024-03734-2
https://doi.org/10.1111/dom.12824
https://doi.org/10.1016/j.nut.2012.11.015
https://doi.org/10.1155/2023/5606021
https://doi.org/10.1155/2021/8844502
https://www.ncbi.nlm.nih.gov/pubmed/33614781
https://doi.org/10.1016/j.ultsonch.2025.107449
https://www.ncbi.nlm.nih.gov/pubmed/40609236
https://doi.org/10.1016/j.jff.2024.106330
https://doi.org/10.3390/nu8030161
https://doi.org/10.1016/j.fitote.2022.105336
https://doi.org/10.1186/s40200-015-0184-8
https://doi.org/10.1007/978-1-4939-9773-2_27
https://doi.org/10.3390/molecules30153213
https://doi.org/10.3390/life12101630
https://doi.org/10.3390/nu18091393

Nutrients 2026, 18, 1393 33 of 35

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Nuengchamnong, N.; Ingkaninan, K.; Kaewruang, W.; Wongareonwanakij, S.; Hongthongdaeng, B. Quantitative determination
of 1-deoxynojirimycin in mulberry leaves using liquid chromatography—tandem mass spectrometry. J. Pharm. Biomed. Anal. 2007,
44, 853-858. [CrossRef] [PubMed]

Gao, L.; Wang, Y.; Zhang, F; Li, S.; Zhao, ].; Zhang, Q.; Chen, W. A standardized method for the quantification of polysaccharides:
An example of polysaccharides from Tremella fuciformis. LWT 2022, 167, 113860. [CrossRef]

Paganotti, R.S.; Barbeira, PJ. Accuracy enhancement of the Folin-Ciocalteu method for propolis. AJAC 2024, 15, 253-267.
[CrossRef]

Shraim, A.M.; Ahmed, T.A.; Rahman, M.M.; Hijji, Y.M. Determination of total flavonoid content by aluminum chloride assay: A
critical evaluation. LWT 2021, 150, 111932. [CrossRef]

Ferrari, S.; Mule, S.; Galla, R.; Brovero, A.; Genovese, G.; Molinari, C.; Uberti, F. Effects of Nutraceutical Compositions Containing
Rhizoma Gastrodiae or Lipoic Acid in an In Vitro Induced Neuropathic Pain Model. Int. J. Mol. Sci. 2024, 25, 2376. [CrossRef]
Galla, R.; Ruga, S.; Aprile, S.; Ferrari, S.; Brovero, A.; Grosa, G.; Molinari, C.; Uberti, F. New Hyaluronic Acid from Plant Origin to
Improve Joint Protection—An In Vitro Study. Int. J. Mol. Sci. 2022, 23, 8114. [CrossRef]

Uberti, F; Morsanuto, V.; Ruga, S.; Galla, R.; Farghali, M.; Notte, E; Bozzo, C.; Magnani, C.; Nardone, A.; Molinari, C. Study of
Magnesium Formulations on Intestinal Cells to Influence Myometrium Cell Relaxation. Nutrients 2020, 12, 573. [CrossRef]
Uberti, F.; Morsanuto, V.; Ghirlanda, S.; Molinari, C. Iron Absorption from Three Commercially Available Supplements in
Gastrointestinal Cell Lines. Nutrients 2017, 9, 1008. [CrossRef]

Reimer, R.A. Meat Hydrolysate and Essential Amino Acid-Induced Glucagon-Like Peptide-1 Secretion in the Human NCI-H716
Enteroendocrine Cell Line Is Regulated by Extracellular Signal-Regulated Kinasel/2 and p38 Mitogen-Activated Protein Kinases.
J. Endocrinol. 2006, 191, 159-170. [CrossRef]

Le Nevé, B.; Daniel, H. Selected Tetrapeptides Lead to a GLP-1 Release from the Human Enteroendocrine Cell Line NCI-H716.
Regul. Pept. 2011, 167, 14-20. [CrossRef]

Ravassard, P.; Hazhouz, Y.; Pechberty, S.; Bricout-Neveu, E.; Armanet, M.; Czernichow, P.; Scharfmann, R. A genetically
engineered human pancreatic f3 cell line exhibiting glucose-inducible insulin secretion. J. Clin. Investig. 2011, 121, 3589-3597.
[CrossRef] [PubMed]

Hwang, S.-H.; Lee, M. Autophagy Inhibition in 3T3-L1 Adipocytes Breaks the Crosstalk with Tumor Cells by Suppression of
Adipokine Production. Anim. Cells Syst. 2020, 24, 17-25. [CrossRef]

Rendine, M.; Venturi, S.; Marino, M.; Gardana, C.; Mpller, P.; Martini, D.; Del Bo, C. Effects of Quercetin Metabolites on
Glucose-Dependent Lipid Accumulation in 3T3-L1 Adipocytes. Mol. Nutr. Food Res. 2025, 69, €70070. [CrossRef]

Sun, Z.; Cao, H; Liu, Q.S,; Liang, Y.; Fiedler, H.; Zhang, J.; Zhou, Q.; Jiang, G. 4-Hexylphenol Influences Adipogenic Differentiation
and Hepatic Lipid Accumulation In Vitro. Environ. Pollut. 2021, 268, 115635. [CrossRef] [PubMed]

Park, S.S.; Lee, Y.J.; Kang, H.; Yang, G.; Hong, E.J.; Lim, J.Y.; Kim, E. Lactobacillus amylovorus KU4 Ameliorates Diet-Induced
Obesity in Mice by Promoting Adipose Browning through PPARy Signaling. Sci. Rep. 2019, 9, 20152. [CrossRef]

Hong, Y,; Lin, Y;; Si, Q.; Yang, L.; Dong, W.; Gu, X. Ginsenoside Rb2 Alleviates Obesity by Activation of Brown Fat and Induction
of Browning of White Fat. Front. Endocrinol. 2019, 10, 153. [CrossRef] [PubMed]

Galla, R.; Grisenti, P; Farghali, M.; Saccuman, L.; Ferraboschi, P.; Uberti, F. Ovotransferrin Supplementation Improves the Iron
Absorption: An In Vitro Gastro-Intestinal Model. Biomedicines 2021, 9, 1543. [CrossRef] [PubMed]

Guha, S.; Alvarez, S.; Majumder, K. Transport of Dietary Anti-Inflammatory Peptide, y-Glutamyl Valine (y-EV), across the
Intestinal Caco-2 Monolayer. Nutrients 2021, 13, 1448. [CrossRef]

Chepurny, O.G.; Matsoukas, M.T.; Liapakis, G.; Leech, C.A.; Milliken, B.T.; Doyle, R.P.; Holz, G.G. Nonconventional glucagon
and GLP-1 receptor agonist and antagonist interplay at the GLP-1 receptor revealed in high-throughput FRET assays for cAMP.
J. Biol. Chem. 2019, 294, 3514-3531. [CrossRef]

Coopman, K.; Huang, Y.; Johnston, N.; Bradley, S.J.; Wilkinson, G.E; Willars, G.B. Comparative effects of the endogenous agonist
glucagon-like peptide-1 (GLP-1)-(7-36) amide and the small-molecule ago-allosteric agent “compound 2” at the GLP-1 receptor.
J. Pharmacol. Exp. Ther. 2010, 334, 795-808. [CrossRef]

Yang, S.-H.; Xu, R.-X,; Cui, C.-].; Wang, Y.; Du, Y.; Chen, Z.-G.; Li, ].-]. Liraglutide downregulates hepatic LDL receptor and
PCSKO9 expression in HepG2 cells and db/db mice through a HNF-1x-dependent mechanism. Cardiovasc. Diabetol. 2018, 17, 48.
[CrossRef]

U.S. Food and Drug Administration (FDA). Guidance for Industry: Bioanalytical Method Validation. Available online:
https:/ /www.fda.gov/media/117974/download (accessed on 11 January 2026).

European Medicines Agency (EMA). ICH M9 Biopharmaceutics Classification System-Based Biowaivers (Step 2b)—First Version.
Available online: https://www.ema.europa.eu/en/documents/scientific-guideline /ich-m9-biopharmaceutics-classification-
system-based-biowaivers-step-2b-first-version_en.pdf (accessed on 11 January 2026).

https://doi.org/10.3390 /nu18091393


https://doi.org/10.1016/j.jpba.2007.03.031
https://www.ncbi.nlm.nih.gov/pubmed/17512690
https://doi.org/10.1016/j.lwt.2022.113860
https://doi.org/10.4236/ajac.2024.158017
https://doi.org/10.1016/j.lwt.2021.111932
https://doi.org/10.3390/ijms25042376
https://doi.org/10.3390/ijms23158114
https://doi.org/10.3390/nu12020573
https://doi.org/10.3390/nu9091008
https://doi.org/10.1677/joe.1.06557
https://doi.org/10.1016/j.regpep.2010.10.010
https://doi.org/10.1172/JCI58447
https://www.ncbi.nlm.nih.gov/pubmed/21865645
https://doi.org/10.1080/19768354.2019.1700159
https://doi.org/10.1002/mnfr.70070
https://doi.org/10.1016/j.envpol.2020.115635
https://www.ncbi.nlm.nih.gov/pubmed/33045592
https://doi.org/10.1038/s41598-019-56817-w
https://doi.org/10.3389/fendo.2019.00153
https://www.ncbi.nlm.nih.gov/pubmed/30930854
https://doi.org/10.3390/biomedicines9111543
https://www.ncbi.nlm.nih.gov/pubmed/34829772
https://doi.org/10.3390/nu13051448
https://doi.org/10.1074/jbc.RA118.005682
https://doi.org/10.1124/jpet.110.166009
https://doi.org/10.1186/s12933-018-0689-9
https://www.fda.gov/media/117974/download
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-m9-biopharmaceutics-classification-system-based-biowaivers-step-2b-first-version_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/ich-m9-biopharmaceutics-classification-system-based-biowaivers-step-2b-first-version_en.pdf
https://doi.org/10.3390/nu18091393

Nutrients 2026, 18, 1393 34 of 35

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

Wang, P; Liang, Y.; Chen, K,; Yau, S.-Y,; Sun, X.; Cheng, K.K.-Y,; Xu, A.; So, K.-F; Li, A. Potential Involvement of Adiponectin
Signaling in Regulating Physical Exercise-Elicited Hippocampal Neurogenesis and Dendritic Morphology in Stressed Mice. Front.
Cell. Neurosci. 2020, 14, 189. [CrossRef]

Magno, A.L.; Herat, L.Y.; Kiuchi, M.G.; Schlaich, M.P.; Ward, N.C.; Matthews, V.B. The Influence of Hypertensive Therapies
on Circulating Factors: Clinical Implications for SCFAs, FGF21, TNFSF14 and TNF-«. J. Clin. Med. 2020, 9, 2764. [CrossRef]
[PubMed]

Huang, C.E; Zhang, L.; Ma, S.R,; Zhao, Z.L.; Wang, WM.; He, K.F,; Zhao, Y.F.,; Zhang, W.E,; Liu, B.; Sun, Z.]. Clinical Significance
of Keap1 and Nrf2 in Oral Squamous Cell Carcinoma. PLoS ONE 2013, 8, e83479. [CrossRef] [PubMed]

Ge, T.; Kong, J. Clinical Value of Serum SIRT1 Combined with Uterine Hemodynamics in Predicting Disease Severity and Fetal
Growth Restriction in Preeclampsia. J. Med. Biochem. 2024, 43, 350-362. [CrossRef]

Lord, S.J.; Velle, K.B.; Mullins, R.D.; Fritz-Laylin, L.K. SuperPlots: Communicating reproducibility and variability in cell biology.
J. Cell Biol. 2020, 219, €202001064. [CrossRef]

Bliiher, M. Obesity: Global Epidemiology and Pathogenesis. Nat. Rev. Endocrinol. 2019, 15, 288-298. [CrossRef]

Rosen, E.D.; Spiegelman, B.M. What We Talk about When We Talk about Fat. Cell 2014, 156, 20-44. [CrossRef] [PubMed]
Frithbeck, G.; Busetto, L.; Dicker, D.; Yumuk, V.; Goossens, G.H.; Hebebrand, J.; Halford, J].G.C.; Farpour-Lambert, N.J.; Blaak,
E.E.; Woodward, E.; et al. The ABCD of Obesity: An EASO Position Statement on a Diagnostic Term with Clinical and Scientific
Implications. Obes. Facts 2019, 12, 131-136. [CrossRef] [PubMed]

Després, ].-P. Abdominal Obesity and Cardiovascular Disease: Is Inflammation the Missing Link? Can. |. Cardiol. 2012, 28,
642-652. [CrossRef] [PubMed]

Tilg, H.; Zmora, N.; Adolph, T.E,; Elinav, E. The Intestinal Microbiota Fuelling Metabolic Inflammation. Nat. Rev. Immunol. 2020,
20, 40-54. [CrossRef]

Cani, P.D.; Osto, M.; Geurts, L.; Everard, A. Involvement of Gut Microbiota in the Development of Low-Grade Inflammation and
Type 2 Diabetes Associated with Obesity. Gut Microbes 2012, 3, 279-288. [CrossRef]

Holst, ].J.; Madsbad, S. Mechanisms of Surgical Control of Type 2 Diabetes: GLP-1 Is a Key Factor. Surg. Obes. Relat. Dis. 2016, 12,
1236-1242. [CrossRef]

Gribble, EM.; Reimann, F. Signalling in the Gut Endocrine Axis. Physiol. Behav. 2017, 176, 183-188. [CrossRef]

Tanti, ].F,; Ceppo, E; Jager, ].; Berthou, F. Implication of inflammatory signaling pathways in obesity-induced insulin resistance.
Front. Endocrinol. 2013, 3, 181. [CrossRef]

Hardie, D.G.; Ross, FA.; Hawley, S.A. AMPK: A Nutrient and Energy Sensor That Maintains Energy Homeostasis. Nat. Rev. Mol.
Cell Biol. 2012, 13, 251-262. [CrossRef]

Canto, C.; Auwerx, J. Targeting Sirtuin 1 to Improve Metabolism: All You Need Is NAD* ? Pharmacol. Rev. 2012, 64, 166-187.
[CrossRef]

Steppan, C.M.; Bailey, S.T; Bhat, S.; Brown, E.J.; Banerjee, R.R.; Wright, C.M.; Patel, H.R.; Ahima, R.S.; Lazar, M.A. The Hormone
Resistin Links Obesity to Diabetes. Nature 2001, 409, 307-312. [CrossRef]

Fisher, EM.; Maratos-Flier, E. Understanding the Physiology of FGF21. Annu. Rev. Physiol. 2016, 78, 223-241. [CrossRef] [PubMed]
Kawai, T.; Autieri, M.V,; Scalia, R. Adipose Tissue Inflammation and Metabolic Dysfunction in Obesity. Am. J. Physiol. Cell Physiol.
2021, 320, C375-C391. [CrossRef] [PubMed]

Machado, S.A.; Pasquarelli-do-Nascimento, G.; da Silva, D.S.; Farias, G.R.; de Oliveira Santos, I.; Baptista, L.B.; Magalhaes,
K.G. Browning of the White Adipose Tissue Regulation: New Insights into Nutritional and Metabolic Relevance in Health and
Diseases. Nutr. Metab. 2022, 19, 61. [CrossRef]

Choi, J.W,; Choi, HJ,; Ryu, G.H,; Lee, J.W,; Beak, J.K,; Koh, EJ.; Jeong, ].B. Paeonia lactiflora root decreases lipid accumulation
through the induction of lipolysis and thermogenesis via AMPK activation in 3T3 L1 cells. Int. . Mol. Med. 2023, 52, 65. [CrossRef]
[PubMed]

Kim, D.S.; Lee, H.Y.; Kim, H.J,; Lee, G.H.; Lim, YJ.; Ko, BM.; Kim, J.H.; Kim, TW.; Kim, HK; Kim, T.Y.; et al. Combined Treatment of
Mori folium and Mori Cortex Radicis Ameliorate Obesity in Mice via UCP-1 in Brown Adipocytes. Nutrients 2023, 15, 3713. [CrossRef]
Shin, J.; Lee, Y.; Ju, S.H.; Jung, Y.J.; Sim, D.; Lee, S.J. Unveiling the Potential of Natural Compounds: A Comprehensive Review on
Adipose Thermogenesis Modulation. Int. . Mol. Sci. 2024, 25, 4915. [CrossRef]

Lone, J.; Choi, J.H.; Kim, S.W.; Yun, ].W. Curcumin induces brown fat-like phenotype in 3T3-L1 and primary white adipocytes.
J. Nutr. Biochem. 2016, 27, 193-202. [CrossRef]

Wang, Y.; Ai, Q.; Gu, M,; Guan, H.; Yang, W.; Zhang, M.; Mao, J.; Lin, Z; Liu, Q.; Liu, ]. Comprehensive overview of different
medicinal parts from Morus alba L.: Chemical compositions and pharmacological activities. Front. Pharmacol. 2024, 15, 1364948.
[CrossRef]

Yang, L.; Qin, S.H.; Zi, C.T. Research progress of Gastrodia elata Blume polysaccharides: A review of chemical structures and
biological activities. Front. Chem. 2024, 12, 1395222. [CrossRef]

https://doi.org/10.3390 /nu18091393


https://doi.org/10.3389/fncel.2020.00189
https://doi.org/10.3390/jcm9092764
https://www.ncbi.nlm.nih.gov/pubmed/32858953
https://doi.org/10.1371/journal.pone.0083479
https://www.ncbi.nlm.nih.gov/pubmed/24386210
https://doi.org/10.5937/jomb0-37645
https://doi.org/10.1083/jcb.202001064
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1016/j.cell.2013.12.012
https://www.ncbi.nlm.nih.gov/pubmed/24439368
https://doi.org/10.1159/000497124
https://www.ncbi.nlm.nih.gov/pubmed/30844811
https://doi.org/10.1016/j.cjca.2012.06.004
https://www.ncbi.nlm.nih.gov/pubmed/22889821
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.4161/gmic.19625
https://doi.org/10.1016/j.soard.2016.02.033
https://doi.org/10.1016/j.physbeh.2017.02.039
https://doi.org/10.3389/fendo.2012.00181
https://doi.org/10.1038/nrm3311
https://doi.org/10.1124/pr.110.003905
https://doi.org/10.1038/35053000
https://doi.org/10.1146/annurev-physiol-021115-105339
https://www.ncbi.nlm.nih.gov/pubmed/26654352
https://doi.org/10.1152/ajpcell.00379.2020
https://www.ncbi.nlm.nih.gov/pubmed/33356944
https://doi.org/10.1186/s12986-022-00694-0
https://doi.org/10.3892/ijmm.2023.5268
https://www.ncbi.nlm.nih.gov/pubmed/37326061
https://doi.org/10.3390/nu15173713
https://doi.org/10.3390/ijms25094915
https://doi.org/10.1016/j.jnutbio.2015.09.006
https://doi.org/10.3389/fphar.2024.1364948
https://doi.org/10.3389/fchem.2024.1395222
https://doi.org/10.3390/nu18091393

Nutrients 2026, 18, 1393 35 of 35

94. Richard, A.J.; White, U.; Elks, C.M.; Stephens, ] M. Adipose Tissue: Physiology to Metabolic Dysfunction. In Endotext; MDText.com,
Inc.: South Dartmouth, MA, USA, 2020.

95. Ntalouka, E; Tsirivakou, A. Morus alba: Natural and Valuable Effects in Weight Loss Management. Front. Clin. Diabetes Healthc.
2024, 5, 1395688. [CrossRef]

96. Martinez, P.; Gonzalez, A. Development of Improved In Vitro Intestinal Models to Perform Permeability Studies. Front. Bioeng.
Biotechnol. 2020, 8, 524018. [CrossRef]

97. Arzumanian, V.A.; Kiseleva, O.1.; Poverennaya, E.V. The Curious Case of the HepG2 Cell Line: 40 Years of Expertise. Int. ]. Mol.
Sci. 2021, 22, 13135. [CrossRef]

98. Ruiz-Ojeda, EJ.; Rupérez, A.l; Gomez-Llorente, C.; Gil, A.; Aguilera, C.M. Cell Models and Their Application for Studying
Adipogenic Differentiation and Metabolism: 3T3-L1 as a Core Model. Int. ]. Mol. Sci. 2016, 17, 1040. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /nu18091393


https://doi.org/10.3389/fcdhc.2024.1395688
https://doi.org/10.3389/fbioe.2020.524018
https://doi.org/10.3390/ijms222313135
https://doi.org/10.3390/ijms17071040
https://doi.org/10.3390/nu18091393

	Introduction 
	Materials and Methods 
	Phytochemical Characterisation of the Botanical Extracts 
	Agent Preparation 
	Cell Cultures 
	Experimental Protocol 
	In Vitro Intestinal Barrier Model 
	TJ Protein Analysis 
	ELISA Assay for GLP-1 
	ELISA Assay for Src Phosphorylation 
	ELISA Assay for GLP-1R 
	TG Colourimetric Assay 
	ELISA Assay for SREBP-1c 
	ELISA Assay for AMPK Phosphorylation 
	ELISA Assay for PGC1 
	ELISA Assay for Resistin 
	ELISA Assay for FGF-21 
	ELISA Assay for NRF2 
	Western Blot Analysis for UCP1 
	ELISA Assay for SIRT1 
	ELISA Assay for eNOS/NOS3 
	ELISA Assay for STAT3 
	Mouse Mitochondrial Brown Fat Uncoupling Protein 1 (UCP1) ELISA Kit 
	Statistical Analysis 

	Results 
	Phytochemical Characterisation of the Plant-Derived Extracts 
	Selection of Non-Cytotoxic and Biologically Active Concentrations in Intestinal Cells 
	Regulation of GLP-1 Secretion and Intestinal Barrier Integrity: The Primary Trigger of the Metabolic Axis 
	Integration of Intestinal Signals in Hepatic Metabolism: From GLP-1 Sensitivity to Lipid and Hepatokine Regulation 
	Liver–Adipose Tissue Crosstalk: Botanical Formulations Promote Adipocyte Browning-Related Pathway and Mitigate Inflammation 

	Discussion 
	Conclusions 
	Appendix A
	. Determination of 1-DNJ by HPLC 
	. Determination of Total Polysaccharide Content 
	Determination of Total Flavonoid Content 
	Determination of Total Polyphenol Content 
	. Cell Viability Assay 

	Appendix B
	References

