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Abstract In a recent randomized, double-blind,
placebo-controlled trial, we were able to demonstrate
the superiority of a dietary supplement composed of
essential amino acids (EAAs) over whey protein, in
older adults with low physical function. In this paper,
we describe the comparative plasma protein expression
in the same subject groups of EAAs vs whey. The
plasma proteomics data was generated using SOMA
scan assay. A total of twenty proteins were found to be
differentially expressed in both groups with a 1.5-fold
change. Notably, five proteins showed a significantly
higher fold change expression in the EAA group which
included adenylate kinase isoenzyme 1, casein kinase
II 2-alpha, Nascent polypeptide-associated complex
subunit alpha, peroxiredoxin-1, and peroxiredoxin-6.
These five proteins might have played a significant
role in providing energy for the improved cardiac
and muscle strength of older adults with LPF. On the
other hand, fifteen proteins showed slightly lower fold
change expression in the EAA group. Some of these
15 proteins regulate metabolism and were found to be
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associated with inflammation or other comorbidities.
Gene Ontology (GO) enrichment analysis showed the
association of these proteins with several biological
processes. Furthermore, protein—protein interaction
network analysis also showed distinct networks between
upregulated and downregulated proteins. In conclusion,
the important biological roles of the upregulated
proteins plus better physical function of participants in
the EAAs vs whey group demonstrated that EAAs have
the potential to improve muscle strength and physical
function in older adults. This study was registered
with ClinicalTrials.gov: NCT03424265 “Nutritional
interventions in heart failure.”
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Introduction

The expression of proteins in blood changes as a
function of age, health conditions, environmental
exposures, nutrition, and dietary supplements.
Protein is key dietary ingredient, especially for
older adults who undergo age-related loss of muscle
mass which contributes to low physical functioning
(LPF). We and others have previously reported
that older adults tend to underestimate their protein
requirements and eat substantially less protein [1,
2]. It can be very challenging to reverse the rate of
decline in physical functioning with aging [3, 4]. To

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-023-00725-5&domain=pdf

1730

GeroScience (2023) 45:1729-1743

be able to live independently at an older age, it is
very important to maintain optimal skeletal muscle
function and strength. Pharmacological approaches
for ameliorating LPF in the elderly have not been
successful due to multiple comorbidities associated
with age and side effects of drugs [5]. In some
cases, exercise training has improved the functional
performances of older peoples with LPF [6, 7], but
not in all [8, 9].

Nutritional therapies such as whey protein and
essential amino acids (EAAs) have both produced
health benefits [10—-12]. One advantage of EAAs over
whey is that they are primary “active” components
of dietary protein responsible for the stimulation of
muscle protein synthesis [10]. In fact, the response
of muscle protein synthesis after ingestion of a com-
position of free EAAs has been reported to be more
than twice the response to ingestion of a comparable
dosage (g/g) of whey protein isolate [11, 13]. Vari-
ous previous studies have found that supplementa-
tion of the diet with EAAs increases lean body mass,
muscle strength, and improved physical function by
effectively stimulating muscle protein synthesis in the
elderly [14—17]. Moreover, another study that used
EAA supplementation in older adults showed prom-
ising results in the moderate reduction of plasma tri-
glycerides, which are an independent risk factor for
ischemic heart disease [18].

There is very limited data evaluating the differ-
ential expression of proteins in blood following con-
sumption of EAAs vs whey in older individuals. An
improved understanding of the differential expres-
sion of proteins secondary to EAAs or whey could
help to inform the design of appropriate nutritional
therapies for LPF older adults. Evaluation of plasma
proteins can provide important diagnostic, prognostic,
and potentially therapeutic information. However, it
is very challenging to quantify the proteins because
of required dynamic range to profile the human pro-
teome which contains of an approximately 20,000
proteins [19]. In a recent study, we described that the
12 weeks of dietary supplementation with a specially
formulated composition based on EAAs improved
physical performance in LPF elderly as compared
to whey protein and could be considered an effec-
tive therapy in individuals with low physical func-
tional capacity [7]. In this companion paper, we used
SOMAscan [20], to study differential plasma protein
expression in the same cohort of older adults with
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LPF and showed that five proteins had a significantly
higher expression in the EAA group which included
adenylate kinase isoenzyme 1(AK1), casein kinase
IT 2-alpha, Nascent polypeptide-associated complex
subunit alpha (NACA), peroxiredoxin-1, and perox-
iredoxin-6. These five proteins, plus some inflamma-
tory proteins that were differentially reduced, might
have contributed to the better physical performance of
the LPF subjects on EAAs.

Methods
Subjects

This was a randomized double-blind, placebo-con-
trolled study, conducted at the University of Arkan-
sas for Medical Sciences. The study was approved
by IRB# 206,313. Sixty subjects were randomized to
either EAAs or whey over a 12-week period. Inclu-
sion criteria were age > 65, both genders, and inclu-
sive of all races and ethnicities as described [7]. The
primary criterion for participation was difficulty with
performing physical activity for reasons other than
orthopedic limitations (i.e., low physical function,
LPF). All our subjects had some level of previously
diagnosed degree of cardiac disease and were clini-
cally, New York Heart Association (NYHA) I-III,
with either heart failure with preserved ejection frac-
tion (HFpEF) or systolic heart failure. We used the
subjects with NYHA level I, II and III symptoms and
most subjects were either level I or level II. The char-
acteristics of the subjects are summarized in Table 1.

The following were included in the exclusion cri-
teria: hemoglobin < 10 g/dL; eGFR < 30; hemoglobin
Alc>10; allergy to milk or soy products; inability
to perform strength and/or functional assessments;
moderate to severe heart valve disease; myocardial
infarction in the past 6 months; infiltrative, restrictive,
or hypertrophic cardiomyopathy; unstable angina;
dementia, as determined by a SLUMS score of <20;
active inflammatory bowel disease; having received
chemotherapy or radiation therapy within the past
12 months; currently undergoing tube feeding; cur-
rently receiving palliative care for end-of-life cir-
cumstance; and those who were not willing to refrain
from using non-study protein/amino acid supplements
during their participation in this study. In addition,
potential subjects with any disease that specifically
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Table 1 Characteristics of the subjects of EAA and whey pro-
tein groups

Categories Specific factor ~ Whey protein EAAs
N=20 N=16
NYHA class NYHA class 1 3 2
NYHA class 2 16 12
NYHA class 3 2 2
NYHA class 4 0 0
Echocardiography ~ EF >60% 19 14
EF <40-55% 1 1
Other comorbidi- HTN 19 15
ties HLP 14 8
Atrial fibrillation 4 3
CAD 3 4
DM 1

impaired functional capacity were excluded, such as
moderate hypothyroidism, Parkinson’s disease, major
anxiety/depression, myasthenia gravis, and neurologi-
cal diseases that cause gait impairment (e.g., amyo-
trophic lateral sclerosis, stroke). A total of 60 subjects
participated in the trial but plasma for SOMAscan
analysis was obtained from 20 subjects on whey and
16 subjects on EAAs. SOMAscan is a highly multi-
plexed, sensitive platform that uses modified DNA
aptamers as high affinity protein capture reagents to
simultaneously quantify more than 1300 human pro-
teins in plasma [20].

Experimental design
Overview

Two groups of subjects were randomly assigned
to consume daily for 12 weeks one of two different
nutritional supplements, a proprietary EAA composi-
tion, or whey protein isolate. Blood samples were col-
lected from subjects at baseline and at the end of the
study.

Nutritional supplements

Participants receiving nutritional supplementation
were instructed to consume a daily dose of 15 g of
the proprietary EAA-based composition (US Patent
9,597,367 B2) or 15 g of a whey protein isolate com-
position daily for 12 weeks. The EAA composition

contained histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, threonine, valine, tryp-
tophan, citrulline, and carnitine (12 g total per dose)
and 3 g of non-caloric flavoring.

The whey protein isolate composition contained
approximately 13.5 g whey protein isolate (90% pro-
tein) and 1.5 g flavoring. Products were supplied by The
Amino Company, LLC, Lewes, Delaware. Subjects and
investigators were blinded about which product they
were taking. All product containers were coded and after
all study visits were completed, the blind was broken,
and all data were entered into a database.

Participants were asked to maintain their normal
diet and given a food diary for daily recording upon
enrollment. Dietary data was analyzed using special
computer software (Esha Research Inc, 4747 Skyline
RD, Ste. 10, Salem, OR 97,306) and no significant dif-
ferences were found between the macronutrient intake
of the EAAs and whey protein groups. Dietary pro-
tein intake was an average of 0.85+0.06 g protein/kg/
day in the EAA group, and 0.87 +0.050 g in the whey
group [7].

Study visits (participants in randomized double-blind
trial)

Visits 1 and 2 Informed consent was obtained, the
SLUMS cognitive test was administered and scored,
a history and physical performed, and a blood sam-
ple obtained. On the 2nd visit, a fasting blood sample
(~30 mL) was drawn to determine baseline values and
subjects were randomized in a double-blind method. A
permuted block randomization procedure, stratified by
gender, was used to assign subjects to EAAs or whey
group. Subjects were provided with forms and training
for recording their dietary intake over a 3-day period
each week. Study staff dispensed approximately 10 days’
worth of study product and a consumption diary for sub-
jects to complete after ingesting each dose.

Visits 3-13 (study weeks 1-11 of interven-
tion) Review of any adverse effects, diet review,
compliance with supplements, and more study prod-
uct provided.

Visit 7 (study week 6) Participants reported after
an overnight fast and a blood sample (~30 ml) was
drawn. A urine sample was collected for a dipstick
test for proteinuria.
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Visit 13 (study week 12) Procedures performed in
visit 7 were repeated.

The primary functional measure was the distance
walked in 6 min or 6-min walk (6 MW) distance
at baseline and final visit in all participants in both
whey and EAA groups. In addition, body compo-
sition was determined at baseline and final visit of
participants in both groups by dual-energy X-ray
absorptiometry. Blood plasma samples were pro-
cessed and analyzed commercially, and statistical
data analysis performed to examine the differential
protein expression in the plasma of subjects tak-
ing EAAs vs whey. Blood samples were collected
in lavender potassium EDTA tubes, and then spun
down to separate out the plasma. Plasma was then
aliquoted into flip-top PCR tubes and shipped fro-
zen on dry ice, Washington University (WashU, St.
Louis, MO) for SOMALogic analysis.

Statistical analysis

Summary statistics included transforming and visu-
alizing the proteomics data came from SOMAscan
analysis, Washington University (WashU, St. Louis,
MO). The hypothesis was that there was a signifi-
cant difference between protein expression with
respect to treatments. Firstly, fold change ratios of
protein expression before and after treatment were
calculated and transformed on a log2 scale to make
all asymmetric values to be symmetric around zero
and distribution of ratios were observed in terms
of positive, negative or no change. Then, data nor-
malization was done to reduce the variation arising
from treatment vs control. Furthermore, to calculate
the differences in protein expression between EAAs
and whey groups, Welch two sample t-test was per-
formed. Volcano plots and heatmaps were generated
by using a 1.5-fold change in expression between
EAAs and whey groups. Dendrogram was prepared
to see the clustered analysis of identified proteins
in both groups. Statistical analyses were performed
using R 4.1.2.

The 6 MW (ft) change from baseline at 12 weeks
was tested for the null hypotheses of no change per
group and no group difference in change. For the per-
group tests, the one-sample t-test was used for the
Whey group and the Wilcoxon signed rank test for the
EAA group. The group comparison was tested using
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the Mann—Whitney U test. The alternative hypotheses,
a positive change per group and a greater change for
the EAA group compared to the Whey group, were
one-sided. The significance level was 0.05. Statistical
analysis was performed using SAS 9.4.

Transforming and visualizing proteomics data

The proteomics data was transformed to a log2 scale,
to observe ratios that were positive or negative after
12 weeks of treatment. A value larger than 1 indi-
cates that protein was expressed higher after treat-
ment. Data was normalized for run-to-run variation
[21] and missing values were removed. We performed
1305 t-tests using Welch Two sample t-test. Proteins
were extracted by using log2 fold change greater than
0.585 or less than—0.585 (which means 1.5-fold
change expression), and a logl0 of p-values greater
than 1.3.

Results

A total of twenty proteins were differentially expressed
between subjects taking EAAs vs whey after 12 weeks
(Table 2) and we observed that five proteins had a
higher fold change in EAAs vs whey groups (Table 2,
Fig. 1). Differential protein expression is shown in
the heatmap (Fig. 2), and protein clusters in the den-
drogram (Fig. 3). Body composition/anthropometric
changes, before and after consuming EAAs and whey
protein are presented in Table 3.

Gene Ontology (GO) enrichment analysis of
differentially expressed proteins

All the differentially expressed proteins were
mapped to their enriched GO terms based on the
functional annotation from the PANTHER database
(Fig. 4). The majority of protein class are associated
with cellular processes (13 proteins), biological
regulations (7 proteins) and metabolic processes (6
proteins). In the upregulated five proteins, three out
of five are associated with biological regulations,
viz., Casein kinase II 2-alpha:2-beta heterotetramer,
Peroxiredoxin-1, and Peroxiredoxin-6, and two out
of five are associated with metabolic process, viz.,
Adenylate kinase isoenzyme 1 and Peroxiredoxin-1.
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Table 2 Most differentially expressed proteins using a 1.5-fold change (EAAs vs whey group), log2 fold change>0.585 (upregu-

lated), < —0.585 (downregulated), and —log10 p> 1.3 (significant)

Differentially Expressed Proteins in EAAs vs whey group Log2 fold change —Logl0  Fold change Effect size
(EAA vs whey)  of p-value (EAA vs
whey)

A: upregulated proteins (EAAs vs whey group)
1. Adenylate kinase isoenzyme 1 1.05 1.49 2.071 2.08
2. Casein kinase II 2-alpha:2-beta heterotetramer 0.729 1.41 1.657 2.23
3. Nascent polypeptide-associated complex subunit alpha 0.740 1.34 1.670 2.30
4. Peroxiredoxin-1 0.607 224 1.524 2.17
5. Peroxiredoxin-6 0.721 1.35 1.648 2.75

B: downregulated proteins (EAAs vs whey group)
6 Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic ~ —0.888 1.52 0.540 1.37
7. Endoglin —0.608 1.33 0.656 1.23
8 C-C motif chemokine 3 -0.718 1.45 0.608 1.10
9 Mast/stem cell growth factor receptor Kit —0.654 2.89 0.636 2.81
10. Interleukin-18-binding protein —0.753 2.34 0.593 1.68
11. Regenerating islet-derived protein 4 —0.687 1.64 0.621 1.22
12.  Peptide YY —0.607 1.48 0.657 1.25
13.  Glucagon -1.16 1.59 0.447 1.19
14.  NADPH-cytochrome P450 reductase —-1.05 1.76 0.483 1.32
15. Formimidoyltransferase-cyclodeaminase —1.68 1.70 0.312 1.26
16. Aminoacylase-1 —0.808 2.00 0.571 1.54
17.  Ectonucleoside triphosphate diphosphohydrolase 5 —0.606 3.07 0.657 2.48
18.  Creatine kinase M-type:Creatine kinase B-type heterodimer —-0.847 1.37 0.556 1.24
19. N-acylethanolamine-hydrolyzing acid amidase -0.677 1.65 0.625 1.27
20. Low affinity immunoglobulin gamma Fc region receptor II-b —-0.667 1.80 0.630 2.07

Of the 15 downregulated proteins, 8 proteins are
found to be associated with cellular processes, viz.,
Glycerol-3-phosphate  dehydrogenase [NAD(+)]
cytoplasmic, Endoglin, C—C motif chemokine 3,
Mast/stem cell growth factor receptor Kit, Peptide
YY, Ectonucleoside triphosphate diphosphohy-
drolase 5, Creatine kinase M-type: Creatine kinase
B-type heterodimer, and Low affinity immunoglob-
ulin gamma Fc region receptor II-b, and four out of
15 are associated with biological regulation, viz.,
C-C motif chemokine 3, Mast/stem cell growth
factor receptor Kit, Peptide YY, and Low affinity
immunoglobulin gamma Fc region receptor II-b,
and again four proteins are found to be associated
with metabolic process, viz., Glycerol-3-phosphate
dehydrogenase [NAD(+)], cytoplasmic, Mast/stem
cell growth factor receptor Kit, Ectonucleoside
triphosphate diphosphohydrolase 5 and Creatine
kinase M-type: Creatine kinase B-type heterodimer.

PPI network analysis of the differentially expressed
proteins

The protein—protein interaction network analysis was
constructed using the STRING database for the upregu-
lated and downregulated categories of proteins (Fig. 5).
A total of 5 differentially expressed proteins in the
upregulated group and 15 differentially expressed pro-
teins in the downregulated group were found to show
interactions in the matched PPI networks. In the upreg-
ulated ones, two distinct interactions were found and
among which, two proteins, viz., Peroxiredoxin-1 and
Peroxiredoxin-6, presented the highest degree of con-
nectivity as shown in Fig. 5. In the downregulated ones,
three distinct interactive networks were found and four
proteins, viz., Endoglin, C—C motif chemokine 3, Low
affinity immunoglobulin gamma Fc region receptor II-b,
and Mast/stem cell growth factor receptor Kit, presented
the highest degree of connectivity as shown in Fig. 5.
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Fig. 1 Volcano plot
showed the differential pro-
tein expression in the blood
plasma samples obtained
from older adults after

12 weeks of EAAs vs whey
protein consumption using a
1.5-fold change expression.
Red dots on the right-hand
side indicate upregulation
and on the left-hand side
indicate downregulation
and black dots indicate

no significant change in
protein expression levels
based on an absolute log2
fold change greater than
0.585 or less than —0.585,
indicates 1.5-fold change
expression with—log10
p-value greater than 1.3

-log10 (p-value)
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Fig. 3 Dendrogram show-
ing clustered analysis of
significantly expressed

Cluster Dendrogram

proteins in EAAs and whey
group
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Table 3 Body composition/anthropometric changes before and after consuming EAAs and whey protein

EAAs (n=16) Whey (n=20)

Baseline Final p-values Baseline Final p-values

Mean + SEM Mean + SEM Mean + SEM Mean + SEM
Body weight (kg) 81.85+3.85 80.75+3.93 0.4285 82.09+3.3 81.28+3.18 0.4341
BMI (mg/m?) 29.88+1.13 29.55+1.16 0.4147 30.38+1.34 30.07+1.25 0.4471
Lean body mass (kg) 45.12+2.61 45.21+2.77 0.9242 4491+1.78 45.42+1.89 0.3888
Fat mass (kg) 32.57+2.04 31.88+2.02 0.3443 32.73+2.19 32.02+2.89 0.2785

BMI, body mass index; EAAs, essential amino acids

Functional analysis of change in 6MWT distance

The mean distance (SE) traveled by the EAA group
during baseline was 1261.5 (76.5) ft vs 1422.9 (56.6)
ft by the whey group. As shown in Fig. 6, both groups
increased the mean distance traveled at the final visit
by 115.9 (18.2) ft, p<0.01, in the EAA group and
57.3 (26.6) ft, p<0.05, in the whey group. Further-
more, while the whey group traveled a longer dis-
tance at both the baseline and final visit than the EAA
group, the magnitude of change in the EAA group

from baseline to the final visit was significantly dif-
ferent from the whey group (p <0.01).

Discussion

Our previous research has found the health benefits of
nutritional diet supplement with EAAs based compo-
sition vs whey protein in older adults. This is the first
study which shows comparative protein expression
between EAAs vs whey proteins supplementation
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Fig. 4 Pie Chart showing

PANTHER GO-Slim Biological Process
Total # Genes: 20 Total # process hits: 49

the functional classification
of differentially expressed
proteins in EAAs vs whey
group using Gene Ontology
(GO) enrichment analysis
through PANTHER-classifi-
cation system

Metabolic
process
(G0O:0008152)

Locomotion
(GO:0040011)

Localization
(GO:0051179)

in LPF elders and relates it to physical functional
improvement.

The major finding of this study was that daily sup-
plementation of the diet with the EAAs compared
to whey showed a significantly higher expression
level in five key proteins that might have contrib-
uted to the better muscle strength and improvement
in 6 min walking distance in LPF older adults. Ade-
nylate kinase isoenzyme 1 (AK1), showed the great-
est fold change difference in EAAs vs whey. AK1 is
an important regulator of cellular energy expenditure,
and it has been found to be highly expressed in well-
differentiated tissues with high energy demand, such
as brain, skeletal muscle and heart, and found to be
critical in the maintenance of cellular and muscle per-
formance [22-26]. More recently, a modest elevation
of AK1 activity has been shown to improve functional
recovery following ex-vivo model of ischemia—reper-
fusion in murine hearts [27]. Other investigators have
reported a fourfold decrease in expression of AK1 in
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a mouse model of Duchene’s muscle atrophy [28].
Interestingly, AK1 protein expression has also been
shown to be elevated in the skeletal muscle of old vs
young adult rats but this could represent a compensa-
tory increase [29]. The elevation of AK1 in our study
might have contributed to increased cytosolic avail-
ability of cyclic AMP improving muscle energetics.

Higher expression of Casein kinase II 2-alpha:2-
beta heterotetramer (CK2) with EAAs might also
have been beneficial since CK2 has been found to
regulate cell survival in various tissues including
muscles cells, and also controls muscle cells during
physiological aging [30-34]. Another important pro-
tein elevated with EAAs was Nascent polypeptide-
associated complex subunit alpha (NACA). NACA
has been shown to be crucial for cardiomyocyte
growth as well as skeletal muscle growth and regen-
eration. Knock-down of skeletal NACA (skNAC) in
zebrafish embryos resulted in skeletal muscle defects
[35-38].
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Fig. 5 Protein—protein interactions using STRING database among all the 20 differentially expressed proteins extracted from 1.5-

fold change expression among EAAs vs whey groups

Peroxiredoxin-land 6 (Prdxl and Prdx6) were
also higher in EAAs vs whey. Prdx-1 plays an
important role in cell protection against oxida-
tive stress by detoxifying peroxides and as sensor
of hydrogen peroxide-mediated signaling events
[39]. It has been reported that the overexpression
of Prdxl in cardiomyocytes of mice prevented
transverse aortic  constriction (TAC)-induced
cardiac hypertrophy and heart failure [40, 41].
Prdx-6 has been reported to play an important
role in heart recovery following ischemia—reperfu-
sion injury and can protect against phospholipid

peroxidation-mediated membrane damage [42—44].
These two proteins, viz., Prdx-1 and Prdx-6, also
presented the highest degree of connectivity as per
the STRING network analysis of protein—protein
interactions (Fig. 5).

These five proteins of EAA group were found to
be clustered together in dendrogram and shared a
significantly close cellular processes and biologi-
cal regulations as per protein analysis through evo-
lutionary relationships (PANTHER) classification
system (Fig. 4). These biological functions of higher
fold expressed five proteins in EAAs supported our
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previous study that these five proteins were helpful
to provide additional energy for cardiac and muscle
strength in EAAs supplemented older adults as com-
pared to whey group in which these proteins showed
slightly lower fold change in expression. These results
also support our previous findings that EAAs supple-
ments have the potential to improve muscle strength
and physical function in LPF older people as com-
pared to whey groups [7].

Fifteen proteins were found to have slightly lower
fold change expression in EAAs vs whey group.
This decrease in expression in these proteins was
relatively mild, between 0.3 and 0.65-fold change.
Some of these 15 proteins are important as they
regulates metabolic processes of body like Glycerol-
3-phosphate dehydrogenase [NAD(+)], cytoplas-
mic, possesses glycerol-3-phosphate dehydrogenase
activity and involved in important cellular glycolytic
processes. Glycerol-3-phosphate 1-like proteins are
found to be highly expressed in heart tissue, with
lower levels in the skeletal muscle, kidney, lung, and
other organs [45]. It has been reported that mito-
chondrial Glycerol-3-phosphate  dehydrogenase,
regulates myoblast differentiation and contributes
to the process of skeletal muscle regeneration, and
deficiency of its expression was identified in the
skeletal muscles of patients and animal models of
obesity and diabetes [46]. Another important pro-
tein, Glucagon has a crucial role in the maintenance
of heart function, as it is considered to be a cardio
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stimulant agent that increases heart rate and contrac-
tility, and it has been used as a therapeutic for heart
failure treatments [47, 48]. But its increased levels
have been found to suppress skeletal muscle protein
synthesis, which attenuates the ability of skeletal
muscle to synthesize proteins that may evolve into
sarcopenia [49], and have also been considered dele-
terious in type 2 diabetes [47]. This mild decrease of
Glucagon levels in our study might have contributed
to improved muscle function and walking ability in
LPF older adults on EAA.

NADPH-cytochrome P450 reductase, is another
essential enzyme which is known to be well
expressed in the heart, where it may participate in the
metabolism of therapeutic agents and environmental
toxicants [50]. Cardiac P450 enzymes has been found
to play a critical role in cardiac ischemia—reperfusion
injury, through increases in the production of free
radicals [51]. It has also been reported that deletion of
NADPH-cytochrome P450 reductase gene in cardio-
myocytes does not protect mice against doxorubicin-
mediated acute cardiac toxicity [52].

Another crucial protein is Creatine kinase M-type:
Creatine kinase B-type heterodimer, (CK-MB), which
plays a central role in energy transduction in tissues
with large, fluctuating energy demands, such as skel-
etal muscle, heart, and brain. In muscle cells, this
extra energy buffer plays a pivotal role in maintain-
ing ATP homeostasis [53]. Its expression levels have
been reported to be elevated in myocardial infarction
(MI), myocarditis, pericarditis, muscular dystrophy,
cardiac defibrillation, cardiac surgery, extensive rhab-
domyolysis, strenuous exercise (marathon runners),
mixed connective tissue disease, cardiomyopathy, and
hypothermia [54]. Mild lower expression of CK-MB
in our study, might have been beneficial for LPF for
cardiovascular health of LPF older adults.

Some proteins which showed lower fold expres-
sion in EAAs vs whey groups, support our study
for improved health with EAAs in LPF elder peo-
ple because these proteins have been found to show
higher expressions in severe heart diseases, like
C-C motif chemokine 3 (CCL3), a monokine with
inflammatory and chemokinetic properties, which
has been found to be strongly related to myocar-
dial ischemia as it is elevated in patients with acute
myocardial infarction and unstable angina pecto-
ris [55]. Interleukin-18-binding protein, (IL-18)
is a member of the IL-1 family of cytokines and
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increasing numbers of clinical studies indicate a
role for IL-18 in heart diseases. Previous studies
also reported an increased expression of IL-18 in
circulating T cells of patients with ischemic and
dilated cardiomyopathy [56], and upregulation of
IL-18 mRNA after myocardial infarction in mice
[57]. Endoglin, has also been reported to be highly
expressed in human hearts with severe left ventric-
ular systolic dysfunction and with major adverse
cardiovascular events like congestive heart failure,
acute myocardial infarction, stroke, and sudden
cardiac death [58]. Peptide YY (PYY), has been
found to be associated with parameters of cardio-
vascular risk as well as cardiovascular events and
mortality in patients presenting with acute myocar-
dial infarction [59].

There are several other proteins which play critical
roles in controlling several human diseases and showed
slightly lower fold expression in EAAs vs whey groups,
which includes Formimidoyltransferase-cyclodeaminase
(FTCD), a folate-dependent enzyme which has been
found to be a key factor for downregulating mTORCI1
activity under the circumstances of fasting mediating
starvation response and protecting the human health
[60]. Ectonucleoside triphosphate diphosphohydrolase 5
(ENTPDS) is a soluble enzyme that hydrolyzes purine
nucleoside diphosphates and involved in protein glyco-
sylation pathway, which is part of protein modification.
ENTPD5 has been reported to be an essential player
for skeletal mineralization and regulates phosphate
homeostasis in zebrafish [61]. It has also been found that
ENTPDS deficient mice develop progressive Hepatopa-
thy, Hepatocellular tumors and spermatogenic arrest
[62]. Aminoacylase-1 (ACY1) controls the cytosolic
breakdown of acetylated amino acids produced during
protein degradation. It is known that its deficiency can
cause neurological problems and individuals with this
condition typically have delayed development of men-
tal and motor skills (psychomotor delay) [63]. Regen-
erating islet-derived protein 4 (REG4), is a secretory
protein which play an important role in cell differentia-
tion and proliferation. Its expression has been found to
be upregulated in inflammatory bowel diseases and in
many gastrointestinal malignancies which ultimately
end up with colorectal and gastric carcinomas [64—66].
Recently, it has been reported that Reg4 protein along
with Reg3 protein directs accumulation of functionally
distinct macrophages subsets after myocardial infarction
[67]. Mast/stem cell growth factor receptor Kit helps in

the regulation of cell survival and proliferation, stem cell
maintenance, and mast cell development etc. and muta-
tions in this gene are associated with various gastroin-
testinal stromal tumors, mast cell disease, acute myelog-
enous leukemia, and piebaldism. It has been reported
that significant proportion of acral, mucosal and vulvar
melanomas have KIT mutations [68, 69].

Some proteins which appear to be important in
severe inflammatory diseases are Low affinity immu-
noglobulin gamma Fc region receptor II-b (FcyRIIB),
which is the only inhibitory Fc receptor that controls
many aspects of immune and inflammatory responses,
and it is one of the genes thought to influence suscep-
tibility to several autoimmune diseases in humans [70].
The elevated levels of FcyRIIB expression have been
reported in the vascular tissue of mouse hypertensive
models, and blockade of FcyRIIB function signifi-
cantly reduced Ang II (angiotensin II)-induced vascu-
lar remodeling and hypertension in mice [71]. N-acy-
lethanolamine-hydrolyzing acid amidase (NAAA) is
one of the enzymes that take part in the hydrolysis of
N-acylethanolamines (NAEs) e.g., N-palmitoylethan-
olamine, which are bioactive lipids, involved in many
physiological processes including pain, inflammation,
anxiety, cognition, and food intake and therefore, regu-
late their endogenous levels and effects [72]. Recent
studies showed that NAAA inhibition appears to be
beneficial in severe physiological conditions related to
inflammation and pain [72, 73]. All these fifteen pro-
teins showed slightly lower fold change in expression
in EAAs vs whey protein group, which might not have
had functional consequences. In the downregulated
proteins in EAAs vs whey group, four proteins, viz.,
Endoglin, C—C motif chemokine 3, Low affinity immu-
noglobulin gamma Fc region receptor II-b and Mast/
stem cell growth factor receptor Kit, presented the
highest degree of connectivity as per STRING network
analysis of protein—protein interactions (Fig. 5).

The principal finding of this study was that there
were five proteins which showed a higher fold expres-
sion after consumption of EAAs by LPF older individ-
uals vs whey proteins and each one of these proteins
has a significant role in providing energy which might
have improved muscle strength and performance in
6 MW distance (Fig. 7). As we discussed here, some
of the proteins expressed slightly lower in EAAs vs
whey group were found to be important for regulat-
ing metabolic processes of body, but rest were found
to show higher expression in various disease states.
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Fig. 7 Schematic illustrating the process by which EAA sup-
plementation improved physical functioning in older adults

These results are in line with previous studies in which
nutritional supplementation of the diet in low physical
functioning older individuals with specially formulated
composition based on EAAs provide enhanced physi-
cal function as compared to supplementation with the
equal amount of whey protein. This conclusion also
supports the results of similar studies evaluating the
effect of supplementation of the diet with EAAs on
low physical functioning older subjects.
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