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ARTICLE INFO ABSTRACT

Keywords: Fortified foods have garnered significant attention as potential therapeutic strategies with less adverse effects
Hydroxy“}ethylbUtyrate and ready accessibility. However, precise formulation is required to optimize their beneficial effects. Our study
Glucosamine aimed to unravel the mechanisms of a functional protein beverage, hydroxymethylbutyrate and glucosamine
i?;;i?;‘:}s disease fortified whey protein drink (HG-WPD), as a possible intervention combatting sarcopenia and Alzheimer’s dis-
Anti-aging ease (AD) by network pharmacology, molecular docking, and experimental assays. This study investigates the

Milk molecular pathways through which HG-WPD acts, by combining in silico and in vitro analyses. Our in silico study
predicted the important target proteins, including acetylcholinesterase (AChE), matrix metalloproteinase 9
(MMP9), and angiotensin-converting enzyme (ACE), linked to both diseases. The molecular docking analysis
showed that hydroxymethylbutyrate and glucosamine exhibited a notable binding affinity to these proteins,
therefore suggesting their possible use as multi-target medicinal agents. In vitro studies on C2C12 myotubes
showed that HG-WPD reduced dexamethasone-induced cell death highlighting its potential anti-sarcopenic ac-
tions. Furthermore, confirming their possible function in reducing cognitive impairment in AD, the antioxidant
tests showed great activity of both substances. The results imply that HG-WPD is potentially effective for future
therapeutic approaches as a functional food product with dual benefits in combatting sarcopenia and AD.

1. Introduction with adverse health outcomes, such as falls, functional decline, frailty,
and mortality [1-3]. Moreover, sarcopenia has been linked to poor

Sarcopenia, a disease characterized by the decrease of muscle postoperative prognosis, longer hospitalization, and increased health-
strength and mass, triggers significant challenges due to its association care expenses [4]. It is also associated with a higher risk of depression
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which can negatively impact physical functions, leading to further
adverse health consequences [1,5]. Several studies have highlighted the
urgency of identifying treatment for sarcopenia as a significant public
health concern [6]. Various studies emphasize the importance of early
diagnosis to facilitate effective prevention and treatment strategies [7].
The increasing prevalence of sarcopenia, especially among older pop-
ulations, has emerged as a major health issue [8]. Sarcopenia is preva-
lent not only among individuals with age-related diseases but it is also
linked to poor health outcomes in a broader spectrum [9].

Managing sarcopenia faces significant challenges due to the lack of
approved pharmacological treatments. Current interventions primarily
focus on physical therapy for muscle strengthening, gait training, and
ensuring adequate protein intake [10]. However, there is growing in-
terest in exploring alternative strategies, such as whole-body vibration
training, blood flow restriction, and electrical stimulation, as potential
therapies for sarcopenia [11]. It is crucial to establish a multipronged
approach to treat sarcopenia, which includes nutritional support, exer-
cise, and potential pharmacological interventions [12].

Sarcopenia, the progressive loss of muscle mass and strength, is
increasingly recognized as a potential risk factor for Alzheimer’s disease
(AD), as it may exacerbate cognitive decline by contributing to frailty
and reduced physical activity. AD is the most prevalent form of de-
mentia, accounting for approximately 60-80 % of dementia cases
[13-15]. The global incidence of AD is increasing, resulting in a sig-
nificant public health challenge [16]. Age is the primary risk factor for
AD, with other factors, such as geographical location, income, gender,
and environmental influences also playing a role [17]. Studies have
indicated a strong association between AD and biological aging, with
leukocyte telomere length suggested as a critical biomarker for assessing
AD risk [18]. Furthermore, epidemiological evidence has suggested that
non-steroidal anti-inflammatory drugs may reduce the risk of devel-
oping AD [19]. AD has also been linked to other health conditions, such
as type 2 diabetes, with shared molecular mechanisms including
amyloid-beta peptide (AB) accumulation and tau protein hyper-
phosphorylation [20-22].

AD is a progressive neurodegenerative condition with limited
definitive cure. Existing therapeutic approaches primarily focus on
managing symptoms and attempting to inhibit disease progression [23].
A key aspect of AD management involves limiting the decline in
acetylcholine levels and neurotransmitter destabilization, which are
linked to cognitive and memory impairments. Cholinesterase inhibitors
are commonly used to elevate endogenous acetylcholine levels in the
brain, offering relief for cognitive and behavioral symptoms in mild to
moderate AD cases [24]. The inhibition of the acetylcholinesterase
(AChE) enzyme to enhance acetylcholine levels in the synaptic clefts is a
well-established therapeutic strategy for AD [25] via modulating
cholinergic neurotransmission [26]. Additionally, disease-modifying
therapies (DMTs) are gaining attention as they aim to slow the pro-
gression of dementia symptoms in patients with AD [27]. Several ther-
apeutic strategies including the potential use of low-dose ionizing
radiation [23], phytochemical compounds, nanoparticles, and phyto-
chemical delivery systems [28] have been explored to establish more
effective treatments. The pharmaceutical benefit of plant extracts and
their bioactive compounds, such as alpha-tocopherol, selegiline, and
ginkgo biloba, has also been investigated for their therapeutic potential
[29].

Hydroxymethylbutyrate (HMB) and glucosamine have gained
attention for their potential benefits in various health conditions. HMB,
a metabolite of the amino acid leucine, has been reported to positively
affect muscle strength and size, particularly in older individuals [30]. A
study reported that HMB supplementation, in combination with
elastic-band resistance exercise or vibration treatment, could effectively
manage conditions like sarcopenia in older populations [31]. In addi-
tion, HMB supplementation, when combined with physical exercise, was
found to delay frailty and reduce cognitive impairment in older adults
[32]. Glucosamine, an amino sugar and naturally found in cartilage, was
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associated with improved joint health and reduced inflammation in
osteoarthritis. Studies have shown that glucosamine supplementation
can maintain joint structure, prevent cartilage degradation, and enhance
the chondrogenic potential of stem cells [33]. Furthermore, the combi-
nation of glucosamine and nutrients, such as milk-fat globule mem-
brane, was found to improve joint function and physical performance
[34]. Both HMB and glucosamine play crucial roles in maintaining or
improving muscle and joint health. While HMB has more impact on
muscle strength and size, glucosamine is primarily associated with joint
integrity and cartilage maintenance. These supplements, when used in
conjunction with appropriate exercise intervention and nutrition, can
contribute to overall well-being, especially in aging populations or in-
dividuals with specific health concerns related to muscle or joint
functions.

Innovative food products fortified with HMB and glucosamine may
provide therapeutic benefits to support the health of muscles and joints.
Whey Protein Drink (WPD; Hilo Platinum™), a ready-to-drink milk
product fortified with both HMB and glucosamine (HG-WPD), is
currently available in the market. We intended to uncover the potential
effect of HMB and glucosamine in commercial WPD products (HiLo
Platinum™) by investigating the molecular signaling pathways involved
in combating sarcopenia and AD. This was achieved using in silico
network pharmacology, protein-protein interaction studies, molecular
docking, and in vitro assays. This study aims to fill the current gap of
knowledge and support new functional food innovations that can fight
against sarcopenia and AD.

2. Materials and Methods
2.1. Sample preparation

The nutritional content information of the commercially available
HG-WPD (Table 1) was obtained from the official website of the com-
pany (https://www.hilo.co.id/products/hilo-gold/hilo-platinum-hmb;
accessed August 4th, 2024).

2.2. Analyses of bioactive compounds activities, toxicity, and drug
likeness

The PubChem compound identifier (CID) was obtained for all the
substances of our interest for further in silico analysis [35]. Possible
bioactivities of these substances as anti-sarcopenia or AD were investi-
gated by using WAS2DRUG PASS prediction tool (www.pharmaexpert.
ru). The target proteins or ligands of the subjected substances could be
predicted by structure activity relationship (SAR) analysis [36]. Proba-
bility of activity (Pa) value above 0.5 was considered to have high po-
tential as anti-sarcopenia or anti-AD [37]. Toxicity analysis was
performed by using Protox (https://tox.charite.de/protox3/index.php?
site=compound_input). Drug likeness analysis was conducted by sub-
jecting the SMILES notation of each compound of interest, which was
obtained from Pubchem, into ADMETLab 2.0 database (www.
admetmesh.scbdd.com). Lipinski’s Rule of Five (Ro5) guide was
employed to evaluate the drug similarity properties of each ligand
[38-40].

2.3. Virtual screening of protein targets

The predicted targets of glucosamine and HMB were analyzed by
inputting the SMILES notations of each compound into SuperPred target
analysis tool (www.prediction.charite.de). Cut-off score for this analysis
was 80 %, which reflects the precision of the model (Table S1) [41,42].
The predicted targets which are linked to sarcopenia and AD were
analyzed by using Open Targets database (www.opentargets.org). Pro-
teins, which were predicted as targets of glucosamine and HMB and
were found to be linked to sarcopenia and AD, were selected for pathway
enrichment and network pharmacology analysis by using Kyoto
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Table 1
Nutritional fact of HG-WPD (HiLo Platinum™).

Nutritional Content Amount per Serving

Total Energy 150 kcal
Total Fat 4g
Trans Fat 0g
Cholesterol 10 mg
Omega 3 (a-linolenic acid) 259 mg
Omega 6 (linoleic acid) 120 mg
Saturated Fat 1g
Protein 12¢g
Total Carbohydrate 22g
Dietary Fiber 1g
Sugar (Sucrose) 0g
Lactose 2g

Salt (Sodium) 140 mg
Vitamin A 800 IU
Vitamin C 36 mg
Vitamin B1 1.40 mg
Vitamin B2 0.64 mg
Vitamin B3 15 mg
Vitamin B5 2mg
Vitamin B6 1.30 mg
Vitamin B7 12 ug
Vitamin B12 6 g
Folic Acid 160 pg
Vitamin D 600 IU
Vitamin E 6 mg
Potassium 95 mg
Calcium 660 mg
Iron 4 mg
Phosphorus 133 mg
Zinc 3.9mg
Magnesium 61 mg
Iodine 30 pg
Selenium 60 pg
Chromium 6 ug
Glucosamine 250 mg
HMB 500 mg

Encyclopedia of Genes and Genomes (KEGG) [43] and STRING database
(www.string-db.org) [44], respectively.

2.4. Molecular docking simulation

The predicted receptors with the highest centrality which have been
recognized to have role in the pathophysiology of AD were selected for
further analysis. The binding affinity value of the selected proteins and
glucosamine or HMB was evaluated by molecular docking simulation by
CB-Dock2 that probes interaction between proteins and ligands based on
the cavity-detection-guided blind docking. This approach combines
homologous template fitting, cavity identification, and docking [45].
Compounds that have been established as binding ligands of selected
protein targets were used as references. The binding affinity was indi-
cated as Vina score where the higher negative score reflects the stronger
binding affinity. Next, the predicted structures of the selected proteins or
their ligands were analyzed by using RSCB protein data bank (www.
rscb.org).

2.5. Antioxidant activity measurement by DPPH and ABTS assays

The antioxidant activity of HG-WPD was evaluated by 2,2"-diphenyl-
1-picrylhydrazyl (DPPH) and 2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonate (ABTS) radical scavenging activity assays [43,44]. HG-WPD
samples were added to 3 mL of DPPH reagent at final concentrations
of 1, 10, 20, 30, and 40 mg/mL. The DPPH-sample solution was incu-
bated at 22 °C for 30 min. The absorbance was measured with a
nano-spectrophotometer (SPECTROstarNano BMG LABTECH) at 517
nm. For ABTS test, a working solution was generated by adding K2S20s
and ABTS at a 1:1 ratio. Next, the HG-WPD was mixed with working
solution at final concentrations of 1, 10, 20, 30, and 40 mg/mL. The
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solution was incubated in dark at 22 °C for 14 h. The absorbance of the
solution was measured at a wavelength of 734 nm wusing a
nano-spectrophotometer (SPECTROstarNano BMG LABTECH). Trolox
was used as control for both DPPH and ABTS tests. The percentage of
inhibition of DPPH and ABTS was quantified with this formula:

A0 — Al

0,
A0 x 100%

Inhibition Activity (%) =
where Ay refers to the blank while A; to the standard or sample
abdorbance values.

To ensure the reliability of the DPPH and ABTS assay results, each
sample was tested in triplicates.

2.6. In vitro anti-sarcopenia activity assesment

C2C12 mouse skeletal myoblasts (American Type Culture Collection,
Manassas, VA, USA) were grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10 % fetal bovine serum (FBS), 100 U/mL
penicillin, 100 pg/mL streptomycin, and 200 mM L-glutamine (Life
Technologies Italy, Milan, Italy). Cells were maintained at 37 °C in
incubator at 5 % CO2 and grown until they reached 80 % confluence.
Next, cells were differentiated by using differentiation medium (DM),
which contained 2 % horse serum, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 200 mM L-glutamine. The DM was refreshed every
two days.

The viability of the myotubes was assessed by evaluating the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) as an indicator of mitochondrial functionality [46]. The
cells were seeded into a 96-well cell culture plate (3 x 103 cells/well)
and grown to 80 % confluence. After 7 days of differentiation, the cells
were treated with 1 pM dexamethasone (DEX), either alone or in com-
bination with HG-WPD at concentrations of 30 pM and 150 pM, for 48 h.
After washing, 1 mg/mL of MTT was added to each well and incubated
for 30 min at 37 °C. After the formazan crystals formed, 150 pL of
dimethyl sulfoxide was added to each well to dissolve the crystals.
Absorbance was measured at 550 nm. The experiments were performed
in quadruplicate and repeated in three independent experimental sets.

2.7. Anti-Alzheimer’s activity by in vitro inhibition of acetylcholinesterase
(AChE) enzyme

The activity of AChE was assessed using a modified version of the
spectrophotometric method developed by Ellman et al. and Rajan et al.
[47,45]. A mixture containing 500 pL of 3 mM 5,5'-dithio-bis-2-ni-
trobenzoic acid (DTNB) solution (in 0.1 M potassium phosphate buffer,
pH 8), 100 pL of 15 mM acetylthiocholine iodide (AChI) (in water), 275
pL of 0.1 M potassium phosphate buffer (pH 8), 100 pL of HG-WPD
solution (in water) at various concentrations (1, 10, 20, 30, and 40
mg/mL, respectively), was used a blank (control for non-enzymatic
hydrolysis of acetylcholine) [48]. In the reaction cuvettes, 25 pL of
buffer was replaced with an AChE solution at the activity of 0.16 U/mL.
Thiocholine, generated from the hydrolysis of acetylcholine, reacted
with DTNB during which a yellow compound was generated. The
absorbance was recorded every minute as the reaction was observed at
405 nm for 5 min. After calculating the reaction rate, enzyme activity
was expressed as a percentage of the rate relative to the control test
containing buffer solution instead of HG-WPD as the inhibitor. The
experiment was carried out in triplicate.

2.8. Statistical analysis and data management

For in vitro antioxidant assays and in the case of in vitro inhibition of
AChE, two-way ANOVA (CI 95 %, 0.05) statistical test was carried out
using GrapPad Prism Premium Licensed version 10.3.0 (GraphPad
Software, Inc; CA, USA). For in vitro study, values are expressed as the
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mean + S.E.M.
3. Results
3.1. Nutritional contents/facts information

The nutritional information obtained from the official website is
presented in Table 2. The chemical characteristics of each compound,
including the substance/compound name, molecular formula, molecular
weight (g/mol), and PubChem CID, were obtained and documented.

3.2. Prediction of HG-WPD bioactive compound activities, toxicity
analysis, and drug likeness

First, we performed a comprehensive analysis of HG-WPD bioactive
compounds targeting processes, genes, and proteins linked to sarcopenia
and AD. The Pa value assessment, toxicity computational analysis, drug-
likeness evaluation, and network pharmacology were performed to
identify the relevant pathways, which were further examined in the
molecular docking stage (Table 3). Our evaluation revealed that two
compounds, which are C15 and C16, showed a promising potential.
Specifically, C15 demonstrated potential for the treatment of acute
neurologic disorders. Additionally, C16 exhibited potential as an
acetylcholine neuromuscular blocking agent, neurotransmitter antago-
nist, and myosin ATPase inhibitor. The term LDs refers to the quanti-
fication of the amount of substances or compounds that, under control
conditions, will be a lethal dose to 50 % of a large number of test animals
or in vitro of a particular object. The value is expressed in milligrams of
the substance being tested per kilogram of animal body weight (mg/kg).
Next, we determined the predicted LDs( values to classify these mole-
cules according to the oral toxicity GHS Classification Scheme [49]. We
found that both C15 and C16 had toxicity class 4 and 5, respectively,
indicating their safety for oral consumption. Furthermore, both com-
pounds met Lipinski’s Rule of Five, indicating good drug-likeness, as
described in Table 3. These findings validate the therapeutic potential of
the two HG-WPD molecules for the potential treatment reference of
sarcopenia and AD.

We employed Swiss Target Prediction to determine the detailed
chemical characteristics of the compounds, along with a radar chart that
visually displays the multidimensional properties of the molecules
(Fig. 1). The axes of the radar chart typically represent different prop-
erties, such as lipophilicity (LIPO), size, polarity (POLAR), solubility
(INSOLU), flexibility (FLEX), and saturation (INSATU). Additionally,
information regarding the chemical structure, water solubility, and
pharmacokinetics of the compounds were also shown in Fig. 1.

Table 2
Chemical characteristics from observed compounds of HG-WPD.

No Substance/ Molecular Molecular PubChem
Compounds in Formula Weight (g/mol) CID

C1 Omega 3 Ci1gH3002 278.4 5280934
(a-linolenic acid)

C2 Omega 6 (linoleic C18H3202 280.4 5280450
acid)

c3 Vitamin A CaoHz300 286.5 445354

C4 Vitamin C CeHgOg 176.12 54670067

C5 Vitamin B1 C12H;17CN4OS 300.81 6042

c6 Vitamin B2 C17H20N406 376.4 493570

Cc7 Vitamin B3 CegHsNOo 123.11 928

Cc8 Vitamin B5 CoH;7NOs 219.23 6613

(@°) Vitamin B6 CgH;1NO3 169.18 1054

C10 Vitamin B7 C10H16N203S 244.31 171548

C11 Vitamin B12 Ce3HggCoN14014P 1355.4 5311498

C12 Folic Acid C19H19N706 441.4 135398658

C13 Vitamin D Co7H440 384.6 5280795

Cl4 Vitamin E CooHs002 430.7 14985

C15 Glucosamine CeH13NOs 179.17 439213

Cl6 HMB CsH;1003 118.13 69362
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3.3. Protein target identification and network pharmacology analysis

Protein target identification and analysis were conducted to identify
the primary proteins involved in the pathogenesis of both sarcopenia
and AD. This study included an analysis of proteins and genes identified
from disease-related targets and compounds found in HG-WPD (HMB
and glucosamine). The results are depicted in the quadruple Venn dia-
gram (Fig. 2A), which shows that two genes/proteins, angiotensin-
converting enzyme (ACE) and matrix metalloproteinase 9 (MMP9),
were common between HG-WPD, sarcopenia, and AD. Protein-protein
interactions provided supporting evidence, as shown in Fig. 2B.
Further investigation of the target proteins from HG-WPD identified
several potential targets within the GO-Biological Process (Fig. 2C), GO-
Molecular Function (Fig. 2D), and KEGG analysis (Fig. 2E). Our results
showed that HMB and glucosamine affected genes which are involved in
various biological functions, mainly related to skeletal muscle devel-
opment, such as skeletal muscle atrophy, skeletal muscle adaptation,
and myotube development (Fig. 2C). Those affected genes are also
involved in various molecular functions including cholinesterase activ-
ity, signaling receptor binding, and proteoglycan binding (Fig. 2D).
Furthermore, KEGG pathway enrichment analysis revealed that
glucosamine and HMB affected the genes which are involved in
numerous important pathways, such as longevity regulating pathway,
endocrine resistance, and growth hormone synthesis, secretion, and
action (Fig. 2E).

3.4. Molecular docking simulation

In drug development and discovery, molecular docking is a widely-
used computational method to predict the interactions between a
small molecule (ligand) and a target macromolecule (receptor). This
method allows for the evaluation of the binding activity of substances
identified in HG-WPD, particularly glucosamine and HMB, through their
interactions with various proteins, including ACE, MMP9, and AChE.
Next, we performed molecular docking simulation targeting specific
drug receptors including ACE, MMP9, and AChE (Table 4). Established
targeted agents—captopril for ACE, marimastat for MMP9, and riva-
stigmine for AChE—were used as controls, with their affinity values also
displayed in Table 4. The findings indicated that C15 exhibited binding
affinity values comparable to those of captopril and marimastat for ACE
and MMP9, respectively. On the other hand, Compound C16 demon-
strated weaker affinity for both ACE and MMP9 compared to captopril
and marimastat. Additionally, the binding affinities of both C15 and C16
to AChE were relatively weaker than that of the control rivastigmine/
physostigmine. These results suggest that C15 has a stronger overall
binding affinity to the target receptors compared to C16, with its affinity
for MMP9 being particularly comparable to that of marimastat. How-
ever, both HG-WPD compounds exhibit potential as multi-target ligands
for these enzymes. Hence, the results suggest that C15 has the potential
to be a viable alternative, with a binding profile that is not significantly
weaker than the established controls. The compound clearly shows
negative AG or Vina score values comparable to the control based on the
molecular docking parameters, although with different degrees, which
implies that the molecules in the HG-WPD might have synergistic
qualities.

The evaluation is based on the ability of these compounds to inhibit
signal binding to the specific receptors (Fig. 3). Table S2 provides a
graphical representation of the predicted interactions between amino
acids and the compounds derived from HG-WPD, excluding glucosamine
and HMB, as well as the control, against specific receptor proteins. The
effectiveness of these drugs is determined by the degree and strength of
amino acid interactions that inhibit signal transmission to the receptors.
The extent of amino acid binding may be linked to the adaptability of
certain drugs. Analyzing the strength of these binding interactions also
aids in understanding a compound’s affinity, particularly through the
formation of hydrogen bonds. Most drugs identified in HG-WPD form
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Table 3
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The evaluation of HG-WPD potential for anti-sarcopenia and anti-Alzheimer’s based on structure-activity relationship (SAR) predictions via Pa score, toxicity pre-

diction, and drug-likeness analysis.

No Pa Level”
Target with >0.4

Toxicity Model Drug Likeness”

Computation Analysis”

Predicted LDsq (mg/ Toxicity Lipinski Pfizer GSK

kg BW) Class
C15  Acute neurologic disorders treatment (0.539) 1.804 4 Accepted  Accepted  Accepted
Cl6  Acetylcholine neuromuscular blocking agent (0.517), Neurotransmitter antagonist (0.599),  3.056 5 Accepted  Accepted  Accepted

and Myosin ATPase inhibitor (0.718)

# Way2Drug.
b Protox; ***ADMET.

hydrogen bonds with amino acids involved in disease pathways, indi-
cating varying levels of docking activity, which can be correlated with
their chemical structures and functional characteristics. Furthermore,
molecular docking studies have shown that glucosamine exhibits a
binding affinity comparable to that of certain controls against specific
receptors, suggesting its potential bioactive properties.

3.5. Antioxidant activities of HG-WPD, HMB, and glucosamine assesed
by DPPH and ABTS

Next, we measured the antioxidant activity of HG-WPD, glucos-
amine, and HMB to evaluate the nutritional effects of these compounds.
The results are compared to the Trolox control as the standard antioxi-
dant. Our data showed that based on ABTS test, HG-WPD, glucosamine,
and HMB exhibited a comparable antioxidant activity as compared to
Trolox at 1 mg/mL low concentration (Fig. 4A). At higher concentra-
tions, only HG-WPD showed a comparable antioxidant activity to Tro-
lox, whereas glucosamine and HMB alone showed a lower antioxidant
activity (Fig. 4A). Similar results were also observed for the antioxidant
activity using DPPH test (Fig. 4B). Our results suggested that HG-WPD
possessed an antioxidant property that may enhance its nutritional
values and therapeutical benefits.

3.6. HG-WPD, HMB, and glucosamine protect C2C12 myocytes from
DEX-induced cell death

Next, we evaluated the effect of HG-WPD, HMB, and glucosamine on
the viability of C2C12 myotubes (Table 5). DEX treatment decreased
their viability to 90.50 + 1.5 %. However, when DEX and HG-WPD at
10 mg/mL and 40 mg/mL were co-administered, the cell viability was
increased to 105.30 £+ 0.6 % and 110.55 + 0.5 %, respectively. Simi-
larly, the combination of DEX with 10 mg/mL HMB raised cell viability
to 106.50 + 0.4 %, while the addition of 10 mg/mL glucosamine led to a
slight increase to 96.90 + 0.5 %. These findings suggest that HG-WPD,
especially at higher concentrations, prevents the reduction in cell
viability induced by DEX, with effects comparable to those observed
with HMB alone, suggesting their potential beneficial effects against
sarcopenia.

3.7. HG-WPD, HMB, and glucosamine potently inhibit AChE activity In
vitro

The results shown in Fig. 5 presents the potential anti-Alzheimer’s
activities of HG-WPD, HMB, and glucosamine, evaluated in vitro by
measuring their inhibitory effects on AChE at increasing concentrations
(1, 10, 20, 30, and 40 mg/mL). Physostigmine was used as a positive
control. At all tested concentrations, HG-WPD, HMB, and glucosamine
demonstrated AChE inhibition activity comparable to the control. No
significant differences in inhibition were observed between the com-
pounds and the control, as indicated by p-values greater than 0.05 across
all concentrations. This suggests that HG-WPD, HMB, and glucosamine
exhibit potential anti-Alzheimer’s activity similar to that of the standard

treatment, physostigmine, via inhibiting AChE.
4. Discussion

Sarcopenia, a condition characterized by the loss of muscle mass and
function, is commonly associated with aging. Various studies have
investigated potential therapeutic interventions for sarcopenia, ranging
from natural compounds to pharmacological agents. Melatonin, a
molecule derived from tryptophan, has garnered attention for its po-
tential in treating sarcopenia due to its chronobiotic, antioxidant, and
anti-inflammatory properties [50]. Moreover, interventions targeting
NAD"' metabolism and downregulating specific pathways, such as
SIRT1, IL-6, TNF, and AKT1, have shown promise in mitigating the ef-
fects of sarcopenia [51,46]. Compounds like tomatidine, curcumin, and
other plant bioactives also demonstrated anti-sarcopenic activity
through mechanisms including antioxidant and anti-inflammatory ef-
fects [52-54].

Recent studies have shed light on the potential role of the ACE in
sarcopenia and AD. The ACE gene has been identified as a risk locus for
AD, and ACE inhibitors have been suggested as a potential therapy for
sarcopenia in older adults [55,56]. Additionally, the classical
renin-angiotensin system (RAS) pathway has been implicated in muscle
wasting, while the non-classical RAS pathway, involving angiotensin
1-7 and the Mas receptor, may have protective effects against sarco-
penia [57]. The LACE study investigated the effects of the ACE inhibitor
Perindopril on physical performance and muscle mass in older in-
dividuals with sarcopenia, showing promising results [58]. However, a
separate study found that the ACE I/D genotype was associated with
strength in men with sarcopenia but did not correlate with the response
to ACE inhibitor therapy in older adults with sarcopenia [59]. This
highlights the complexity of the relationship between ACE and sarco-
penia. Moreover, genetic evidence suggests a protective effect of cere-
bral ACE against AD, while the therapeutic use of ACE inhibitors has
been proposed to prevent cognitive impairment and neurodegeneration
in animal models of AD [56,60]. Additionally, carriers of heterozygous
loss-of-function ACE mutations may be at risk for AD due to the
involvement of ACE in the cleavage of amyloid AB42, a key component
in the pathogenesis of AD [61].

MMP9 has been identified as a significant factor in various neuro-
logical disorders, including AD. Elevated levels of MMP9 was found in
the brain and cerebrovasculature of individuals with AD [62]. In the
context of sarcopenia, research has explored the association between
primary sarcopenia and serum MMP9 levels [63]. Additionally, MMP9
has been implicated in the development of sensory circuits during early
postnatal life and is linked to neurodegenerative disorders, such as
traumatic brain injury, multiple sclerosis, and AD [64]. Studies have also
highlighted the involvement of MMP9 in inflammatory processes in
cerebrovascular diseases, further emphasizing its role in neurological
conditions [65].

AChE is a crucial enzyme involved in various neurological disorders,
including AD, and sarcopenia. In AD, AChE hyper-activation leads to a
decrease in acetylcholine levels, contributing to memory loss and
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Table 4
The Vina score of the molecular docking parameter for the HG-WPD compounds
of identification.

Drug/Nutritional Content Sarcopenia- and Alzheimer’s-Related

Proteins

ACE MMP9 AChE
Captopril -59 -
Marimastat - —6.1
Rivastigmine - - 7.2
C15 (Glucosamine) -5.5 —6.5 -5.9
C16 (HMB) —4.5 -5.3 —4.6

neurobehavioral abnormalities [66]. Additionally, AChE inhibition
plays a significant role in increasing cholinergic transmission, reducing
Ap aggregation, and preventing the generation of neurotoxic fibrils in
AD [67]. The selective vulnerability of basal forebrain cholinergic
neurons, regulated by AChE, is a key factor in AD pathophysiology [68].
In the context of AD, AChE is a primary target for therapeutic inter-
vention, with drugs such as donepezil acting as AChE inhibitors to
enhance cholinergic activity and reduce Af aggregation [69]. Further-
more, the inhibition of AChE is a strategy in the treatment of AD and
similar disorders due to its role in acetylcholine hydrolysis [70]. Studies
have also shown that elevated AChE activity may contribute to the
development of AD [71]. Regarding sarcopenia, the degeneration of
acetylcholine receptors (AChRs) at the neuromuscular junction is a
significant factor in aging-associated sarcopenia [72]. Targeting
AChRs-related genes involved in acetylcholine signaling may offer a
potential treatment approach for sarcopenia. Moreover, in the aging

Journal of Agriculture and Food Research 18 (2024) 101495

neurodegenerative diseases, such as AD and Parkinson’s Disease [73].

Interventions like exercise, nutritional supplements, and the use of
natural, such as bee, products have also been suggested for their po-
tential in preventing and treating sarcopenia [74]. Specifically, resis-
tance training combined with protein supplementation, amino acids,
especially leucine, vitamin D, and omega-3 fatty acids hold a promise in
attenuating sarcopenia. This finding is supported by our results, since
HMB, a metabolite of leucine, was studied for its positive effects on
muscle strength and size, particularly in older individuals. Protein
intake, in particular, plays a significant role in counteracting sarcopenia,
with deficiencies in protein or vitamin D being major contributors to the
condition [75,76]. Recently, branched-chain amino acid (BCAA) sup-
plementation was proposed as a potential treatment for improving sar-
copenia in elderly individuals [77].

AD is a complex neurodegenerative disorder in which developing
effective treatments is challenging to date. Several studies have identi-
fied novel compounds with potential anti-Alzheimer’s properties. In a
previous study, thiazole-pyridiniums were synthesized as potential anti-
Alzheimer’s agents, which show AChE inhibitory activities and inhibi-
tion of AP self-aggregation [78]. Additionally, compounds from the
methanolic extract of Lawsonia inermis seeds exhibited anti-Alzheimer’s
properties by modulating acetylcholine content and AChE activity [79].
Furthermore, compound 801, a cinnamic acid derivative, demonstrated
strong neuroprotective activity against Ap 1-42 toxicity, making it a
promising novel compound for the treatment of AD [80]. Additionally,
the use of transthyretin stabilization as a strategy for AD treatment has
been proposed, emphasizing the importance of targeting specific pro-
teins in neurodegenerative diseases [81]. The development of novel
compounds from both synthetic and natural sources holds promise for

process, imbalances in acetylcholine levels are linked to
No C15 (Glucosamine) C16 (HMB)
ACE o {E
MMP9
AChE

Fig. 3. Illustration of the predicted interactions between amino acid residues and glucosamine (left panel) or HMB (right panel) with ACE, MMP9, and AChE.



F. Nurkolis et al.

A

150

100

Activity (%)

150

100

Activity (%)

0.0172

0.9955 I

—
0.3730
1

0.5993
1
0.0309 0.4568

0.0944

| 0.0376

1
0.0004
0.2036 0.9771
| |
0.0001

ABTS

Journal of Agriculture and Food Research 18 (2024) 101495

0.2781 <0.0001 0.0001 0.0052
0.9869 | <0.0001 | 0.0004 0.0343
| |
0.0343 0.0003 <0.0001 0.2081
1 1 1 1
0.0005 <0.0001 <0.0001 0.5861
0.4543 0.0002 0.4444 0.0752 0.9741 0.8314 0.8884 0.4080
| | | [ | 1 ]
10 20 30 40
Concentrations (mg/mL)
B Trolox/Control = HG-WPD =1 HMB = Glucosamine
<0.0001 <0.0001 <0.0001 0.0002
<0.0001 <0.0001 | <0.0001 0.0002
| ] |
<0.0001 <0.0001 <0.0001 0.0002
0.2126 0.9933 <0.0001 0.1949 0.0615 0.0002
| | [ 1 | | [ ]
<0.0001 <0.0001 0.9722 <0.0001 >0.9999 >0.9999
] r ] C L]
10 20 30 40

Concentrations (mg/mL)

I Trolox/Control

= HG-WPD

=1 HMB

=1 Glucosamine

Fig. 4. Antioxidant activities of HG-WPD, C15 (glucosamine), and C16 (HMB) measured by ABTS (A) or DPPH (B) assays. n = 3, statistical analysis was performed by
two-way ANOVA. HG-WPD: HMB and glucosamine fortified Whey Protein Drink.

the treatment of AD. These compounds target various pathways
involved in the disease, including AChE inhibition, Ap aggregation, and

neuroprotection.

Various studies have explored the potential benefits of different types
of supplementations in preventing or delaying the onset of AD.

Phytochemicals from plant-based herbal treatments have been investi-
gated for their interactions with critical proteins involved in amyloi-

dogenesis, a key process in AD pathogenesis [82]. Probiotic and vitamin

co-supplementation has also gained attention as a complementary
strategy for AD prevention [83]. Additionally, omega-3 polyunsaturated
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Table 5
The effect of HG-WPD, HMB, and glucosamine on the viability of C2C12 myo-
cytes. Cell death was induced by 1 pM DEX.

Treatment Cell Viability
Control/Without Treatment 100 + 5.0
dexamethasone 1 pM 90.50 + 1.5
dexamethasone 1 pM + 10 mg/mL HG-WPD 105.30 + 0.6
dexamethasone 1 pM + 40 mg/mL HG-WPD 110.55 + 0.5
dexamethasone 1 pM + 10 mg/mL HMB 106.50 + 0.4
dexamethasone 1 pM + 30 mg/mL glucosamine 96.90 + 0.5

Cell viability was evaluated by MTT assay. Values are expressed as the mean =+ S.
E.M of 3/triplicates experiments. We arbitrarily set the control condition as 100
%.

fatty acids, such as those found in fish oil, have shown promise in
slowing cognitive decline in older adults at risk for AD [84]. Interest-
ingly, antioxidants, such as those found in novel antioxidative supple-
ments, have been proposed as a means to prevent cognitive decline in
AD by targeting oxidative stress and the AP cascade [85]. Our results
indicate that HG-WPD, HMB, and glucosamine possess potent antioxi-
dant properties, particularly at higher concentrations. These findings
support the potential of these compounds to prevent cognitive decline in
AD. The targeted proteins included ACE, MMP9, and AChE. Based on
these results, we propose a model that illustrates the potential patho-
genesis and interconnection between these targeted proteins, demon-
strating how the compounds in HG-WPD may act as potential treatments
for both sarcopenia and AD (Fig. 6).

5. Conclusions

The results of this study highlight the strong potential of a hydrox-
ymethylbutyrate and glucosamine-strengthened whey protein drink
(HG-WPD) as a multivarious nutrient mix for fighting against both sar-
copenia and Alzheimer’s disease (AD). By combining in silico studies
consisting of network pharmacology and molecular docking, and in vitro
assays, the present work emphasizes the capacity of HG-WPD to target

Journal of Agriculture and Food Research 18 (2024) 101495

important proteins involved in sarcopenia and AD, including ACE,
MMP9, and AChE. Significant binding affinities of the HG-WPD com-
pounds to these target proteins were predicted by the molecular docking
simulations which imply their possible use as multi-target therapeutic
agents. Indicative of their anti-sarcopenic properties, in vitro experiment
showed that compounds enriched in the drink preserved muscle cell
viability under a stress condition. Furthermore, the strong antioxidant
activity demonstrated in this study points to a preventive function of the
functional food in reducing oxidative stress which is a recognized factor
causing AD-related cognitive deterioration. These results, taken
together, point to HG-WPD as a creative and useful dietary intervention
for the management and prevention of AD and sarcopenia. Nevertheless,
further clinical research is required to confirm these results and inves-
tigate the therapeutic possibilities of this fortified whey protein drink in
human populations.

Supplementary Materials: Table S1: The SMILES notation for each
compound of HG-WPD obtained from PubChem; Table S2: The visual
representation of the interaction between amino acids and the com-
pounds identified from HG-WPD against specific receptor proteins.
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