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Abstract 

The anti-diabetic potential of Phoradendron brachystachyum was evaluated through the assessment of 
the cellular antioxidant, anti-inflammatory, and glucose uptake-modulating activities of its non-
digested (ND) and digested (D) extracts from leaves (L), stems (S), and whole aerial parts (WAP). The 
WAP non-digested extract exhibited the highest cellular antioxidant activity, with a 99% inhibition 
of reactive oxygen species in Caco-2 cells, and a significant reduction in nitric oxide production in 
RAW 264.7 cells. Crucially, in an insulin-resistant HepG2 cell model, the WAP extract significantly 
increased glucose consumption to 82.67%, retaining high bioactivity (66.55%) even after the digestion 
process. UPLC-MS analysis identified quercetin-3-O-rhamnoside as the most abundant in all extracts. 
Complementary the in silico molecular docking and 100 ns molecular dynamics simulations 
identified spiraeoside and quercetin-3-O-alpha-L-rhamnopyranoside as potent α-glucosidase 
inhibitors (-9.9kcal mol-1), while sakuranetin and spiraeoside showed higher affinity for α-amylase (-
9.0 kcal mol-1). These in vitro and in silico findings provide a scientific basis for the 
ethnopharmacological use P. brachystachyum, showing its potential to modulate glucose metabolism. 
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1. Introduction 

Diabetes mellitus is a non-communicable disease (NCD) characterized by elevated blood 
glucose levels; when untreated, it can cause permanent damage to liver cells involved in glucose 
regulation, and to the cells of the pancreas that produce insulin [1]. In 2024, the International Diabetes 
Federation estimated that there were 13.6 million Mexicans with type 2 diabetes (over 20 years old) 
[2]. Some of the most common causes for the development of this pathology are associated with 
obesity/overweight, poor diet, genetic factors, and a sedentary lifestyle. Furthermore, other factors 
related to the onset of diabetes and its complications are linked to oxidative stress. Oxidative stress 
is generated by an imbalance in the levels of antioxidant compounds and reactive oxygen species 
(ROS); the increase in these oxidizing compounds, particularly the superoxide radical, causes damage 
to different macromolecules such as lipids, proteins, and DNA, affecting the integrity and functions 
of the cell. Additionally, increased ROS levels are associated with a stronger inflammatory response, 
leading to the overproduction of nitric oxide, which favors the development of atherosclerosis and, 
in turn, causes multiple complications, such as insulin resistance [3–5]. There are several drugs and 
treatments for diabetes; however, their adverse effects, such as hypoglycemia, weight gain, and 
abdominal pain, among others, represent an important issue in public health [6,7]. In this regard, 
several studies have focused on the empirical use of plants by the population for the treatment of 
diabetes and related conditions, such as hyperlipidemia and elevated serum glucose levels [8]. 
Mexico has a diverse range of medicinal plants used ethnobotanically in traditional medicine to treat 
various diseases. However, it is necessary to conduct studies to provide scientific evidence about the 
presence of bioactive compounds, their properties, and mechanisms of action, which explain how 
they exert their specific function [9]. Plant-derived phytochemicals, including glycosides, alkaloids, 
phenolic compounds, terpenes, flavonoids, and carotenoids, have been studied and shown to have 
anti-diabetic potential due to their antioxidant and anti-inflammatory activities in cell lines and 
animals. Additionally, their effects on lowering insulin resistance have been observed in cell lines 
and animals [10]. A multi-target strategy is often desired for diabetes management, not only to control 
postprandial hyperglycemia but also to mitigate systemic insulin resistance by enhancing insulin 
sensitization in peripheral tissues, such as the liver, to stimulate glucose uptake from the blood. , but 
also modulating the oxidative stress and the systemic and sustained inflammation that give rise to 
these clinical manifestations and persist, creating a vicious cycle, as well as modifying carbohydrate 
metabolism to reduce its impact on the glycemic index by inhibiting digestive enzymes, such as α-
glucosidase and α-amylase, which delay carbohydrate hydrolysis and glucose absorption. Thus, 
research is needed to identify natural compounds that can modulate these pathways, offering 
alternatives to synthetic drugs. Mistletoes are aerial hemiparasitic plants that grow in different 
species of gymnosperms and angiosperms; they are considered pests since they feed on their host, 
thus affecting their development [11]. Toji (Phoradendron brachystachyum) is a species of mistletoe 
belonging to the family Santalaceae, distributed from the southern United States to northern Mexico, 
and has been traditionally used for the treatment of hyperlipidemia and diabetes [12]. Traditionally, 
different species of mistletoe have been used to treat cancer, hyperlipidemia, and diabetes. There is a 
growing interest in the study of these mistletoes and their beneficial properties for health, within 
which antioxidant, analgesic, hypoglycemic, and lipid-lowering properties have been reported; this 
is due to compounds content in them naturally, such as phenolic compounds like epicatechin, 
epicatechin gallate, naringenin, catechin, procyanidin B1, quercetin and luteolin [13–15]. It is 
important to mention that this polyphenolic compounds has a low bioaccessibility due to the 
digestion processes in the gastrointestinal tract, causing alterations in their structure or degrading, 
so evaluating the bioaccessibility of the compounds present in Toji extracts after subjecting them to 
oral, gastric and intestinal conditions will give us valuable information about which and where the 
compounds that manage to resist the digestive process exert their bioactivity [16,17]. In a recent study 
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by Gutiérrez-Grijalva, et al. [18], they evaluated the bioaccessibility of Toji compounds obtained via 
in vitro digestion, with values ranging from 7.78% to 22.60% for ferulic acid, quinic acid, gallic acid, 
coumaric acid, and caffeic acid. However, cell permeability in the intestinal monolayer has not been 
evaluated, nor has the inhibition of nitric oxide production, cellular antioxidant activity, and cellular 
insulin utilization been examined to observe the decrease in insulin resistance. 

This work aimed to provide scientific evidence about the anti-diabetic potential of leaf (L), stem 
(S), and whole aerial parts (WAP) extracts from Phoradendron brachystachyum using an in vitro and in 
silico approach to evaluate their impact on oxidative stress, inflammation, insulin-resistance, and 
carbohydrate metabolism, physiological processes frequently altered in individuals with type 2 
diabetes. 

2. Materials and Methods 

2.1. Plant Material 

The mistletoe (P. brachystachyum) was collected in July 2021 in Guamúchil, Sinaloa (25°44′42″N, 
108°05′38″W), which was parasitizing mesquite trees (Prosopis juliflora). The plants were identified in 
the herbarium Jesús González Ortega of the Faculty of Agronomy of the UAS (FA-UAS-022352 and 
013284). The plant parts were classified into leaves, stems, and aerial parts (leaf and stem combined). 
They were then washed with chlorinated water at 50 ppm and allowed to dry at 40˚C for 48 hours in 
a forced-air convection drying oven. The dried samples were recovered, and leaf, stem, and aerial 
parts were ground separately in a Turf brand coffee mill until a fine powder was obtained. The dust 
was sieved at 600 µm, collected in plastic airtight bags, and sealed in cellophane bags to prevent 
moisture from entering the sample. 

2.2. Extraction of Phytochemicals 

A methanol extraction was carried out according to Gutiérrez-Grijalva, et al. [19] with some 
modifications. Briefly, 0.5 g of the mistletoe powder sample was mixed with 10 mL of methanol: water 
(8:2 v/v) solution and stirred for 2 h at 100 rpm. Subsequently, the samples were centrifuged 
(HERMLE Labortechnik GmbH type Z 36 HK and 221.22 rotor) at 10,000 rpm at 4 ˚C for 15 min, and 
the methanol part was evaporated. The water supernatant from the extract was recovered, and the 
solvent was freeze-dried; the weight of the dry extract was determined. The dry extract (0.02 g) was 
resuspended in 2 mL of 80% methanol to obtain a known concentration. The extracts were prepared 
in triplicate (n = 3). 

2.3. Static Simulated Digestion Assay 

The digestion assay was performed based on Brodkorb, et al. [17], as shown in Table S2. In 50 
mL tubes, 0.02 g of lyophilized plant sample was added. Oral phase: 1.6 mL of salivary phase, calcium 
chloride (10 µL), ɑ-amylase (0.2 mL), and distilled water (0.19 mL) were mixed and incubated for 2 
min at 37 ° C in a stirrer. Gastric phase: In the same test tube, 3.2 mL of gastric phase was added, and 
the pH was regulated to 3 using sodium hydroxide or 1M hydrochloric acid, calcium chloride (2 µL) 
pepsin (0.2 mL), lipase (0.2 mL, recheck pH to 3), distilled water (398 µL) and incubate for 2 h at 37 ° 
C in stirring. Intestinal phase: 4.4 mL of intestinal phase was added in the same test tube, pH was 
measured and regulated to 7, calcium chloride (16 µL), pancreatin ( 2 mL, recheck the pH to 7), and 
distilled water (1,584 mL) were added, and incubated for 2 hours at 37 ° C under stirring. Finally, the 
test tubes were recovered, immersed in boiling water for 45 sec to inactivate the enzyme, centrifuged 
at 10 rpm, 4 ° C for 15 min to recover the digest supernatant, and filtered through 0.45 µM Acrodiscs. 
The filtrate was dried in a Vacuum evaporator (EZ-2.3, Genevac Ltd., Ipswich, EN, USA) for 2 h to 
remove the small methanol fraction, leaving only the water fraction; after this, the water fraction was 
frozen at -80 °C for 2 h. Once frozen, the water fractions were freeze-dried and weighed to obtain the 
dry weight of the digested extract. 
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2.4. Biological Evaluation of P. brachystachyum Methanolic Extracts 

2.4.1. Cell Viability in RAW 264.7, Caco-2, and HepG2 Cells 

Human colorectal adenocarcinoma Caco-2 cells (ATCC® HTB-37™, Manassas, VA, USA), 
human hepatocellular carcinoma (HepG2) cells (ATCC® HB-8065™), and mouse macrophages RAW 
264.7 cells (ATCC® TIB-71™) were obtained from the American Type Culture Collection (ATCC®, 
Manassas, VA, USA). Human cells (Caco-2 and HepG2) were cultured in Dulbecco’s Modified Eagle 
Medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and 1% Pen-Strep (GIBCO, 
Carlsbad, CA, USA) antibiotic in 5% in a humidified atmosphere containing 5% CO2 at 37 °C, whereas 
mouse macrophages (RAW 264.7) cells were cultured in DMEM supplemented with 10% FBS and 1% 
Pen-Strep antibiotic at same conditions. 

2.4.2. Cellular Antioxidant Activity (CAA) 

Cellular antioxidant activity of non-digested and digested extracts of P. brachystachyum was 
evaluated in Caco-2 cells as a human colon model according to the method described by Meléndez-
Martínez, et al. [20] Cell viability of Caco-2 cells treated with different concentrations (25-100 µg/mL) 
of samples was assessed using CellTiter 96® Aqueous One Solution Cell Proliferation Assay 
(Promega, Madison, WI, USA). After that, cells were seeded in a 96-well plate (5 × 104 cells/well) and 
incubated for 24 hours. After, cells were treated with 100 µL of samples (25µg/mL) containing 60 µM 
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA). Then, cells were incubated for 60 min at 37 
°C. After incubation, treatments were removed and the cells were washed twice with phosphate-
buffered saline (PBS). Finally, 100 µL of a 500 µM solution of 2,2’-azobis-2-methylpropanimidamide 
dihydrochloride (AAPH) was added to each well, except for the blank and negative control wells. 
Fluorescence at 538 nm, excited at 485 nm, was measured every 2 minutes for 90 minutes at 37 °C 
using a microplate reader. CAA values were calculated using the following equation 1: 

CAA Unit = 1 – (ſSA / ſCA) (1) 

where ſSA is the integrated area under the sample fluorescence versus time curve, and ſCA is the 
integrated area from the control curve. 

2.4.3. Glucose Uptake in an Insulin-Resistant (IR) Cell Model of HepG2 Cells 

The effect of non-digested and digested extracts of P. brachystachyum on glucose uptake using an 
insulin-resistant model was performed following that reported by Meléndez-Martínez, et al. [20]. 
Human hepatic (HepG2) cells were grown in DMEM medium supplemented with 5% FBS and 1% 
Pen-Strep (GIBCO, Carlsbad, CA, USA) and maintained at 37 °C in a humidified atmosphere of 5% 
CO2. After seeding 5 x 104 cells/well in a 96-well plate and incubating for 24 h, the medium was 
changed to high-glucose (25 mM D-glucose) DMEM. After that, half of the wells were treated with 
50 µL of human insulin (Sigma-Aldrich, St. Louis, MO, USA) to achieve a final concentration of 5 × 
10−7 mol/L and induce insulin resistance, while the other half served as a control. After 24 hours, the 
medium was replaced with fresh media containing 25 µg/mL of non-digested and digested samples, 
and the samples were incubated for 5 hours. Glucose content in the media was measured using the 
Glucose (GO) assay kit (Sigma-Aldrich, MO, USA) according to the manufacturer’s instructions. 
Absorbance was measured at 540 nm in a microplate reader (Synergy HT, Bio-Tek, Winooski, VT, 
USA). Cells not treated with insulin or any treatment were considered the non-insulin-resistant or 
normal control (CTRL Normal), and cells treated with insulin but without treatment were considered 
the insulin-resistance control (CTRL IR). Commercial glibenclamide (200 µM) was used as a reference 
drug. Glucose consumption was expressed as a percentage of glucose uptake (%). 
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2.4.4. Nitric Oxide Inhibition Assay 

The anti-inflammatory potential of P. brachystachyum digested and non-digested extracts was 
evaluated through the determination of nitric oxide production following the method described by 
Meléndez-Martínez, et al. [20]. Cells were seeded at 5 ×104 cells/well in a 96-well plate and incubated 
for 24 h. After that, different concentrations (25-100 µg/mL) of undigested and digested extracts of P. 
brachystachyum were added and incubated for four hours. Then, half of the wells were activated with 
lipopolysaccharide (LPS, 1µg/mL) (Escherichia coli O127B8 , Sigma-Aldrich, MA, USA), whereas the 
other half was used as a control for each sample. The production of nitric oxide (NO) was determined 
in the culture supernatants by measuring nitrite concentration using the Griess reagent system 
(Promega, Madison, WI, USA) according to the manufacturer’s instructions. After incubation, the 
absorbance values were read at 550 nm on a Synergy HT plate reader (Bio-Tek Instruments, Inc., VT, 
USA). The NO concentration was calculated by comparison with a sodium nitrite standard (0.39−50 
µM) curve and considering the cell viability of the original plate measured as described in section 
2.4.2. Results were expressed as the percentage of inhibition of nitric oxide production. 

2.4.6. Determination of Phenolic Compounds Content by UPLC-MS 

The flavonoid content in the P. brachystachyum extracts was evaluated based on the methodology 
described by Picos-Salas, et al. [21] using a UPLC class H (Waters Corporation, USA) coupled to a 
G2-XS QT mass-mass spectrometer analyzer (Quadrupole and Time of Flight). Flavonoids were 
separated using a UPLC BEH C18 column (1.7 µm × 2.1 mm × 100 mm) at 40 °C. Gradient elution was 
conducted with water-formic acid 0.1% (A) and acetonitrile (B) at a flow rate of 0.3 mL/min. The 
following gradient was used: 0 min, 95% (A); 5 min, 70% (A); 9 min, 30% (A); 14 min, 0% (A); 14.5 
min, 0% (A); 15 min, 95% (A); and 16 min, 95% (A). Electrospray (ESI) was used for compound 
ionization, and the mass analysis condition was: capillary voltage of 1.5 kV, sampling cone of 30 V, 
desolvation gas of 800 L/h, and a temperature of 500 °C. A 0–30 V collision ramp was used. The 
flavonoids were identified and quantified by comparing them with a calibration curve using the 
corresponding standards of quercetin, apigenin-8-O-glucoside, apigenin, quercetin-3-O-rhamnoside, 
luteolin, luteolin-7-glucoside, naringenin, naringin, formononetin, genistein, mangiferin, rutin, 
hesperidin, kaempferol, phloretin, phlorididzin, and circimaritin. 

2.5. In Silico Evaluations 

2.5.1. Selection of the Target Receptors and 3D Structure Retrieval 

The digestive enzymes α-amylase and α-glucosidase were selected as molecular targets for the 
in silico analyses due to their central role in carbohydrate metabolism, postprandial glucose 
regulation, and the development of insulin resistance, as well as their relevance to the bioaccessibility 
and biological activity of dietary polyphenols. The crystallographic structure of α-amylase (1B2Y) 
and α-glucosidase was retrieved from the Protein Data Bank (https://www.rcsb.org/). In contrast, 
since no experimentally resolved structure of α-glucosidase was available in public structural 
databases, it three-dimensional structure was generated by homology using the SWISS-Model web 
server (https://swissmodel.expasy.org/) [22,23] The amino acid sequence of α-glucosidase from 
Saccharomyces cerevisiae (UniProt ID: P53341) was obtained from the UniProt database 
(https://www.uniprot.org/) as described by Khan, et al. [24] and Taha, et al. [25]. The 3D structures of 
the receptors were visualized using Discovery Studio v2021 (Figure S1). 

2.5.2. In Silico Selection and Retrieval of P. brachystachyum Compounds 

A total of 14 phytochemical compounds previously identified in P. brachystachyum, were selected 
as ligands for the in silico interaction analyses with the target enzymes. These compounds were 
chosen based on prior phytochemical and metabolomic reports describing their presence in the 
species and their potential biological relevance. The chemical structures of all selected compounds 
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were retrieved from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/), including their 
canonical SMILES notation, molecular weight (MW), and molecular formula (Table S1). Three-
dimensional structures of the ligands were downloaded in SDF format and converted to PDB format 
using Discovery Studio v2021, for further analysis. 

2.5.3. Drug-Likeness, PASS Analysis, ADMET Properties, and Toxicity of the P. brachystachyum 
Compounds 

An in silico pharmacokinetic and safety profile of the selected P. brachystachyum compounds 
was performed to evaluate their drug-likeness, predicted biological activity, and ADMET properties 
(absorption, distribution, metabolism, excretion, and toxicity). Drug-likeness and ADMET 
parameters were predicted using the SwissADME web server (https://swissadme.ch/) (Daina et al., 
2017), with particular emphasis on Lipinski’s Rule of Five, which considers key molecular descriptors 
such as molecular weight, lipophilicity, hydrogen bond donors and acceptors, and polar surface area. 
Prediction of Activity Spectra for Substances (PASS) analysis was conducted using the PASS Online 
platform available through the Way2Drug server (https://way2drug.com/PassOnline/). This tool 
predicts the probability of a compound exhibiting specific biological activities based on its chemical 
structure and known structure–activity relationships, expressed as the probabilities of activity (Pa) 
and inactivity (Pi). PASS analysis was employed to explore the potential pharmacological profiles of 
the selected compounds, including enzyme inhibition, receptor modulation, and other bioactivities 
relevant to metabolic disorders. 

Additionally, toxicity risk assessment was carried out using the ProTox-II (Protox 3.0) web 
server (https://tox.charite.de/protox3/index.php?site=home), which predicts possible adverse effects 
and assigns toxicity classes based on established quantitative structure–activity relationship (QSAR) 
models. This integrated in silico evaluation provided an initial assessment of the pharmacological 
feasibility and safety profile of the investigated compounds prior to molecular docking and dynamic 
simulation studies. 

2.5.4. Molecular Docking of P. brachystachyum and the Receptors α-Glucosidase and α-Amylase 

Molecular docking analyses were performed to investigate the binding interactions between 
selected P. brachystachyum compounds and the carbohydrate-hydrolyzing enzymes α-glucosidase 
and α-amylase. Docking simulations were conducted using AutoDock Tools version 1.5.6. Prior to 
docking, the receptor structures were prepared by the addition of polar hydrogen atoms, assignment 
of Gasteiger and Kollman partial charges, and conversion to the PDBQT format. Ligand structures 
were similarly prepared by charge assignment, addition of polar hydrogens, and conversion to 
PDBQT format to ensure compatibility with the docking protocol. Grid boxes were defined to 
encompass the active sites of both enzymes in order to guide ligand sampling within the catalytically 
relevant regions. A grid box size of 40 × 40 × 40 points along the x, y, and z axes, with a grid spacing 
of 0.375 Å, was employed to allow comprehensive exploration of the binding pocket. The grid box 
center coordinates for α-glucosidase were set at x = 0.941, y = 3.360, and z = −0.103, while those for α-
amylase were defined at x = 8.428, y = 59.265, and z = 18.831. Binding affinities were estimated based 
on the calculated binding free energies, expressed in kcal·mol⁻¹, with more negative values indicating 
stronger predicted ligand–receptor interactions. 

2.5.5. Molecular Dynamics Simulation 

Molecular dynamics (MD) simulations were performed to evaluate the conformational stability 
and interaction dynamics of the four selected protein–ligand complexes: α-amylase in complex with 
sakuranetin and spiraeoside, and α-glucosidase in complex with quercetin 3-O-α-L-
rhamnopyranoside and spiraeoside. All simulations were carried out using GROMACS version 2018 
with the CHARMM27 force field.[26]. Each protein–ligand complex was placed at the center of a 
triclinic simulation box and solvated using the TIP3P water model, maintaining a minimum distance 
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of 1.0 nm between the solute and the box boundaries. System electroneutrality was achieved by the 
addition of appropriate counterions (Na⁺ and Cl⁻). Energy minimization was conducted using the 
steepest descent algorithm with a maximum of 50,000 steps to eliminate unfavorable steric contacts. 
Following minimization, the systems were equilibrated under constant number, volume, and 
temperature (NVT) conditions and subsequently under constant number, pressure, and temperature 
(NPT) conditions, each for 100 ps. Production MD simulations were then performed for 100 ns for 
each complex under periodic boundary conditions. Trajectory analyses were conducted to assess 
structural stability and flexibility by calculating the root mean square deviation (RMSD), root mean 
square fluctuation (RMSF), radius of gyration (Rg), and potential energy over the simulation time. 
All graphical analyses were generated and processed using XMGrace. 

3. Results 

3.1. Quantification of Polyphenols Present in Non-Digested and Digested Extracts of Phoradendron 
brachystachyum by UPLC-MS 

The chromatographic analysis of the non-digested (ND) and digested (D) extracts of P. 
brachystachyum showed the presence of quercetin-3-O-rhamnoside, rutin, and hesperidin, where 
quercetin-3-O-rhamnoside was the most abundant in both digested and non-digested extracts (Table 
1). The low concentrations of rutin and hesperidin, and the absence of other compounds, may be due 
to degradation and structural transformations induced by interactions with digestive enzymes and 
changes in pH [27,28]. 

Table 1. Quantification of polyphenols present in non-digested (ND) and digested (D) extracts of P. 
brachystachyum by UPLC-MS. 

Retentio
n time 
(min) 

m/z 
[M-H]- 

Compound 

Leaf (μg/dry 
weight extract) 

Stem (μg/dry 
weight extract) 

Aerial parts 
(μg/dry weight 

extract) 
Non-

digeste
d 

Digeste
d 

Non-
digeste

d 

Digeste
d 

Non-
digeste

d 

Digeste
d 

3.73 
449.1005614

5 

Quercetin-
3-O-

rhamnosid
e 

1355.59 
± 142.88 

c 

115.63 ± 
12.41 d 

3605.11 
± 436.24 

a 

529.28 ± 
27.17 d 

2901.26 
± 213.15 

b 

198.16 ± 
23.98 d 

3.31 
611.1533848

7 
Rutin 

260.75 ± 
26.87 a 

0 c 
50.81 ± 
3.10 b 

0c 
275.85 ± 
19.34 a 

0c 

3.31 
611.1897703

7 
Hesperidin 

243.94 ± 
19.34 a 

0 b 0 b 0 b 
264.14 ± 
25.05 a 

0 b 

Total polyphenol content 1,860.28 115.63 3,655.92 529.28 3,441.25 198.16 

Data shown as mean ± standard deviation, three replicates with three repetitions per replication. abc 

Different letters indicate significant differences by Tukey’s test (p < 0.05) per compound. 

3.2. Cellular Antioxidant Activity (CAA) 

The assay of cellular antioxidant activity was carried out in the Caco2 cell line, evaluating the 
non-digested and digested extracts of the leaves (L), stems (S), and whole aerial parts (WAP) of P. 
brachystachyum. Cell viability assessment showed that both non-digested and digested samples 
exhibited viability greater than 80% at 25 µg/mL (Figure S2). Non-digested and digested samples did 
not show significant differences in cell viability for any of the extracts analyzed. Still, a slight increase 
in cell viability was observed in digested samples. This tendency to greater viability or less 
cytotoxicity in cellular tissues by digested extracts may be because when undergoing a digestion 
process, the content of compounds of the extracts undergoes modifications caused by the effect of pH 
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change in each of the digestive phases, the possible interaction with digestive enzymes, thus causing 
deprotonation, degradation and possible hydrolysis of phenolic compounds, so they become less 
cytotoxic to cell tissue [16,17,29–33]. The cell viability value was significantly reduced to 75% and 58% 
when the concentrations were increased to 50 and 100 µg/mL, respectively. Therefore, 25 µg/mL was 
selected as an appropriate concentration for the subsequent assay. 

As shown in Figure 1, at the concentration evaluated (25 µg/mL) the non-digested extracts were 
those that had greater antioxidant activity as exhibit leaf (L), stem (S), and whole aerial parts (WAP) 
extracts which exhibited an inhibition on the production of intracellular reactive oxygen species 
(ROS) by 93.30%, 95.99%, and 99.00%, respectively. No significant differences were observed between 
the antioxidant activity of non-digested and digested leaf (L) or stem (S) extracts. Although no 
significant differences in cellular antioxidant capacity are observed when using leaves and stems 
together in the whole aerial parts extract compared to using them independently, a tendency toward 
increased antioxidant activity is observed. Only digested whole aerial parts (WAP) showed a 
significant reduction (93.20%) in the cellular antioxidant with respect to non-digested WAP extracts. 
This can be attributed to the fact that the structures of compounds change as they pass through 
different pH levels and interact with various enzymes during the oral, gastric, and intestinal phases, 
which, in most cases, leads to the degradation of the cellular antioxidant activity of phytochemicals 
[33]. These results can be compared with previous studies by Junaid, et al. [34], which reported 
cellular antioxidant activity, measured as inhibition of peroxyl radical formation by 76%, attributing 
this activity to the presence of sakuranetin, one of its major compounds in the methanolic extracts of 
Phoradendron robinsonii. This is important because this compound has already been identified in 
metabolomic studies of P. brachystachyum. The cellular antioxidant activity of different flavonoids has 
been reported, where flavonoids such as quercetin, galangin, kaempferol, epigallocatechin 3-gallate 
(EGCG), epicatechin-3-gallate (ECG), luteolin, morin, myricetin, quercetin-3-glucoside, 
epigallocatechin, catechin, epicatechin, and taxifolin have presented cellular antioxidant activity. The 
path of flavonoids through the different metabolic phases of digestion until they reach the 
enterocytes, for further absorption and transport to the different tissues, affects the structure and 
capacity of the compounds [35]. It is reported that three structural features are essential in these 
compounds to carry out their antioxidant activity: 1) a B-ring o-dihydroxy group, 2) a 2,3-double 
bond combined with 3) a 4-oxo group in the C-ring, hydroxyl groups, as well as quercetin 
glycosylation and structures similar to isoflavones and flavanols [36]. According to the literature, a 
fundamental characteristic for flavonoids to exert cellular antioxidant activity is the presence of a 3′, 
4′-dihydroxy group, especially in flavonoids that do not belong to the subclass of flavonols, as 
previously reported, the presence of a catechol group in the B ring [37,38]. 
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Figure 1. Cellular antioxidant activity, CAA (%), in the human colorectal adenocarcinoma (Caco2) cells treated 
with leaf (L), stem (S), and whole aerial parts (WAP) extracts from P. brachystachyum, before (non-digested) and 
after (digested), submitted to a simulated gastrointestinal digestion. Samples were evaluated at a concentration 
of 25 µg/mL. Data shown as mean ± standard deviation abc Different letters indicate significant differences 
between samples determined by Tukey’s test (p < 0.05). 

3.3. Glucose Uptake in an Insulin-Resistant (IR) Cell Model of HepG2 Cells 

HepG2 cells are a liver cell line widely used to assess cellular glucose utilization in vitro in 
models of insulin resistance [39]. Insulin resistance in insulin-sensitive organs leads to a state of 
hyperglycemia, hyperinsulinemia, and hypertriglyceridemia, which are standard features of type 2 
diabetes. Insulin resistance in liver cells impairs glycogen synthesis, thereby failing to suppress 
glucose production, and is the most significant contributor to hyperglycemia [4]. The impact on cell 
viability of HepG2 cells by leaf (L), stem (S), and whole aerial parts (WAP) of P. brachystachyum 
extracts on the cell viability of HepG2 cells was evaluated (Figure S3) Non-digested extracts exhibited 
cell viabilities ranging between 85%-93% when assessed at 25 µg/mL, where the leaf (L) extracts 
showed the lower cell viability percentages (85.83%). Digested extracts did not show any negative 
impact on cell viability at the same concentrations. When the extract concentrations were increased 
to 50 and 100 µg/mL, a dramatic reduction in cell viability was observed for all three P. brachystachyum 
extracts, reaching values as low as 54.52% of the viability observed with WAP extracts at 100 µg/mL. 
Likewise, at these doses, a significant reduction in cell viability was observed in cells treated with 
non-digested extracts compared to those treated with digested extracts. Considering these results, 25 
µg/mL was selected as an appropriate concentration for the subsequent assay. 

The glucose consumption assay was performed in the HepG2 cell line, evaluating non-digested 
and digested extracts of leaf (L), stem (S), and whole aerial parts (WAP) of P. brachystachyum, 
comparing them with an insulin-resistant non-treated control, a normal non-treated control, and 
glibenclamide as a reference drug (Figure 2). Although there is no significant statistical difference 
between the three non-digested extracts and between the three digested extracts, the greatest 
percentage of glucose consumption occurred in the cells treated with the extract of whole aerial parts 
(WAP), both in its non-digested extract (82.67%) and digested extract (66.55%) regarding the leaf (L) 
and stem (S) extracts. 

We could hypothesize that the difference in glucose utilization improvement between non-
digested and digested extracts may be due to the degradation of compounds responsible for 
bioactivity during different gastric phases, which could consequently decrease their bioactivity [40]. 
Although digested extracts show a reduced ability to reverse insulin resistance compared to non-
digested extracts, they still exhibit higher glucose utilization than the control in the insulin-resistant 
model (35.18%), indicating some improvement. The increase in glucose uptake induced by leaf (L), 
stem (S), and whole aerial parts (WAP) of P. brachystachyum extracts in insulin-resistant cells was 
comparable to that observed in cells treated with glibenclamide (200 µM). It is a commercial drug of 
reference indicated for individuals with diabetes, which improves glucose transport and increases 
glucose uptake in these cells. 

These results can be compared with those obtained by Roghani and Baluchnejadmojarad [41], 
where they reported an increase in hepatic glucose consumption by the presence of epicatechin 
gallate in a mouse model of induced diabetes, as well as in a study by Huang, et al. [4], where the 
presence of quercetin increased hepatic glucose consumption, reporting that the presence of 
quercetin in mouse adipocytes blocks insulin-stimulated effects on glucose metabolism, including 
glucose transport, oxidation and incorporation into lipids, mentioning that an active receptor tyrosine 
kinase is necessary to mediate these effects [42]. Also, research conducted by Nomura, et al. [43] 
demonstrated that flavonoids such as luteolin, quercetin, apigenin, and kaempferol inhibited insulin 
signaling in mouse fat cells by suppressing insulin receptor phosphorylation and subsequent 
inhibition of Akt activation. 
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Figure 2. Glucose uptake (%) using an insulin-resistant model induced in human hepatic (HepG2) cells treated 
with leaf (L), stem (S), and whole aerial parts (WAP) extracts from P. brachystachyum, before (non-digested) and 
after (digested), submitted to a simulated gastrointestinal digestion. Samples were evaluated at a concentration 
of 25 µg/mL. Data shown as mean ± standard deviation abc Different letters indicate significant differences 
between samples determined by Tukey’s test (p < 0.05). CTRL Normal: Cells non-insulin-resistant or normal 
control; CTRL IR: Insulin-resistant cells without treatment. Glibenclamide (200 µM) was used as a reference 
drug. 

3.4. Nitric Oxide Inhibition Assay 

The nitric oxide inhibition test was performed in the RAW 264.7 cell line, evaluating the non-
digested and digested extracts of the leaf (L), stem (S), and whole aerial parts (WAP) of P. 
brachystachyum. The viability of RAW 264.7 cells treated with 25 µg/mL of P. brachystachyum extracts 
was higher than 88%. All three extracts from non-digested extracts reduced nitric oxide production 
by up to 13%. Notably, whole aerial parts (WAP) exhibited the most pronounced inhibition (Figure 
3). No significant differences in the inhibition of nitric oxide production were observed between non-
digested and digested samples on any of the three extracts. These results agree with Orhan, et al. [44] 
who obtained an inhibition of nitric oxide of 37.08% by methanolic extracts of Viscum album; it has 
also been reported that the presence of compounds such as procyanidin B1, which has been reported 
present in metabolomic analyses of the species P. brachystachyum activates anti-inflammatory signals 
ERK (extracellular signal-regulated kinases), suppressing pro-inflammatory genes and transcription 
factors such as nuclear factor-kappa B (NF-κB) [45]. Some studies report that epigallocatechin gallate 
(EGCG) inhibits the activation of pro-inflammatory transcription factors such as Nf-κB induced by 
lipopolysaccharide (LPS) by inhibiting the degradation of IκB kinase (IKK). Procyanidins-rich extract 
has also been reported to inhibit p65 translocation to the nucleus, iNOS expression, and nitric oxide 
production in RAW cells 264.7 [46]. Inhibition of human IKK activity has also been reported as an 
important target in the anti-inflammatory potential of procyanidins, and their effectiveness is closely 
related to their structure. LPS induces oxidative stress in cells, leading to increased production of 
nitric oxide and reactive oxygen species in macrophages [47]. It is well known that ROS are related 
to intracellular signaling. [48] Procyanidins, as potent antioxidants, can prevent increased production 
of ROS, which is associated with the activation of the signaling system of the transcription factor Nf-
κB [49,50] and the mitogen-activated protein kinase (MAPK) signaling pathway [51]. In the same 
way, the literature provides evidence of reciprocal communication between the ERK and Nf-κB 
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pathways, hypothesizing that ERK activates Nf-κB, which could explain how procyanidins could 
inhibit both pathways [52–54]. Also in monocytes, the main source of reactive oxygen species induced 
by activation of Nf-κB has been the complex nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase [55,56]; thus, inhibition of NADPH oxidase by procyanidins could be responsible for this 
effect [57]. Other possible mechanisms by which these compounds exert this effect include inhibition 
of the LPS response through neutralization and direct binding to LPS molecules [58,59], some dimeric 
procyanidins may act by inhibiting Nf-κB by binding to DNA [60]. 

 

 

Figure 3. Inhibition of nitric oxide production (%) in murine macrophages (RAW 264.7) cells treated with leaf 
(L), stem (S), and whole aerial parts (WAP) extracts from P. brachystachyum, before (non-digested) and after 
(digested), submitted to a simulated gastrointestinal digestion. Samples were evaluated at a concentration of 25 
µg/mL. Data shown as mean ± standard deviation. abc Different letters indicate significant differences between 
samples determined by Tukey’s test (p < 0.05). 

3.6. In Silico Analysis Results 

3.6.1. Drug-Likeness, PASS Analysis, ADMET Properties, and Toxicity Results 

The in silico drug-likeness, predicted bioactivity, pharmacokinetic, and toxicity profiles of the 
selected Phoradendron brachystachyum compounds were evaluated to assess their suitability as 
potential therapeutic candidates. According to Lipinski’s Rule of Five, six compounds exhibited more 
than two violations related to hydrogen bond donors, hydrogen bond acceptors, and topological 
polar surface area (TPSA), suggesting potential limitations in oral bioavailability (Table S3). 
Lipinski’s criteria indicate that compounds with molecular weight below 500 Da, LogP < 5, fewer 
than five hydrogen bond donors, and fewer than ten hydrogen bond acceptors are more likely to 
display favorable oral absorption[61]. 

These parameters may be associated with reduced absorption, rapid metabolism, or suboptimal 
distribution, potentially affecting pharmacokinetic performance [62]. However, it is important to note 
that deviations from Lipinski’s rules do not preclude biological activity, particularly for polyphenolic 
and glycosylated compounds, which often exhibit good bioactivity despite limited oral 
bioavailability. Therefore, these results were considered as preliminary indicators rather than 
exclusion criteria. 

ADMET predictions further revealed that five compounds showed inhibitory potential against 
major cytochrome P450 isoforms, including CYP1A2, CYP2C19, CYP2C9, CYP2D6, and CYP3A4. 
Since these enzymes play a central role in xenobiotic metabolism, their inhibition may lead to altered 
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drug metabolism or potential drug–drug interactions [63], , highlighting the importance of careful 
pharmacokinetic evaluation in future development stages. Regarding distribution properties, only 
two compounds were predicted to cross the blood–brain barrier, while six compounds exhibited high 
gastrointestinal absorption (Table S4), suggesting a preferential peripheral and metabolic mode of 
action rather than central nervous system activity. Toxicity predictions indicated low acute toxicity 
risk for the majority of the compounds, supporting their potential as safe bioactive agents. 
Collectively, these in silico results support the selection of a subset of P. brachystachyum compounds 
for further structure-based analyses, including molecular docking and dynamic simulations. 

PASS-based bioactivity predictions revealed a coherent pharmacological profile for the 
phytochemicals identified in P. brachystachyum, with a strong predominance of antioxidant-related 
activities (Figure 4). Most flavonoids and flavonol glycosides showed high probabilities of activity 
(Pa > 0.7) as free radical scavengers, antioxidants, and inhibitors of lipid peroxidation and NADPH 
oxidase, supporting a relevant role in oxidative stress mitigation (Košinová et al., 2011; Tumilaar et 
al., 2024). Quercetin derivatives, hyperoside, and spiraeoside exhibited the highest Pa values (>0.95) 
across multiple antioxidant endpoints, consistent with their polyphenolic scaffolds and known 
redox-modulating capacity (Marrazzo & O’Leary, 2020; Batiha et al., 2020). 

In contrast, predictions for carbohydrate-hydrolyzing enzymes revealed a preferential inhibition 
of α-glucosidase (Pa = 0.70–0.89) over α-amylase, particularly among glycosylated flavonoids. This 
selective profile suggests a modulation of postprandial glucose absorption with potentially fewer 
gastrointestinal effects (J. Zhu et al., 2019; Proença et al., 2021) Although sakuranetin and quercetin 
aglycone displayed low PASS-predicted α-amylase inhibition, their favorable binding energies 
observed in docking analyses indicate stable enzyme interactions. This divergence reflects the 
methodological differences between PASS, which relies on structure–activity precedents, and 
docking simulations, which evaluate physicochemical binding feasibility. The comprehensive in 
silico research substantiates the multitarget antidiabetic potential of P. brachystachyum, principally 
facilitated by antioxidant pathways and selective α-glucosidase inhibition. 

 

Figure 4. Heatmap representation of the predicted biological activities of P. brachystachyum compounds based 
on PASS analysis. The heatmap summarizes the probability of activity (Pa) values for seven relevant bioactivities 
associated with antidiabetic and antioxidant mechanisms, including α-amylase inhibition, α-glucosidase 
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inhibition, free radical scavenging, antioxidant activity, lipid peroxidase inhibition, NADPH oxidase inhibition, 
and peroxidase inhibition. Color intensity reflects increasing Pa values, highlighting compounds with 
multitarget potential and strong antioxidant-related profiles. This visualization emphasizes the contribution of 
oxidative stress modulation and enzyme inhibition to the predicted antidiabetic effects of the evaluated 
phytochemicals. 

The in silico toxicity predictions indicated that none of the evaluated compounds exhibited alerts 
related to hepatotoxicity, neurotoxicity, or general cytotoxicity. In contrast, the models predicted a 
potential association with nephrotoxicity and respiratory toxicity endpoints for all compounds, 
which should be interpreted as preliminary risk signals derived from structure–activity relationships 
rather than definitive toxic effects. Importantly, all compounds were classified within toxicity classes 
III, IV, and V, corresponding to low acute toxicity risk according to the ProTox-II classification system 
(Table S6). 

The overall low predicted toxicity profile supports the pharmacological feasibility of these 
compounds as bioactive candidates. Nevertheless, the presence of predicted organ-specific toxicity 
alerts underscores the need for further experimental validation and structural optimization to 
improve safety margins. Future studies should focus on refining the pharmacokinetic and 
toxicological properties of these compounds through in vitro and in vivo assays, with the aim of 
enhancing efficacy while minimizing potential adverse effects. Collectively, these findings suggest 
that P. brachystachyum compounds represent promising scaffolds for the development of safer and 
more effective therapeutic agents. 

3.6.2. Molecular Docking Analysis 

Molecular docking analyses revealed that sakuranetin and spiraeoside exhibited the most 
favorable binding affinities toward the α-amylase enzyme, with predicted binding free energies of 
−9.0 kcal·mol⁻¹ for both compounds (Figure 5A,B). In the case of α-glucosidase, quercetin 3-O-α-L-
rhamnopyranoside and spiraeoside showed the highest binding affinities, each with a binding energy 
of −9.9 kcal·mol⁻¹ (Figure 5C,D). These results suggest that these compounds possess a strong 
propensity to interact with key carbohydrate-hydrolyzing enzymes involved in glucose metabolism, 
supporting their potential relevance in the modulation of postprandial hyperglycemia. [64,65]. The 
high-affinity binding of these compounds was further supported by the formation of multiple 
stabilizing interactions within the catalytic regions of the enzymes. In the α-amylase–sakuranetin 
complex, four conventional hydrogen bonds were observed involving residues Gln63, Tyr62, Asp300, 
and His305, along with two π–π stacking interactions with Trp59. An unfavorable acceptor–acceptor 
interaction with Asp197 was also detected. Spiraeoside bound to α-amylase through two 
conventional hydrogen bonds with Trp59 and Tyr151, one π–σ interaction with Leu162, one π–alkyl 
interaction with Lys200, two π–π T-shaped interactions with His201, and one unfavorable donor–
donor interaction with Ile235. For α-glucosidase, quercetin 3-O-α-L-rhamnopyranoside established 
three conventional hydrogen bonds with Asp408, Arg312, and Asn412, in addition to one π–π T-
shaped interaction with Phe157 and several alkyl and π–alkyl interactions involving His245, Ala278, 
and His279. An unfavorable donor–donor interaction with His279 was also identified. Spiraeoside 
formed an extensive interaction network within the α-glucosidase binding pocket, including six 
conventional hydrogen bonds with Asp349, Phe157, Asp408, Arg312, Phe310, and His270, as well as 
π–cation interactions with Asp349, π–anion interactions with Arg439, and a π–π T-shaped interaction 
with Tyr71. One unfavorable donor–donor interaction with His348 was also observed. 

Overall, the binding modes of spiraeoside and quercetin 3-O-α-L-rhamnopyranoside within the 
α-glucosidase active site involved a combination of hydrogen bonding, electrostatic, and aromatic 
interactions, highlighting the complexity of the molecular recognition processes governing ligand–
enzyme association (Baron & McCammon, 2013). The presence of both favorable and unfavorable 
interactions reflects the dynamic balance of forces contributing to binding affinity and specificity. 
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Detailed binding energy values and interacting residues for all ligand–receptor complexes are 
summarized in Tables 2 and 3. 

 

Figure 5. (A) Three-dimensional representation of α-amylase in complex with sakuranetin, highlighting the 
ligand binding pose and key interactions within the catalytic pocket. (B) α-Amylase–spiraeoside complex 
showing the binding orientation and principal ligand–receptor interactions. (C) Docked complex of α-
glucosidase with quercetin 3-O-α-L-rhamnopyranoside, illustrating the ligand accommodation within the active 
site. (D) α-Glucosidase–spiraeoside complex depicting the binding mode and stabilizing interactions at the 
enzyme active region. 

Table 2. Binding energies and interacting amino acids between the compounds of P. brachystachyum and α-
amylase. Docking interactions with the best binding energies are highlighted in blue. 

A) 

B) 

C) 

D) 
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Ligands 
Receptor 
proteins 

Binding 
energy  

(kca mol-1) 
Interacting amino acid residues 

 

Afzelin α-amylase -8.2 
Trp58, Ile235, Lys200, Leu162, His305, 

Glu233, Asp197 
 

Ellagic Acid α-amylase -8.3 
Phe348, Ala310, Asp317, Arg267, Thr314, 

Arg346 
 

Hispidulin α-amylase -8.7 Gln63, Arg195, His299, Tyr62, Trp59  

Hyperoside α-amylase -8.3 
Ser163, Leu165, Tyr62, Asp300, Arg195, 

Asp197, Glu233 
 

Isorhamnetin 3-galactoside α-amylase -8.1 
Tyr151, Ile235, Leu162, His305, Glu233, 

Arg195, Asp197, His299 
 

Isorhamnetin 3-o-glucoside α-amylase -8.2 
Ile235, Lys200, Leu162, Ser163, Arg195, 

Asp197, Asp300 
 

Niranthin α-amylase -6.5 
His101, Leu162, Trp52, Leu165, His299, 

Asp197, Tyr62, Gln63 
 

Phloretin α-amylase -7.3 Ala198, Glu233, Asp197, Trp59  

Quercetin 3-arabinoside α-amylase -8 
Arg195, Tyr62, Asp300, Leu165, Glu233, 

Gly306, His299 
 

Quercetin 3-O-alpha-L-
rhamnopyranoside 

α-amylase -8.2 Leu162, Ile235, Lys200, Trp58, Asp197  

Quercetin α-amylase -8.3 
Trp59, His305, Asp300, Asp197, Tyr62, 

Gln63 
 

Quercetin-3-O-beta-D-
galactopyranoside 

α-amylase -8.2 
Ser163, Leu162, Ile235, Lys200, Asp300, 

Asp197, Arg195, His305 
 

Sakuranetin α-amylase -9 Gln63, Tyr62, Asp300, His305, Trp59  

Spiraeoside α-amylase -9 
Trp59, Leu162, Lys200, His201, Ile235, 

Tyr151 
 

Table 3. Binding energies and interacting amino acids between the compounds of P. Brachystachyum and α-
glucosidase. Highlighted in blue are the docking interactions with the best binding energies. 

Ligands 
Receptor 
protein 

Binding 
energies (kcal 

mol-1) 
Interacting amino acid residues  

Afzelin 
α-

glucosid
ase 

-9.3 Tyr71, Phe177, Glu276, Ala278, Thr215, 
Arg312 

 

Ellagic Acid 
α-

glucosid
ase 

-8.8 Arg312, Arg439, Ala278, Phe157  

Hispidulin 
α-

glucosid
ase 

-8.4 
Phe311, His239, Asp408, Asp349, Phe157, 

Phe177, Arg312 
 

Hyperoside 
α-

glucosid
ase 

-9 
Arg439, Asp349, Glu276, Asn241, Glu304, 

Arg312, Lys155 
 

Isorhamnetin 3-
galactoside 

α-
glucosid

ase 
-8.6 

Glu276, Asp349, Arg439, Tyr71, Phe158, 
Phe157, Arg312 

 

Isorhamnetin 3-o-
glucoside 

α-
glucosid

ase 
-9 Arg312, Pro309, His239, Phe157, Ala278, 

Asn241, His279, Glu304, Phe311 
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Niranthin 
α-

glucosid
ase 

-7.2 
His348, Asp408, Arg312, Asp349, Tyr71, 

Arg439, Asp214, Asp68, Glu276 
 

Phloretin 
α-

glucosid
ase 

-8.2 Pro309, Asn241, Arg312  

Quercetin 3-arabinoside 
α-

glucosid
ase 

-8.5 His245, Ala278, His279, Asn412, Asp408, 
Arg312, Phe157 

 

Quercetin 3-O-alpha-L-
rhamnopyranoside 

α-
glucosid

ase 
-9.9 

His245, Ala278, His279, Asn412, Asp408, 
Arg312, Phe157 

 

Quercetin 
α-

glucosid
ase 

-8.9 His279, Arg439, Glu276, Asp349, Phe300, 
Phe157, Ala278 

 

Quercetin-3-O-beta-D-
galactopyranoside 

α-
glucosid

ase 
-9.7 His279, Arg439, Glu276, Asp349, Phe300, 

Phe157, Ala278 
 

Sakuranetin 
α-

glucosid
ase 

-8.5 
Arg312, Asp214, Tyr71, Phe177, Gln181, 

His111, Arg439, Asp349 
 

Spiraeoside 
α-

glucosid
ase 

-9.9 His348, Asp349, Phe157, Asp408, Arg312, 
Phe310, His279, Arg439, Tyr71 

 

3.6.3. Molecular Dynamics Simulation 

Results for dynamic simulations of the four protein-ligand complexes are presented 
independently in Figures S4–S7. According to the RMSD, good stability was observed for the ligands 
spiraeoside (α-glucosidase) and sakuranetin, and for spiraeoside (α-amylase), considering a RMSD 
below 2 Å (0.2 nm) as the criterion. For the ligand quercetin, 3-O-alpha-L-rhamnopyranoside 
moderate values were obtained. RMSF allows the quantification of the average fluctuations in the 
positions of atoms within the molecule over time. Our results indicate low flexibility of the backbone 
atoms in all four complexes throughout the 100 ns analyzed, suggesting that the atoms maintain 
adequate rigidity within the protein. High flexibility was observed only at the beginning of the 
experiment for the metabolites spiraeoside (Figure S4B) and quercetin 3-O-alpha-L-
rhamnopyranoside (Figure S5B) in relation to protein α-glucosidase. However, as the analysis 
progressed, the atoms achieved stability immediately after atom 200, considering that the protein 
consisted of almost 9,000 atoms. Based on the radius of gyration, the ligand complexes displayed 
values close to 0.5 nm, indicating a compact structure due to the small size of the metabolites. In 
contrast, both the protein and its backbone exhibited higher values, up to 2.5 nm, suggesting a more 
extended structure, consistent with the large size of the α-glucosidase and α-amylase proteins, which 
contain over 8,500 atoms. Regarding potential energy, the metabolites associated with α-glucosidase 
obtained similar values ranging from-8.28e+05 to -8.22e+05, while those associated with α-amylase 
also showed comparable results (-6.64e+05 to -6.58e05+). This is primarily due to the structural 
differences between α-amylase and α-glucosidase. Given the growing importance of using plant 
metabolites as alternatives to synthetic drugs, there is increasing interest in in silico studies 
evaluating α-amylase and α-glucosidase as strategies for diabetes treatment [66–68]. In this context, 
several authors have studied the conformational stability of complexes of proteins with metabolites 
such as epicatechin, quercetin, luteolin, and acarbose, among others [69–72]. Although our study 
revisits some of these metabolites, it is important to note that our molecular dynamics simulation 
extended over 100 ns, whereas other studies range from 30 to 50 ns [73]. Longer simulations, such as 
those used in our study, provide a clear perspective on the conformational stability of the molecules. 
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Complementing this information, the results of our molecular dynamics analysis, expressed as 
conformational stability, support the idea that quercetin could be a promising candidate for treating 
diabetes mellitus. This finding aligns with those reported by previous studies about this metabolite 
[70,71]. When comparing the in silico stability of our four complexes with other complexes (same 
proteins) involving metabolites such as acarbose and apigenin [69], we found that our complexes 
exhibited lower RMSD and RMSF values. These criteria are crucial for assessing the stability of the 
complex, suggesting that the complexes analyzed in this study show superior pharmacological 
potential. However, among the metabolites, we recommend in vitro evaluations of quercetin 3-O-
alpha-L-rhamnopyranoside for α-glucosidase and sakuranetin for α-amylase. 

4. Conclusions 

This research has shown that Toji mistletoe (P. brachystachyum) exhibits greater cellular 
antioxidant activity by inhibiting peroxyl radicals, strong anti-inflammatory potential by inhibiting 
nitric oxide production, and improved glucose uptake by liver cells under insulin-resistant 
conditions, suggesting a reversal effect of this condition. In the quantification of the phenolic 
compounds present in the extracts, three compounds were identified: quercetin-3-O-rhamnoside, 
rutin, and hesperidin, with quercetin-3-O-rhamnoside being the most abundant in both digested and 
non-digested extracts. No differences in biological activity were observed among Toji extracts, 
regardless of the plant section used to make the extract. As expected, gastrointestinal digestion 
significantly reduced the quercetin-3-O-rhamnoside, rutin, and hesperidin content in all extracts. 
Likewise, glucose uptake in insulin-resistant cells treated with leaf (L), stem (S), and whole aerial 
parts (WAP) extracts, and cellular antioxidant activity of cells treated with WAP extract, were 
reduced after digestion, with no differences observed between treatments. In contrast, the anti-
inflammatory potential was unaffected by digestion or by the type of extract used, possibly because 
of the high levels of glycosylated flavonoids, which tend to be more resistant to digestion and whose 
activity is mainly associated with the release of their aglycone. The most relevant effect of toji extracts 
was a significant improvement in glucose uptake in insulin-resistant liver cells, even at levels 
comparable to those of glibenclamide, a commercial drug. Although this effect was significantly 
reduced after digestion of the extracts, it showed significant improvement compared to the control 
of untreated insulin-resistant cells. Finally, an integrated in silico assessment was performed on 14 
compounds previously identified in Phoradendron brachystachyum to systematically evaluate their 
drug-likeness, pharmacokinetic behavior, and interaction potential with key carbohydrate-
hydrolyzing enzymes. This computational approach enabled the prioritization of bioactive 
candidates by combining ADMET profiling with structure-based analyses, revealing that 
sakuranetin, spiraeoside, and quercetin 3-O-α-L-rhamnopyranoside exhibited the most favorable 
binding energies and stable interaction patterns with α-amylase and α-glucosidase. These findings 
highlight the relevance of in silico methodologies as efficient and cost-effective tools for narrowing 
down promising phytochemicals prior to experimental validation. Overall, the Toji mistletoe (P. 
brachystachyum) demonstrated notable biological potential, supporting its traditional use and 
positioning it as a promising source of compounds capable of modulating metabolic pathways 
associated with type 2 diabetes. Nevertheless, further mechanistic, pharmacokinetic, and 
toxicological studies are required to fully elucidate the modes of action, optimize dosing strategies, 
and assess long-term efficacy and safety. In this context, the present in silico framework provides a 
robust foundation for guiding future experimental studies and advancing the rational development 
of Toji-derived compounds as potential alternatives or complements to current antidiabetic therapies. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

AAPH 2,2’-azobis-2-methylpropanimidamide dihydrochloride 

ADMET Absorption, distribution, metabolism, excretion, and toxicity 

CAA Cellular Antioxidant Activity 

CTRL IR Insulin-resistance control 

CTRL Normal Non-insulin-resistant or normal control 

D Digested 

DCFH-DA 2′,7′-dichlorodihydrofluorescein diacetate 

DMEM Dulbecco’s Modified Eagle Medium 

ECG Epicatechin-3-gallate 

EGCG Epigallocatechin 3-gallate / Epigallocatechin gallate 

ERK Extracellular signal-regulated kinases 

FBS Fetal bovine serum 

IKK IκB kinase 

IR Insulin-resistant 

L Leaves / leaf 

LPS Lipopolysaccharide 

MAPK Mitogen-activated protein kinase 

MD Molecular dynamics 

MW Molecular weight 

NADPH Nicotinamide adenine dinucleotide phosphate 

NCD Non-communicable disease 

ND Non-digested 

NF-κB Nuclear factor-kappa B 

NO Nitric oxide 

NPT Constant number, pressure, and temperature 

NVT Constant number, volume, and temperature 

Pa Probabilities of activity 

PASS Prediction of Activity Spectra for Substances 

PBS Phosphate-buffered saline 

Pi Probability of inactivity 

QSAR Quantitative structure–activity relationship 

Rg Radius of gyration 
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RMSD Root mean square deviation 

RMSF Root mean square fluctuation 

ROS Reactive oxygen species 

S Stems / stem 

TPSA Topological polar surface area 

WAP Whole aerial parts 
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