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Abstract: Background: The role of protein in glucose homeostasis has demonstrated conflicting
results. However, little research exists on its impact following weight loss. This study examined the
impact of protein supplementation on glucose homeostasis in older adults >65 years with obesity
seeking to lose weight. Methods: A 12-week, nonrandomized, parallel group intervention of protein
(PG) and nonprotein (NPG) arms for 28 older rural adults (body mass index (BMI) ≥ 30 kg/m2)
was conducted at a community aging center. Both groups received twice weekly physical therapist-
led group strength training classes. The PG consumed a whey protein supplement three times
per week, post-strength training. Primary outcomes included pre/post-fasting glucose, insulin,
inflammatory markers, and homeostasis model assessment of insulin resistance (HOMA-IR). Results:
Mean age and baseline BMI were 72.9 ± 4.4 years and 37.6 ± 6.9 kg/m2 in the PG and 73.0 ± 6.3
and 36.6 ± 5.5 kg/m2 in the NPG, respectively. Mean weight loss was −3.45 ± 2.86 kg in the PG
and −5.79 ± 3.08 kg in the NPG (p < 0.001). There was a smaller decrease in pre- vs. post-fasting
glucose levels (PG: −4 mg ± 13.9 vs. NPG: −12.2 ± 25.8 mg/dL; p = 0.10), insulin (−7.92 ± 28.08
vs. −46.7 ± 60.8 pmol/L; p = 0.01), and HOMA-IR (−0.18 ± 0.64 vs. −1.08 ± 1.50; p = 0.02) in the
PG compared to the NPG. Conclusions: Protein supplementation during weight loss demonstrated
a smaller decrease in insulin resistance compared to the NPG, suggesting protein may potentially
mitigate beneficial effects of exercise on glucose homeostasis.

Keywords: protein supplementation; exercise; resistance training; weight loss; glucose metabolism;
glucose homeostasis; insulin resistance; inflammation; older adults

1. Introduction

Obesity is a condition characterized by a body mass index (BMI) ≥ 30 kg/m2 and has
well-established associations with various chronic health conditions such as type 2 diabetes
(T2D) and cardiovascular disease [1]. Glucose homeostasis describes the maintenance
of proper blood glucose levels via the counteracting effects of peptide hormones insulin
and glucagon [2]. Insulin resistance—a disruption in glucose homeostasis—is strongly
associated with the development of T2D, abdominal obesity, and key components of the
metabolic syndrome, all of which have a tendency to be proinflammatory [3,4]. Weight
loss due to energy restriction may be associated with improvements in insulin resistance
and metabolic syndrome that subsequently can reduce inflammatory burden and oxidative
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stress [5]. Additionally, energy-restricted weight loss has also been shown to reduce levels
of cholesterol, decreasing the risk of developing cardiovascular disease [6]. Protein is
known to induce satiety, which may facilitate adherence to a moderate energy restriction
diet (e.g., ~500 kcal) during weight loss efforts. However, protein has also been shown to
blunt an intervention’s effect on weight loss [7]. Specifically, when energy intake is fixed,
increased protein consumption mitigates the caloric deficit and may be associated with less
than favorable outcomes [8].

Past research has focused more on different levels of exercise intensity on glucose
homeostasis [9], as well as the general effects of ageing on glucose homeostasis [10]. Physi-
cal therapist-lead strength training sessions were found to improve physical function in
older adults, as significant improvements were seen in 6 min walk, gait speed, and 5 times
sit-to-stand times [11]. Caloric restriction is also known to independently have a favorable
impact on glucose homeostasis, by reducing insulin resistance and improving glucose
uptake [12]. Further, current research has begun looking at nuances associated with time-
restricted eating, weight loss, and metabolic health [13,14]. Time-restricted eating, a form
of intermittent fasting, has been speculated to provide no additional improvement in body
composition or cardiometabolic health [13]. There has also been recent interest in probiotic
supplementation related to the gut microbiome. Although the findings demonstrated no
effect on body composition, the supplement did promote growth in gut bacteria associated
with positive health outcomes [15]. Other research focusing on body composition and
glucose metabolism have found weight loss to be associated with improved glycemic
control [16]. For instance, lower fasting insulin was observed among those who maintained
weight loss following an intervention compared to those who relapsed [16].

It is well established that adults with obesity may also have elevated levels of systemic
inflammation [17], and that weight loss interventions decrease circulating inflammatory
markers such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) [17–20].
However, research in subgroups with T2D is less concrete, as there are alternate perspectives
to the roles of such inflammatory markers among patients with and without T2D whose
physiology underlies that of impaired glucose homeostasis [21]. Lower levels of circulating
IL-6 among persons with T2D has been observed compared to controls, suggesting IL-6
may play an anti-inflammatory role, and that persons with T2D have a poorer inflammatory
response to tissue damage and infection [21]. Another study reproduced this finding while
also noting that inflammatory markers TNF-α and IL-1β were not significantly greater
among patients with T2D [21,22]. This suggests that patients with T2D may have adapted
to chronic exposure to hyperglycemia, perhaps explaining the nonsignificant difference
in inflammatory marker levels among patients with and without T2D [22]. In summary,
heterogeneous findings regarding obesity, impaired glucose homeostasis, and inflammatory
markers illustrate research gaps that should continue being addressed in future studies.

As for weight change, there are concerns that weight loss can potentially lead to a
reduction in muscle mass and function, termed sarcopenia [23,24]. This is of importance,
as ageing also decreases an individual’s ability to synthesize dietary protein in response
to resistance exercise, termed anabolic resistance [25,26], which may exacerbate muscle
loss [25,27]. Protein and amino acid supplementation are often a recommended means to
enhance protein intake to mitigate anabolic resistance [25]. Specifically, studies suggest
that ingesting a protein bolus immediately after resistance exercise upregulates muscle
protein synthesis (MPS) in older adults through mammalian target of rapamycin complex 1
(mTORC1) pathway activation [28]. However, hyperactivation of mTORC1 from chronically
high levels of protein intake (greater than the RDA’s recommended 0.8 g/kg body weight
(BW)) have been shown to induce insulin resistance [29,30]. Increased activity of mTORC1
induces insulin resistance by phosphorylating insulin receptor substrate 1 (IRS-1), thus
inhibiting insulin-stimulated glucose uptake [31].

In contrast, other studies have demonstrated that high-protein diets improve insulin
resistance and glycemic control [32,33]. One study found a high-protein diet more effective
at reducing markers of insulin resistance compared to the Mediterranean diet [33]. A
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separate study highlighted how short-term high-protein diets improve prandial insulin
secretion [32]. Furthermore, muscle contraction during exercise has been shown to improve
glucose homeostasis via stimulation of the GLUT-4 glucose transporter, allowing for uptake
of glucose from the bloodstream into the cell [34]. Such conflicting data for ways in
which glucose homeostasis is worsened or enhanced via exercise and protein intake has
created many questions. Few studies have been conducted that use a combined protein–
exercise intervention to analyze elements of insulin physiology and glucose homeostasis.
To begin answering these questions, as part of a previously conducted pilot feasibility study
consisting of a weight loss intervention in older adults with obesity who were provided
a whey protein supplement (protein group—PG) or not (nonprotein group—NPG), this
study evaluated the combined intervention’s impact on glucose homeostasis.

2. Methods
2.1. Study Design

This study was a secondary analysis of a single-arm pilot study previously conducted
in rural older adults with obesity (BMI ≥ 30 kg/m2). It was previously demonstrated
that the group with protein supplementation (PG) had improved physical function de-
spite a lower degree of weight loss [35]. A total of 28 participants were evaluated over
12 weeks in a community ageing center in northern New England. The full protocol, with
recruitment, exercise, and dietary intervention details, has been previously described [35].
The Dartmouth-Hitchcock and University of North Carolina Institutional Review Boards
approved the conduct of this study and all participants provided informed consent. This
trial was registered on clinicaltrials.gov (NCT#03104192).

2.2. Exercise and Protein Intervention

Briefly, each study group (both n = 14) participated in a weekly nutrition session
led by a registered dietician and a twice-weekly 75 min group exercise session led by a
physical therapist. These exercise sessions were resistance-based and were performed at
moderate intensity (13–15 rating on the Borg exertion scale) [11]. Daily aerobic exercise
was performed with weekly physical therapist guidance and coaching as part of their
regimen [11]. Each group of participants were part of separate studies that engaged in
the same intervention other than the consumption of protein. Half of the participants
(n = 14) consumed one serving of a whey protein supplement powder (100 kcal) of their
choosing, constituted in cold water (Thorne Research, Dover, ID, USA) (27 g whey vanilla
or 29 g whey chocolate; both of which with 2.2 g leucine per serving) three times per week.
Additional constituents of the supplement included 1.9 g lysine, 1.2 g valine, and 1.4 g
threonine. There was also 3 and 4 g of total carbohydrates, as well as 65 and 69 mg of
calcium in the vanilla and chocolate powders, respectively. It should also be noted that the
chocolate powder contained 200 mg of potassium whereas the vanilla powder contained
only 70 mg. Two of the protein servings were consumed immediately after the exercise
sessions, and one was self-administered at home. The whey supplement was dissolved
in 8 oz of water and consumed within 30 min of completing the exercise regimen. As this
was not a controlled feeding study, but an intervention study in the real world, participants
did maintain some autonomy over their diet but were monitored and counseled by the
registered dietician.

2.3. Data Collection

Body composition was assessed using the Seca medical body composition analyzer
(mBCA) 514 bioelectrical impedance analyzer (BIA) (Hamburg, Germany). Self-reported
physical activity data were entered into the BIA and participants stood on the apparatus
without shoes or socks, holding the metal electrode with their knees slightly bent. Par-
ticipant waist circumference and height were measured as previously described [35]. All
participants had phlebotomy performed after an overnight fast by a trained phlebotomist
at Dartmouth-Hitchcock using standard clinical procedures [35]. Assays were conducted
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either at the Dartmouth-Hitchcock laboratory or at the Mayo Clinic Laboratories via a
send-out immediately after collection. Fasting plasma glucose was assessed using standard
assays in a CLIA-certified laboratory, while interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-α), C-peptide, and insulin levels were evaluated using standard electrochemilu-
minescence immunoassays. Using the results of insulin, C-peptide, and fasting glucose
levels, the homeostasis model assessment of insulin resistance (HOMA-IR) was determined.
HOMA-IR is used to quantify insulin sensitivity [36], and its value was also used to deter-
mine β-cell function by quantifying changes in β-cell response to blood glucose levels [36].
HOMA-IR was first calculated by multiplying fasting plasma glucose and plasma insulin,
then dividing by 22.4 (constant) (insulin × glucose)/22.5 [37]. These values were then
compared to the homeostasis model assessment of β-cell function (HOMA-β-cell) index to
determine β-cell function [38].

2.4. Statistical Analysis

All data were aggregated into a single dataset. A paired t-test was used to compare
pre- and post-glucose homeostasis determinants within groups. An unpaired t-test with
unequal variances and chi square were used to compare the change in values between
PG and NPG groups for continuous values and categorical variables—both with and
without controlling for age, sex, and weight loss. Effect sizes were conducted using the
methods of Cohen and classified according to small (d = 0.2), medium (d = 0.5), and large
(d ≥ 0.8) [35,39]. All analyses were conducted using R v3.6 (www.R-project.org). Statistical
significance was defined as a p-value < 0.05 [35].

3. Results

Mean age was 72.9 ± 4.4 years in the PG and 73.0 ± 6.3 years in the NPG, respec-
tively (p = 0.94) (Table 1). There were no significant differences in baseline characteristics
between groups other than nonsmoking status (PG: 92.9 vs. NPG: 42.9%; p = 0.005).
Table 2 represents the outcomes of the anthropometric and body composition measures.
The PG had a smaller percent decrease in weight (−3.7 vs. −6.0%; p = 0.07), change in
BMI (−1.36 vs. −2.15 kg/m2; p = 0.08), and change in fat mass index (−0.97 kg/m2 vs.
−1.35 kg/m2; p = 0.37) compared to the NPG. Relative effect sizes favored the PG in fat-free
mass index (d = +0.68) while favoring the NPG in percent weight change (d = −0.77), BMI
(d = −0.71), appendicular lean mass (d = +0.30), fat mass index (d = −0.34), and visceral
adipose tissue (d = −1.11).

Table 1. Baseline characteristics. Display of participant age, sex, and sociodemographics.

Protein Supplement
(PG) (N = 14)

No Protein
Supplement (NPG)

(N = 14)
p Value

Age 72.9 (4.4) 73.0 (6.3) 0.94
Female sex 12 (85.7) 11 (78.6) 0.62

Marital status 0.07
Married 4 (28.6) 10 (71.4)

Divorced/widowed 10 (71.4) 4 (28.5)
Insurance status

Medicare 14 (100.0) 14 (100.0) 1.00
Medicaid 0 (0.0) 0 (0.0) 1.00

Private insurance 8 (57.1) 10 (71.4) 0.44
Smoking status 0.005

Nonsmoker 6 (42.9) 13 (92.9)
Former smoker 8 (57.1) 1 (7.1)

www.R-project.org
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Table 1. Cont.

Protein Supplement
(PG) (N = 14)

No Protein
Supplement (NPG)

(N = 14)
p Value

Education 0.12
High school 2 (14.3) 0 (0.0)
Some college 5 (35.7) 3 (21.4)

College degree 3 (21.4) 5 (35.7)
Post-college degree 4 (28.6) 6 (42.9)

Drinks per week 0.54
None 6 (42.9) 7 (50.0)
1 to 5 7 (50.0) 6 (42.9)

6+ 1 (7.1) 1 (7.1)
Income 0.42

Less than USD 25,000 2 (14.3) 0 (0.0)
USD 25,000 to USD 49,999 9 (64.3) 9 (64.3)
USD 50,000 to USD 74,999 1 (7.1) 3 (21.4)
USD 75,000 to USD 99,999 1 (7.1) 1 (7.1)

USD 100,000+ 1 (7.1) 1 (7.1)
Comorbidities

Anxiety 2 (14.3) 1 (7.1) 0.55
Coronary artery disease 1 (7.1) 2 (14.3) 0.55

Chronic obstructive pulmonary
disease 1 (7.1) 0 (0.0) 0.32

Depression 3 (21.4) 3 (21.4) 1.00
Diabetes 3 (21.4) 2 (14.3) 0.63

Fibromyalgia 0 (0.0) 1 (7.1) 0.32
High cholesterol 5 (35.7) 4 (28.6) 0.69

Hypertension 7 (50.0) 7 (50.0) 1.00
Non skin cancer 1 (7.1) 0 (0.0) 0.32

Osteoarthritis 6 (42.9) 6 (42.9) 1.00
Rheumatologic disease 1 (7.1) 1 (7.1) 1.00

Sleep apnea 2 (14.3) 4 (28.6) 0.37
Stroke 0 (0.0) 0 (0.0) 1.00

Age is represented as mean (SD). All other metrics are represented as counts.

Table 2. Changes in anthropometric and body composition measures. Shown are the chosen anthropo-
metric and body composition variables and statistical analysis for the protein and nonprotein groups.

Variables

Protein
Supplement

No Protein
Supplement p-Value Effect Sizes

(n = 14) (n = 14)

Anthropometric Variables

% Weight change −3.7 (3.1) −6.0 (3.4) 0.07 0.79

Body mass index, kg/m2 −1.36 (1.09) −2.15 (1.18) 0.08 0.71

Waist Circumference (cm) −14.8 (45.5) −6.45 (6.25) 0.03 0.88

Body Composition
Variables

Fat-free mass index, −0.66 (0.63) −0.23 (0.65) 0.08 0.68

Skeletal muscle mass, kg −1.69 (2.51) −1.67 (1.78) 0.98 0.01

Appendicular lean
mass/BMI, m2 0.00 (0.01) 0.02 (0.01) <0.001 0.30

Fat mass index −0.97 (1.28) −1.35 (0.91) 0.37 0.34

Visceral adipose tissue, L −0.02 (0.81) −1.02 (0.98) <0.001 1.11
All values represented as mean (standard deviation). All values represent difference between pre- and post-
intervention. BMI—body mass index.
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Within both groups, there were decreases in fasting plasma glucose, insulin, C-peptide,
insulin resistance and percent β-cell function (Table 3). However, the NPG showed a
significantly greater unadjusted reduction in insulin level (d = −0.82, p = 0.01) and insulin
resistance (d = −0.78, p = 0.02); these reductions had large and medium effect sizes in
favor of the NPG, respectively. There was also a nonsignificant, but larger reduction in C-
peptide (d = −0.66, p = 0.06) among the NPG. As for inflammatory markers, nonsignificant
differences were observed within or between the PG and NPG. The only exception was a
significantly greater reduction in TNF-α among the NPG (−0.19 pg/mL; p = 0.01, d = 0.45).
Effect sizes for C-reactive protein (CRP) (d = −0.44) and erythrocyte sedimentation rate
(ESR) (d = −0.31) low-moderately favored the NPG. Only IL-6 showed an effect size
favoring the PG and was low in magnitude (d = +0.31) (Table 4).

Table 3. Markers of Glucose Homeostasis. Shown are markers and statistical analysis used to
evaluate glucose homeostasis within the protein and nonprotein groups.

Markers

Protein Supplement (n = 14) No Protein Supplement (n = 14)

Baseline Week 12 Difference p Value Baseline Week 12 Difference p Value ** ∆

p Value
Effect
Size

Fasting
plasma
glucose

(mg/dL)

109.1
(21.9)

105.1
(17.3)

−4.0
(13.9) 0.30 113.1

(33.8)
100.9
(11.3)

−12.2
(25.8) 0.10 0.36

−0.39
(−1.14,
0.36)

Insulin
levels

(pmol/L)

109.8
(55.2)

102.0
(61.2)

−7.8
(28.2) 0.31 119,4

(89.4)
72.6

(33.0)
−46.8
(60.6) 0.01 0.04

−0.82
(−1.58,
−0.04)

C-
peptide

(ng/mL)

3.01
(1.1)

2.99
(1.36)

−0.02
(0.67) 0.91 3.58

(1.98)
2.89

(1.03)
−0.69
(1.25) 0.06 0.17

−0.66
(−1.42,
0.11)

Insulin
resis-
tance

(HOMA-
IR)

2.43
(1.19)

2.25
(1.35)

−0.18
(0.64) 0.32 2.68

(2.16)
1.60

(0.75)
−1.08
(1.50) 0.02 0.05

−0.78
(−1.54,
−0.001)

% β-cell
function

119.7
(41.6)

115.8
(36.3)

−3.9
(22.6) 0.52 117.7

(37.4)
100.9
(21.4)

−16.8
(33.9) 0.09 0.27

0.45
(−1.19,
0.31)

** Adjusted for age, sex, weight loss. All values represented are mean (SD) or effect size (95% CI). ∆p value: p
value for the differences (baseline/follow-up) column, between groups.

Table 4. Markers of inflammation. Inflammatory markers and their statistical analysis used to
evaluate inflammatory status within the protein and nonprotein groups.

Protein Supplement (n = 14) No Protein Supplement (n = 14)

Markers Baseline Week 12 Difference p Value Baseline Week 12 Difference p Value ** ∆ p
Value

Effect
Size

CRP
(mg/L)

5.01
(4.19)

4.36
(3.64)

−0.65
(1.86) 0.21 5.09

(4.02)
3.09

(2.18)
−2.00
(3.96) 0.08 0.16

−0.44
(−1.18,
0.32)

ESR
(mm/h) 13.4 (4.5) 12.4 (3.7) −0.93

(1.82) 0.08 17.0
(11.4) 14.9 (9.2) −2.14

(5.30) 0.16 0.19
−0.31

(−1.05,
0.44)
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Table 4. Cont.

Protein Supplement (n = 14) No Protein Supplement (n = 14)

Markers Baseline Week 12 Difference p Value Baseline Week 12 Difference p Value ** ∆ p
Value

Effect
Size

TNF-α
(pg/mL)

1.16
(0.37)

1.09
(0.32)

−0.08
(0.28) 0.33 1.30

(0.43)
1.08

(0.43)
−0.19
(0.23) 0.01 0.14

−0.45
(−1.21,
0.32)

IL-6
(pg/mL)

2.73
(1.38)

2.29
(1.12)

−0.44
(1.26) 0.21 2.68

(1.93)
2.92

(2.51)
0.10

(2.14) 0.87 0.18
0.31

(−0.47,
1.09)

* IL-1β <0.001 <0.001 0.13
<5
(pg/mL)

13
(92.9%)

13
(92.9%) 0 (0.0%) 9 (64.3%) 11

(78.6%) 0 (0.0%)

5–50
(pg/mL) 1 (7.1%) 1 (7.1%) 0 (0.0%) 3 (21.4%) 2 (14.3%) 2 (66.7%)

>50
(pg/mL) 0 (0.0%) 0 (0.00%) --- 2 (14.3%) 1 (7.1%) 1 (50.0%)

All values represented are mean (SD), counts (%), or effect size (95% CI). ** Adjusted for age, sex, weight
loss. ∆p value: p value for the differences (baseline/follow-up) column, between groups. CRP = C-reactive
protein; ESR = erythrocyte sedimentation rate; TNF-α = tumor necrosis factor-alpha; IL-6 = interleukin-6; IL-
1β = interleukin-1 beta. * IL-1β is expressed as count (%) for the number of participants with IL-1β levels <5, 5–50,
and >50 pg/mL, respectively.

4. Discussion

Overall, consumption of protein supplementation post-exercise led to less of an impact
on glucose homeostasis and inflammatory mediators in older adults with obesity participat-
ing in a weight loss intervention. While this novel pilot study provides provocative findings
for an at-risk population, the results should be interpreted with caution and implications.

This study’s preliminary findings align with previously conducted studies [40,41].
Specifically, lifestyle interventions are associated with enhanced glycemic control and
insulin sensitivity as observed in persons with obesity and T2D [40]. However, higher
protein intake has been shown to reduce insulin sensitivity while concomitantly increasing
glucose production by the liver via gluconeogenesis [41]. This increase in gluconeogenesis
is likely due to the increased levels of glucogenic amino acids in the blood, thus inducing
glucose synthesis [42]. In regard to insulin resistance, some studies suggest that heightened
amino acid levels in the blood intervene with insulin uptake via overactivation of the
mTORC1 pathway, which increases phosphorylation of insulin receptor substrates and
induces pancreatic beta cell dysfunction/degradation [28,30]. In turn, this phosphorylation
and degradation could impair insulin-stimulated glucose uptake into cells [28,43]. In-
creased gluconeogenesis coupled with insulin resistance may be a potential explanation as
to why the PG (increased protein intake) showed smaller improvements in fasting plasma
glucose and insulin resistance [41]. Although both groups experienced improvements in
insulin resistance, the positive effects of exercise on insulin resistance may have masked the
full extent of negative impacts on insulin resistance from high protein consumption [34,44].
One randomized control trial (RCT) found similar results, specifically that a whey pro-
tein supplement did not enhance the effects of resistance training on glycemic control in
overweight older adults with T2D [45]. Similarly, another RCT found no differences in
glycemic control among a protein and control group—both of which underwent an exercise
intervention [46]. Therefore, despite numerous findings of exercise interventions improving
insulin resistance [19], a handful of studies—including the current study—suggest that
protein may mitigate the insulin-sensitizing effects of physical activity [45,46].

Amino acids have been shown to directly reduce glucose uptake through the inhi-
bition of insulin-induced glucose transport in skeletal muscle [41]. For instance, leucine
supplementation may decrease muscular glucose uptake despite causing an increase in
insulin levels [41,47]. Many studies highlight the impact that the ketogenic diet has on
restoring insulin sensitivity in people with T2D and obesity [48,49]. This is highly relevant
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to the current study, as a ketogenic diet is not associated with high protein intake, but
rather consists of high fat, moderate protein, and lower carbohydrate intake. Based on
the negative effects of increased amino acid levels coupled with studies conducted on
the ketogenic diet [41,48], moderate (rather than high) levels of protein intake may be a
consideration to improve glycemic control [49]. If these findings are confirmed in larger
randomized trials, this would have significant implications in the treatment of sarcopenic
obesity where expert consensus suggests consumption of a high-protein diet [24].

The negative effects of branched-chain amino acid (BCAA) consumption on glucose
control is also believed to have an impact on the mTORC1 pathway [50]. BCAAs activate
mTORC1, which triggers a signaling pathway that ultimately phosphorylates IRS-1 [50].
Specifically, phosphorylation at specific sites of IRS-1 may cause substrate degradation
and dampen insulin signaling [50]. This could further explain the higher fasting plasma
glucose levels observed in the PG [50,51]. Increased blood glucose levels may also be asso-
ciated with increased circulating inflammatory markers, and these biomarkers can further
exacerbate insulin resistance [22]. This could potentially explain the smaller reductions in
both fasting plasma glucose and inflammatory marker levels in the PG [52]. One RCT in
older adults with obesity and T2D found similar results, as participants undergoing only a
resistance training exercise intervention experienced significantly higher improvements in
fasting glucose levels compared to those undergoing the same exercise intervention but
with a protein supplement [45]. However, this same RCT showed significant improvements
in circulating inflammatory markers among participants in the exercise plus protein inter-
vention, which was not reproduced in the current study. Such heterogeneity in findings
should prompt further research in hopes of reaching a more concrete conclusion about
protein’s effects on both glucose homeostasis and inflammation.

This feasibility study did not demonstrate that protein intake had significant effects
on inflammatory markers; however, the general trends observed were that the NPG had
larger decreases in inflammatory markers. One diet-induced weight loss study in older
adults found similar trends, as a low-protein diet (15% of caloric intake) had lower post-
intervention levels of inflammatory markers compared to a high PG (30% of caloric in-
take) [53]. There is considerable heterogeneity across studies, as others have shown protein
intake to be negatively associated with inflammatory markers [54]. Little evidence exists
to establish a direct correlation between protein intake and inflammation, yet a common
thread is that of weight loss—irrespective of protein intake—which results in a decrease in
inflammatory markers such as CRP, IL-6, and TNF-α [54,55]. Thus, protein intake alone
may not explain the results of this study, but larger decreases in body weight found in
the NPG could be an underlying factor in the larger decreases in inflammatory markers
observed in this group. Nevertheless, additional studies should strongly be considered to
evaluate protein intake’s direct effects on inflammation while controlling for weight loss.
Inflammation is critical to examine in the older adult population due to its tendency to
accelerate aging and exacerbate pathogenesis [56,57]. These effects of inflammation can
predispose the older population to various age-associated diseases such as obesity, arthritis,
and cardiovascular disease [56].

These preliminary findings have considerable implications, as they dispute the typ-
ical evidence-based recommendations advised for older adults with obesity [58]. Older
adults require a higher amount of protein than recommended for younger adults [59].
Few studies have examined the effects of protein intake in older adults with obesity while
undergoing weight loss. Moreover, these findings are novel, given that they are based in a
less-researched population and in a less-researched exercise–protein combined intervention.
Specifically, this study found that protein supplementation may be associated with insulin
resistance in older adults with obesity experiencing weight loss. Insulin resistance can
then, in turn, promote higher levels of circulating insulin [60]. Concurrently, the nonsignif-
icant decrease in fasting plasma glucose in the PG was also related to less of a change
in inflammatory markers [52,61]. This is consistent with previous studies showing that
macrophages exposed to raised plasma glucose increase mitogen-activated protein kinase
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(MAPK) signaling, which cause an increase in TNF-α secretion [52,62]. However, whether
baseline inflammatory status impacts the metabolic adaptation observed with protein
consumption or its utilization requires further evaluation. Furthermore, there were marked
differences in waist circumference between groups that demonstrate some discrepancies
with other anthropometric and body composition measures. Specifically, the PG showed a
significantly larger decrease in waist circumference compared to the NPG despite showing
smaller reductions in other measures such as weight change and fat mass index. Reductions
in weight can lead to different changes in body composition—some participants losing
more visceral fat (e.g., waist circumference) than global fat, for instance. These provocative
findings merit further confirmation and/or evaluation on larger samples, as these findings
may influence carbohydrate metabolism. While the primary goal of the parent study was
feasibility and acceptability, this secondary analysis was not to provide more precise or
nuanced results compared to previous studies, as this analysis was underpowered to make
inferences. Importantly, these findings do prompt further research in related fields, but note
that a future randomized controlled trial would be necessary to achieve these goals [46].

This study has several limitations that need to be acknowledged. First, this was a
pilot, feasibility study and consisted of a relatively small cohort of 28 older adults. Second,
participants enrolled in this pilot study were not randomly assigned into the PG and
NPG, which heeds biases in unknown and baseline covariates (including smoking). Thus,
these results suggest the need for future randomized controlled trials. Third, this was
not a feeding study where all meals were controlled; thus, participants continued to have
autonomy over their dietary intake with type and volume of food not being controlled
for. However, each participant group consumed a minimum of 1.2 g/kg/day of protein—
without factoring in the protein supplement. Fourth, it was also unclear whether timing
of protein impacts weight loss, insulin resistance, or inflammatory markers, given that
participants took one of the protein supplements at a time of their choosing. Fifth, it is
unclear if the smaller reductions in inflammatory markers and lesser improvement in
insulin resistance were due to reduced weight loss observed in the PG. Although protein
supplementation may increase satiety, it nevertheless increases caloric intake if no changes
are made to one’s overall diet and may result in less weight loss [8,63]. Lastly, these findings
cannot be generalized from the protein or exercise intervention alone. There was a great
deal of homogeneity in results. Specifically, both the PG and NPG experienced weight
loss, as well as reductions in markers of insulin resistance and inflammation. Further,
comparisons of these changes between groups were insignificant. Thus, it is unclear if these
results are due to a single component of the intervention or the combined intervention.
Future studies should be conducted that attempt to isolate protein’s effects on glucose
homeostasis while undergoing weight loss in this population. Such studies could consist of
factorial design or a sequential multiple assignment randomized control trial.

Given these promising effect sizes, future studies should be conducted with increased
sample size in a heterogeneous population. To better isolate the effects of protein on
glucose homeostasis with exercise, feeding studies also should be conducted to remove
extraneous variables introduced through an autonomous diet [64]. It is also important to
conduct studies in more detailed age groups—the oldest old population (≥80 years) [65].
Additional evaluation should focus on how different types of protein supplementation may
have different effects on glucose homeostasis (soy versus whey protein, for instance) [41].
Furthermore, many studies have shown timing of caloric intake pre- vs. post-exercise to
have heterogenous effects on muscle protein breakdown and synthesis, which could, in
turn, also influence glucose homeostasis [34,66–68]. For instance, consuming a balanced
meal following exercise may mitigate muscle protein breakdown early in the day [68],
whereas others have found that ingesting protein every three hours was the best way to
stimulate muscle protein synthesis [13,67]. Despite strides in nutrition research, little work
has been conducted related to exercise–diet combined interventions; thus, more combined
intervention studies, as in this pilot intervention, should be conducted.
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5. Conclusions

Older adults with obesity pursuing weight loss demonstrated improvements in insulin
resistance and inflammatory markers. However, this study found that consuming a whey
protein supplement post-exercise may reduce such improvements. While the results were
nonsignificant, effect sizes warrant a large, randomized trial with an adequate sample
size to minimize potential confounding variables. Further, additional studies should be
conducted in an attempt to replicate these findings in a larger cohort.
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22. Sher, E.K.; Prnjavorac, B.; Farhat, E.K.; Palić, B.; Ansar, S.; Sher, F. Effect of Diabetic Neuropathy on Reparative Ability and
Immune Response System. Mol. Biotechnol. 2023. [CrossRef]

23. Cava, E.; Yeat, N.C.; Mittendorfer, B. Preserving Healthy Muscle during Weight Loss. Adv. Nutr. 2017, 8, 511–519. [CrossRef]
24. Batsis, J.A.; Villareal, D.T. Sarcopenic obesity in older adults: Aetiology, epidemiology and treatment strategies. Nat. Rev.

Endocrinol. 2018, 14, 513–537. [CrossRef]
25. Paulussen, K.J.M.; McKenna, C.F.; Beals, J.W.; Wilund, K.R.; Salvador, A.F.; Burd, N.A. Anabolic Resistance of Muscle Protein

Turnover Comes in Various Shapes and Sizes. Front. Nutr. 2021, 8, 615849. [CrossRef]
26. Kumar, V.; Selby, A.; Rankin, D.; Patel, R.; Atherton, P.; Hildebrandt, W.; Williams, J.; Smith, K.; Seynnes, O.; Hiscock, N.; et al.

Age-related differences in the dose-response relationship of muscle protein synthesis to resistance exercise in young and old men.
J. Physiol. 2009, 587, 211–217. [CrossRef]

27. Larsson, L.; Degens, H.; Li, M.; Salviati, L.; Lee, Y.I.; Thompson, W.; Kirkland, J.L.; Sandri, M. Sarcopenia: Aging-Related Loss of
Muscle Mass and Function. Physiol. Rev. 2019, 99, 427–511. [CrossRef]

https://doi.org/10.1055/s-2001-18576
https://doi.org/10.1016/j.arr.2016.10.005
https://www.ncbi.nlm.nih.gov/pubmed/27810402
https://doi.org/10.3945/ajcn.2009.28380
https://www.ncbi.nlm.nih.gov/pubmed/19793855
https://doi.org/10.2147/CIA.S82454
https://doi.org/10.1301/00296640260184264
https://www.ncbi.nlm.nih.gov/pubmed/12144197
https://doi.org/10.2337/diacare.28.1.108
https://www.ncbi.nlm.nih.gov/pubmed/15616242
https://doi.org/10.2337/dc07-1443
https://doi.org/10.1093/gerona/glaa115
https://doi.org/10.1186/s12986-021-00575-y
https://www.ncbi.nlm.nih.gov/pubmed/33952301
https://doi.org/10.1001/jamainternmed.2020.4153
https://www.ncbi.nlm.nih.gov/pubmed/32986097
https://doi.org/10.1161/CIRCRESAHA.118.312806
https://doi.org/10.3390/nu12010222
https://www.ncbi.nlm.nih.gov/pubmed/31952249
https://doi.org/10.1038/nutd.2017.31
https://doi.org/10.5114/aoms.2016.58928
https://www.ncbi.nlm.nih.gov/pubmed/28721154
https://doi.org/10.3390/ijerph182413258
https://doi.org/10.7860/jcdr/2013/6518.3306
https://doi.org/10.3389/fendo.2023.1161521
https://doi.org/10.17392/1279-21
https://doi.org/10.1007/s12033-023-00813-z
https://doi.org/10.3945/an.116.014506
https://doi.org/10.1038/s41574-018-0062-9
https://doi.org/10.3389/fnut.2021.615849
https://doi.org/10.1113/jphysiol.2008.164483
https://doi.org/10.1152/physrev.00061.2017


Nutrients 2023, 15, 4947 12 of 13

28. Moro, T.; Brightwell, C.R.; Velarde, B.; Fry, C.S.; Nakayama, K.; Sanbongi, C.; Volpi, E.; Rasmussen, B.B. Whey Protein Hydrolysate
Increases Amino Acid Uptake, mTORC1 Signaling, and Protein Synthesis in Skeletal Muscle of Healthy Young Men in a
Randomized Crossover Trial. J. Nutr. 2019, 149, 1149–1158. [CrossRef]

29. Coelho-Junior, H.J.; Marzetti, E.; Picca, A.; Cesari, M.; Uchida, M.C.; Calvani, R. Protein Intake and Frailty: A Matter of Quantity,
Quality, and Timing. Nutrients 2020, 12, 2915. [CrossRef]

30. Yanagisawa, Y. How dietary amino acids and high protein diets influence insulin secretion. Physiol. Rep. 2023, 11, e15577.
[CrossRef]

31. Bawadi, H.; Al-Bayyari, N.; Tayyem, R.; Shi, Z. Protein Intake Among Patients with Insulin-Treated Diabetes is Linked to Poor
Glycemic Control: Findings of NHANES Data. Diabetes Metab. Syndr. Obes. Targets Ther. 2022, 15, 767–775. [CrossRef]

32. Promintzer, M.; Krebs, M. Effects of dietary protein on glucose homeostasis. Curr. Opin. Clin. Nutr. Metab. Care 2006, 9, 463–468.
[CrossRef] [PubMed]

33. Tettamanzi, F.; Bagnardi, V.; Louca, P.; Nogal, A.; Monti, G.S.; Mambrini, S.P.; Lucchetti, E.; Maestrini, S.; Mazza, S.; Rodriguez-
Mateos, A.; et al. A High Protein Diet Is More Effective in Improving Insulin Resistance and Glycemic Variability Compared to a
Mediterranean Diet—A Cross-Over Controlled Inpatient Dietary Study. Nutrients 2021, 13, 4380. [CrossRef] [PubMed]

34. Soo, J.; Raman, A.; Lawler, N.G.; Goods, P.S.R.; Deldicque, L.; Girard, O.; Fairchild, T.J. The role of exercise and hypoxia on
glucose transport and regulation. Eur. J. Appl. Physiol. 2023, 123, 1147–1165. [CrossRef] [PubMed]

35. Batsis, J.A.; Petersen, C.L.; Cook, S.B.; Al-Nimr, R.I.; Driesse, T.; Pidgeon, D.; Fielding, R. Impact of whey protein supplementation
in a weight-loss intervention in rural dwelling adults: A feasibility study. Clin. Nutr. ESPEN 2021, 45, 426–432. [CrossRef]
[PubMed]

36. Wallace, T.M.; Levy, J.C.; Matthews, D.R. Use and Abuse of HOMA Modeling. Diabetes Care 2004, 27, 1487–1495. [CrossRef]
[PubMed]

37. Qu, H.-Q.; Li, Q.; Rentfro, A.R.; Fisher-Hoch, S.P.; McCormick, J.B. The Definition of Insulin Resistance Using HOMA-IR for
Americans of Mexican Descent Using Machine Learning. PLoS ONE 2011, 6, e21041. [CrossRef] [PubMed]

38. Sung, K.C.; Reaven, G.M.; Kim, S.H. Utility of homeostasis model assessment of beta-cell function in predicting diabetes in 12,924
healthy Koreans. Diabetes Care 2010, 33, 200–202. [CrossRef]

39. Sullivan, G.M.; Feinn, R. Using Effect Size-or Why the p Value Is Not Enough. J. Grad. Med. Educ. 2012, 4, 279–282. [CrossRef]
40. Papakonstantinou, E.; Oikonomou, C.; Nychas, G.; Dimitriadis, G.D. Effects of Diet, Lifestyle, Chrononutrition and Alternative

Dietary Interventions on Postprandial Glycemia and Insulin Resistance. Nutrients 2022, 14, 823. [CrossRef]
41. Tremblay, F.; Lavigne, C.; Jacques, H.; Marette, A. Role of Dietary Proteins and Amino Acids in the Pathogenesis of Insulin

Resistance. Annu. Rev. Nutr. 2007, 27, 293–310. [CrossRef]
42. Linn, T.; Santosa, B.; Grönemeyer, D.; Aygen, S.; Scholz, N.; Busch, M.; Bretzel, R.G. Effect of long-term dietary protein intake on

glucose metabolism in humans. Diabetologia 2000, 43, 1257–1265. [CrossRef]
43. Krebs, M.; Krssak, M.; Bernroider, E.; Anderwald, C.; Brehm, A.; Meyerspeer, M.; Nowotny, P.; Roth, E.; Waldhäusl, W.; Roden, M.

Mechanism of amino acid-induced skeletal muscle insulin resistance in humans. Diabetes 2002, 51, 599–605. [CrossRef] [PubMed]
44. Petersen, M.C.; Shulman, G.I. Mechanisms of Insulin Action and Insulin Resistance. Physiol. Rev. 2018, 98, 2133–2223. [CrossRef]

[PubMed]
45. Miller, E.G.; Nowson, C.A.; Dunstan, D.W.; Kerr, D.A.; Menzies, D.; Daly, R.M. Effects of whey protein plus vitamin D

supplementation combined with progressive resistance training on glycaemic control, body composition, muscle function and
cardiometabolic risk factors in middle-aged and older overweight/obese adults with type 2 diabetes: A 24-week randomized
controlled trial. Diabetes Obes. Metab. 2021, 23, 938–949. [CrossRef] [PubMed]

46. Soares, A.L.S.; Machado-Lima, A.; Brech, G.C.; Greve, J.M.D.; Dos Santos, J.R.; Inojossa, T.R.; Rogero, M.M.; Salles, J.E.N.;
Santarem-Sobrinho, J.M.; Davis, C.L.; et al. The Influence of Whey Protein on Muscle Strength, Glycemic Control and Functional
Tasks in Older Adults with Type 2 Diabetes Mellitus in a Resistance Exercise Program: Randomized and Triple Blind Clinical
Trial. Int. J. Env. Res. Public Health 2023, 20, 5891. [CrossRef] [PubMed]

47. Rieu, I.; Balage, M.; Sornet, C.; Giraudet, C.; Pujos, E.; Grizard, J.; Mosoni, L.; Dardevet, D. Leucine supplementation improves
muscle protein synthesis in elderly men independently of hyperaminoacidaemia. J. Physiol. 2006, 575, 305–315. [CrossRef]

48. Yuan, X.; Wang, J.; Yang, S.; Gao, M.; Cao, L.; Li, X.; Hong, D.; Tian, S.; Sun, C. Effect of the ketogenic diet on glycemic control,
insulin resistance, and lipid metabolism in patients with T2DM: A systematic review and meta-analysis. Nutr. Diabetes 2020, 10,
38. [CrossRef]

49. Zhou, C.; Wang, M.; Liang, J.; He, G.; Chen, N. Ketogenic Diet Benefits to Weight Loss, Glycemic Control, and Lipid Profiles in
Overweight Patients with Type 2 Diabetes Mellitus: A Meta-Analysis of Randomized Controlled Trails. Int. J. Environ. Res. Public
Health 2022, 19, 10429. [CrossRef]

50. Yoon, M.-S. The Emerging Role of Branched-Chain Amino Acids in Insulin Resistance and Metabolism. Nutrients 2016, 8, 405.
[CrossRef]

51. Luo, M.; Langlais, P.; Yi, Z.; Lefort, N.; De Filippis, E.A.; Hwang, H.; Christ-Roberts, C.Y.; Mandarino, L.J. Phosphorylation of
human insulin receptor substrate-1 at Serine 629 plays a positive role in insulin signaling. Endocrinology 2007, 148, 4895–4905.
[CrossRef]

52. Luc, K.; Schramm-Luc, A.; Guzik, T.J.; Mikolajczyk, T.P. Oxidative stress and inflammatory markers in prediabetes and diabetes.
J. Physiol. Pharmacol. 2019, 70, 809–824. [CrossRef]

https://doi.org/10.1093/jn/nxz053
https://doi.org/10.3390/nu12102915
https://doi.org/10.14814/phy2.15577
https://doi.org/10.2147/DMSO.S316953
https://doi.org/10.1097/01.mco.0000232909.84483.a9
https://www.ncbi.nlm.nih.gov/pubmed/16778578
https://doi.org/10.3390/nu13124380
https://www.ncbi.nlm.nih.gov/pubmed/34959931
https://doi.org/10.1007/s00421-023-05135-1
https://www.ncbi.nlm.nih.gov/pubmed/36690907
https://doi.org/10.1016/j.clnesp.2021.07.006
https://www.ncbi.nlm.nih.gov/pubmed/34620350
https://doi.org/10.2337/diacare.27.6.1487
https://www.ncbi.nlm.nih.gov/pubmed/15161807
https://doi.org/10.1371/journal.pone.0021041
https://www.ncbi.nlm.nih.gov/pubmed/21695082
https://doi.org/10.2337/dc09-1070
https://doi.org/10.4300/JGME-D-12-00156.1
https://doi.org/10.3390/nu14040823
https://doi.org/10.1146/annurev.nutr.25.050304.092545
https://doi.org/10.1007/s001250051521
https://doi.org/10.2337/diabetes.51.3.599
https://www.ncbi.nlm.nih.gov/pubmed/11872656
https://doi.org/10.1152/physrev.00063.2017
https://www.ncbi.nlm.nih.gov/pubmed/30067154
https://doi.org/10.1111/dom.14299
https://www.ncbi.nlm.nih.gov/pubmed/33369020
https://doi.org/10.3390/ijerph20105891
https://www.ncbi.nlm.nih.gov/pubmed/37239618
https://doi.org/10.1113/jphysiol.2006.110742
https://doi.org/10.1038/s41387-020-00142-z
https://doi.org/10.3390/ijerph191610429
https://doi.org/10.3390/nu8070405
https://doi.org/10.1210/en.2007-0049
https://doi.org/10.26402/jpp.2019.6.01


Nutrients 2023, 15, 4947 13 of 13

53. Lopez-Legarrea, P.; de la Iglesia, R.; Abete, I.; Navas-Carretero, S.; Martinez, J.A.; Zulet, M.A. The protein type within a
hypocaloric diet affects obesity-related inflammation: The RESMENA project. Nutrition 2014, 30, 424–429. [CrossRef] [PubMed]

54. Porter Starr, K.N.; Orenduff, M.; McDonald, S.R.; Mulder, H.; Sloane, R.; Pieper, C.F.; Bales, C.W. Influence of Weight Reduction
and Enhanced Protein Intake on Biomarkers of Inflammation in Older Adults with Obesity. J. Nutr. Gerontol. Geriatr. 2019, 38,
33–49. [CrossRef]

55. Azadbakht, L.; Izadi, V.; Surkan, P.J.; Esmaillzadeh, A. Effect of a High Protein Weight Loss Diet on Weight, High-Sensitivity
C-Reactive Protein, and Cardiovascular Risk among Overweight and Obese Women: A Parallel Clinical Trial. Int. J. Endocrinol.
2013, 2013, 1–8. [CrossRef] [PubMed]

56. Di Giosia, P.; Stamerra, C.A.; Giorgini, P.; Jamialahamdi, T.; Butler, A.E.; Sahebkar, A. The role of nutrition in inflammaging.
Ageing Res. Rev. 2022, 77, 101596. [CrossRef]

57. Charisis, S.; Ntanasi, E.; Yannakoulia, M.; Anastasiou, C.A.; Kosmidis, M.H.; Dardiotis, E.; Gargalionis, A.N.; Patas, K.;
Chatzipanagiotou, S.; Mourtzinos, I.; et al. Diet Inflammatory Index and Dementia Incidence: A Population-Based Study.
Neurology 2021, 97, e2381–e2391. [CrossRef]

58. Baum, J.I.; Kim, I.Y.; Wolfe, R.R. Protein Consumption and the Elderly: What Is the Optimal Level of Intake? Nutrients 2016, 8,
359. [CrossRef]

59. Bauer, J.; Biolo, G.; Cederholm, T.; Cesari, M.; Cruz-Jentoft, A.J.; Morley, J.E.; Phillips, S.; Sieber, C.; Stehle, P.; Teta, D.; et al.
Evidence-based recommendations for optimal dietary protein intake in older people: A position paper from the PROT-AGE
Study Group. J. Am. Med. Dir. Assoc. 2013, 14, 542–559. [CrossRef]

60. Mayer, J.P.; Zhang, F.; Dimarchi, R.D. Insulin structure and function. Biopolymers 2007, 88, 687–713. [CrossRef]
61. Watson, J.; Whiting, P.; Salisbury, C.; Banks, J.; Hamilton, W. Raised inflammatory markers as a predictor of one-year mortality: A

cohort study in primary care in the UK using electronic health record data. BMJ Open 2020, 10, e036027. [CrossRef]
62. Wang, W.K.; Wang, B.; Lu, Q.H.; Zhang, W.; Qin, W.D.; Liu, X.J.; Liu, X.Q.; An, F.S.; Zhang, Y.; Zhang, M.X. Inhibition of

high-mobility group box 1 improves myocardial fibrosis and dysfunction in diabetic cardiomyopathy. Int. J. Cardiol. 2014, 172,
202–212. [CrossRef] [PubMed]

63. Westerterp-Plantenga, M.S.; Lemmens, S.G.; Westerterp, K.R. Dietary protein—Its role in satiety, energetics, weight loss and
health. Br. J. Nutr. 2012, 108, S105–S112. [CrossRef] [PubMed]

64. Ravussin, E.; Beyl, R.A.; Poggiogalle, E.; Hsia, D.S.; Peterson, C.M. Early Time-Restricted Feeding Reduces Appetite and Increases
Fat Oxidation But Does Not Affect Energy Expenditure in Humans. Obesity 2019, 27, 1244–1254. [CrossRef] [PubMed]

65. Bai, K.; Pan, Y.; Lu, F.; Zhao, Y.; Wang, J.; Zhang, L. Kidney function and cognitive decline in an oldest-old Chinese population.
Clin. Interv. Aging 2017, 12, 1049–1054. [CrossRef]

66. Ryan, A.S.; Li, G.; McMillin, S.; Prior, S.J.; Blumenthal, J.B.; Mastella, L. Pathways in Skeletal Muscle: Protein Signaling and
Insulin Sensitivity after Exercise Training and Weight Loss Interventions in Middle-Aged and Older Adults. Cells 2021, 10, 3490.
[CrossRef]

67. Areta, J.L.; Burke, L.M.; Ross, M.L.; Camera, D.M.; West, D.W.; Broad, E.M.; Jeacocke, N.A.; Moore, D.R.; Stellingwerff, T.; Phillips,
S.M.; et al. Timing and distribution of protein ingestion during prolonged recovery from resistance exercise alters myofibrillar
protein synthesis. J. Physiol. 2013, 591, 2319–2331. [CrossRef]

68. Kume, W.; Yasuda, J.; Hashimoto, T. Acute Effect of the Timing of Resistance Exercise and Nutrient Intake on Muscle Protein
Breakdown. Nutrients 2020, 12, 1177. [CrossRef]

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

https://doi.org/10.1016/j.nut.2013.09.009
https://www.ncbi.nlm.nih.gov/pubmed/24607301
https://doi.org/10.1080/21551197.2018.1564200
https://doi.org/10.1155/2013/971724
https://www.ncbi.nlm.nih.gov/pubmed/23986778
https://doi.org/10.1016/j.arr.2022.101596
https://doi.org/10.1212/WNL.0000000000012973
https://doi.org/10.3390/nu8060359
https://doi.org/10.1016/j.jamda.2013.05.021
https://doi.org/10.1002/bip.20734
https://doi.org/10.1136/bmjopen-2019-036027
https://doi.org/10.1016/j.ijcard.2014.01.011
https://www.ncbi.nlm.nih.gov/pubmed/24485636
https://doi.org/10.1017/S0007114512002589
https://www.ncbi.nlm.nih.gov/pubmed/23107521
https://doi.org/10.1002/oby.22518
https://www.ncbi.nlm.nih.gov/pubmed/31339000
https://doi.org/10.2147/CIA.S134205
https://doi.org/10.3390/cells10123490
https://doi.org/10.1113/jphysiol.2012.244897
https://doi.org/10.3390/nu12041177

	Introduction 
	Methods 
	Study Design 
	Exercise and Protein Intervention 
	Data Collection 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

