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a b s t r a c t

Background: Aging leads to loss of skeletal muscle, diminished muscle strength, and decline in physical
functions.
Objective: This study evaluates Withania somnifera and some dietary interventions to combat muscle
weakness in aging rats.
Materials and methods: Rats (12e13 months old) corresponding to a human age of 60e65 years were
assigned to various groups and given orally a standardized W. somnifera extract (WSE, 500 mg/kg) or a
protein cocktail comprising soybean (1.5 g/kg) and quinoa (1 g/kg) or a combination of WSE and the
protein cocktail or whey protein (1 g/kg) as a reference standard or only resistance exercise for 60 days.
Grip strength and blood glucose levels were monitored weekly. At the end of the treatment, total protein,
inflammatory markers (CRP, IL-6 and TNF-a), AMPK, malondialdehyde, glutathione, antioxidant enzymes
and apoptotic regulator genes (Bax and Bcl-2) were assayed. The biceps brachii muscle of all animals was
subjected to histomorphological study.
Results: All treatments successfully attenuated aging-elevated glucose, CRP, IL-6, TNF-a, AMPK, malon-
dialdehyde, and Bax levels. A significant restoration of the aging-depleted total protein levels, gluta-
thione, superoxide dismutase, catalase, and Bcl-2 was noted in the treatment groups. An increase in grip
strength and greater biceps mass with all treatments indicated regaining of the frail aging muscle's
strength and functionality. The WSE þ protein treatment elicited the best results among all treatment
groups to optimize muscle strength.
Conclusion: All the interventions curbed muscle loss and strengthened the skeletal muscle by reducing
inflammation, oxidative stress and apoptosis, and increasing ATP availability to the muscle.
© 2021 The Authors. Published by Elsevier B.V. on behalf of Institute of Transdisciplinary Health Sciences
and Technology and World Ayurveda Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Loss of skeletal muscle with aging and decline in its function
begins at the age of 40 years andmuscle mass can be lost at a rate of
1e2% per year after the age of 50 years. Loss of skeletal muscle is
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associated with increased risk for several untoward health out-
comes including frailty, falls, fractures, functional disability, loss of
independent living, andmortality. The slow deterioration of muscle
mass during aging is due to a lower muscle anabolism against
increased muscle catabolism with aging.
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Oxidative stress, known to increase during aging reduces mus-
cle protein synthesis and induces mitochondrial dysfunction [1].
Low-grade chronic inflammation is a hallmark of aging that affects
the mitochondria adversely and is also responsible for associated
conditions such as obesity, cardiovascular disease, insulin resis-
tance, and arthritis [2]. Diabetes mellitus, a much common disease
seen in the elderly leads to a decline in muscle strength.

The enzyme 50-Adenosine monophosphateeactivated protein
kinase (AMPK) has been called an intracellular “fuel-gauge” that is
activated during metabolic stress when AMP/ATP or inorganic
phosphate (Pi)/phosphocreatine (PCr) ratios are high [3]. AMPK
levels increase with age and elevated AMPK activity is responsible
for age-related atrophy and diminished skeletal muscle growth.
Suppression of muscle protein translation and synthesis may be
one mechanism by which AMPK exerts this effect [4].

Aging-related muscle loss is postulated to be mediated via
apoptosis, though the exact mechanism is yet to be understood. The
role of mitochondria is important in activating apoptosis. Impaired
respiration, oxidative damage and altered turnover inmitochondria
trigger mitochondrial apoptotic signalling [5]. The Bcl-2 family of
proteins is known to play a significant role in apoptotic signalling
and comprises Bax (apoptotic) and Bcl-2 (anti-apoptotic) proteins,
which are two key regulators of the mitochondria-mediated
apoptosis process [6]. While Bcl-2 prevents cellular suicide and
promotes cell survival, Bax, a Bcl-2- homologous protein competes
to induce cell death. Potential interventions for curtailing muscle
loss with aging include protein and other nutritional supplements,
exercise especially, against resistance, caloric restriction, anabolic
hormones, anti-inflammatory agents, and antioxidants.

Resistance training (RT) is any physical exercise wherein mus-
cles are contracted against an external resistance such as dumbbells
or own body weight to build strength, anaerobic endurance, and
size of the muscle. It leads to increased protein synthesis and
muscle hypertrophy in the elderly. Resistance training exercise
stimulates muscle protein synthesis through themammalian target
of the rapamycin complex 1eribosomal protein of 70-kDa S6 kinase
1 (mTORC1-p70S6K1) pathway [7]. Stimulation of this pathway via
muscle contraction against increasing resistance combined with
adequate protein ingestion leads to a significant leanmass increase.

Herbal extracts may help alleviate age-related muscle weakness
by their anabolic, antioxidant, anti-inflammatory, insulin-secreta-
gogic, and anti-fatigue effects. Withania somnifera (ashwagandha)
is known to strengthen the weak aging skeletal muscle by virtue of
its anti-stress and adaptogenic activity, anti-inflammatory effect
and a potent antioxidant effect [8]. It decreases the levels of cortisol,
which reduces muscle mass [8]. By reducing the activity of the
Mgþ2-dependent ATPase, which catabolizes ATP, Withania may
have beneficial effects on mitochondrial function [9]. By its impact
on the nervous system to allay anxiety and increase focus and
concentration, Withania may bring about better muscle recruit-
ment and co-ordination [10].

A study has reported an extract of W. somnifera to improve
muscle function and recovery in adult males engaged in resistance
training for 8 weeks [8]. On consumption of the Withania extract,
significant attenuation of muscle markers which had built up in
blood stream on exercise-induced muscle damage in these males
was noted along with decrease in body fat.

Decreased muscle mass during aging occurs majorly due to
reduced muscle protein synthesis [11]. With aging, amount of
amino acids available from diet may be inadequate due to low
protein in the diet or due to impaired protein absorption in a sub-
functional gastro-intestinal tract. Thus, the muscle is deprived of
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protein necessary for its metabolism and maintenance. The muscle
protein synthesis can be increased by increasing muscle protein
availability. Quality proteins from the diet provide the necessary
amino acids required for muscle protein synthesis. More impor-
tantly, muscle protein synthesis is stimulated by absorbed amino
acids. One of our dietary interventions was a protein cocktail
comprising soybean and quinoa. It contained a fast release (soya)
and slow-release protein (quinoa). The fast release protein prevents
deterioration of the muscle after injury, trauma or wear and tear
after exercise. In contrast, the slow-release protein supports
anabolism and repair of the muscle at rest [12]. The regenerative
capacity of skeletal muscle is dependent on myogenic precursor
cells known as satellite cells. Protein ingestion may accelerate the
satellite cell responses and speed up repairing the damaged muscle
[13]. Soybean contains high levels of arginine and leucine, which
aid in muscle formation. It also contains phytic acid, which has
many effects, including antioxidant and anti-inflammatory which
benefit the skeletal muscle. Quinoa, a dietary grain contains all 9
essential amino acids necessary for muscle growth and is particu-
larly rich in leucine which stimulates skeletal muscle build-up.

In view of the above considerations, this study was designed to
strengthen the weak and aging muscle using some novel herbal
supplements and proteins. It was also our attempt to compare the
effect of our supplements with resistance exercise that is known to
aid in building muscle strength.

2. Methods and materials

2.1. Drugs and chemicals

Trichloroacetic acid, thiobarbituric acid, reduced glutathione,
and epinephrine were supplied by Sigma Chemical Co., St. Louis
MO, USA. Whey protein (MuscletechR) was purchased from a
known dietary supplement shop. All other analytical grade chem-
icals were procured from local sources.

2.2. Plant and raw material

A standardized W. somnifera extract (WSE) was obtained from
Pharmanza Herbals Pvt. Ltd. WSE, a hydro-alcoholic extract of
W. somnifera in ethanol: water (70:30) v/v was standardized by
HPLC using USP 41 method.

The content of markers in WSE was:
Withanolide aglycones e 0.65%w/w.
Withanolide glycosides e 1.05%w/w.
Total Withanolides - 1.70%w/w.
Quinoa seeds and soybeans were purchased from a local food

grain market. The Blatter Herbarium, St. Xavier's College, Mumbai
authenticated these raw material by matching with the existing
specimens. Nutritional composition of the quinoa and soya cocktail
per 100 g was estimated to be: Total calorie-293, Total fat �10.84 g,
Total protein-30 g, Dietary fiber-7.5 g and Total carbohydrate-31.19
g, along with many minerals and vitamins.

The whey protein (30 g) comprised 130 calories, 24 g of protein,
4 g of carbohydrates, 2 g of fat (1 g saturated fat), 5.5 g BCAA and 4 g
glutamine and precursor, among others.

2.3. Animals

Male Sprague Dawley rats (350e450 g) aged 12e13 months
which displayed low muscle strength at start on a grip strength
meter and a slow and sluggish gait were used as Aging Control rats.
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Young rats aged 2e3 months were used as Young Control rats. The
animals were housed in cages before the experiment. Animals were
acclimatized in controlled environment (humidity 50 ± 5%, 12 h
light/12 h dark cycle and 25 ± 2 �C temperature). Animals were
provided a standard diet to feed (Amrut laboratory animal feed,
Pranav Agro Industries, India) and drinking water ad libitum. The
Institutional Animal Ethics Committee (Registration no. 25/1999/
CPCSEA) had reviewed and approved experimental protocol.

2.4. Preparation of test substances

The WSE was dissolved in distilled water and the freshly pre-
pared solution was administered orally to the experimental rats.
Soybean and quinoawere roasted, cooked till soft, mixed and made
into a bolus and fed to the aging rats. Thewhey protein powder was
dissolved in distilled water and administered orally to the reference
group of rats.

2.5. Resistance training (RT) [14]

RT was given to the aging rats by strapping weights (5e15 g) to
their abdomens and subjecting them to swimming for 15 min in a
small, confined space, such as a large graduated cylinder filled
halfway with water at room temperature. Initially, the animals
were made to swim without weights for a week starting from
10 min up to 15 min. From the 2nd week, weights (5 g) were
strapped on to their bodies and forced swimming started from
5min up to 15 min. The weights were gradually increased from 5 to
15 g for a swimming period of 15min. Initially, therewas a period of
vigorous swimming during which the animals tried to escape.
Eventually, the animals slowed down their swimming and exhibi-
ted a typical tiredness seen as floating in the water. At this point the
animals was removed from water immediately and placed for
drying in a warm place. The maximum period of swimming was for
15 min.

2.6. Experimental procedure

Rats were assigned to various treatment groups after 7 days of
acclimatization. Each group had 6 rats. Groups were treated as
follows:

Group I (Young Control): Young rats received a regular chow diet
and drinking water daily for 60 days.

Group II (Aging Control): Aging rats received a regular chow diet
and drinking water daily for 60 days.

Group III (WSE): Aging rats were treated with WSE (500 mg/kg,
p.o.) along with a regular chow diet and drinking water daily for 60
days.

Group IV (Protein): Aging rats were fed boluses of soybean
(1.5 g/kg) þ quinoa (1 g/kg) along with a regular chow diet and
drinking water daily for 60 days.

Group V (WSE þ Protein): Aging rats were administered WSE
(500 mg/kg, p.o.) and were fed boluses of soybean (1.5 g/
kg) þ quinoa (1 g/kg) along with regular chow diet and drinking
water daily for 60 days.

Group VI (RT): Aging rats received regular chow diet and
drinking water daily for 60 days and resistance training in the form
of swimming with weights strapped to their abdomen.

Group VII- (Reference): Aging rats were administered whey
protein hydrolysate (1 g/kg) with regular chow diet and drinking
water daily for 60 days.
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Grip strength was measured using a grip strength meter every
week for all the groups. Blood glucose levels using an automated
digital glucometer (Accu-Chek, Roche) were measured on Day 1, 15,
30, 45 and 60 of the study. At the end of the study all animals were
fasted overnight and blood was collected from their retro-orbital
plexus on the next day. Serum was separated by allowing blood
to clot for 30 min at room temperature and centrifuging at
2500 rpm at 30 �C for 15 min. This separated serum used to esti-
mate C-reactive protein (CRP), Interleukin-6 (IL-6), Tumour Ne-
crosis Factor (TNF-a) and insulin. For insulin resistance, the
homeostasis model assessment of insulin resistance (HOMA-IR)
was calculated as follows:

HOMA
� IR¼serum glucoseðmmol=LÞ X serum insulin ðmIU=LÞ=22:5

Dissected biceps brachii muscle of all animals was washed with
ice-cold saline and weighed. 10% (w/v) homogenate was prepared
homogenising a part of the muscle in ice-cold Tris buffer (50 mm,
pH 7.8). Lipid peroxidation (LPO) estimated using an aliquot. The
homogenate was centrifuged for 25 min at 2700 g at 4 �C, and the
supernatant was used to assay total protein (TP), AMPK, reduced
glutathione (GSH), superoxide dismutase (SOD), catalase (CAT) and
the apoptotic regulators Bax and Bcl-2. The other part of dissected
muscle was used for histological studies and fixed in 10% buffered
formalin until then.
2.7. Biochemical estimations and assays

Total protein was estimated from muscle by the method of
Lowry et al. using bovine serum albumin as standard [15]. Insulin
assay was carried out in serum using Radioimmunoassay (RIA) kit
supplied by Board of Radiation and Isotope Technology (BRIT)
(Mumbai, India). Estimation of IL-6 and TNF-a was done in serum
using ELISA kits supplied by Krishgen Ltd (Mumbai, India). The
method of Pepys et al. was used for the estimation of CRP in serum
using a standard agglutination test kit supplied by Spectrum Di-
agnostics, Egypt. The method of Ohkawa et al. was used for the
quantification of LPO by determining the concentration of the LPO
markers thiobarbituric acid reactive substances (TBARS) in muscle
[16]. SOD, CAT and GSH were estimated in the muscle homogenate
by method of Ellman, Sun and Zigman, and Clairborne respectively
[17e19]. AMPK assay was carried out in the muscle homogenate
using ELISA kits supplied by Krishgen (Mumbai, India).
2.8. Gene expression of apoptotic regulators

Bax, Bcl-2 and b-actin mRNA expressions were studied in the
biceps by a semi-quantitative reverse transcriptase-polymerase
chain reaction (RT-PCR) using T100 Thermal Cycler (Bio-Rad,
USA). b- Actin was the housekeeping gene. According to the man-
ufacturer's instructions, cDNA was synthesized from 2 mg of RNA
(obtained frommusle) using the Verso cDNA synthesis kit (Thermo
Fischer Scientific) with oligo dT primer. The final amplification
product (10 mL) was run on a 2% ethidium-stained agarose gel, and
the real-time data was analysed using the computerized imaging
program Gel Doc EZ Imager (Bio-rad). The RNA ladder Invitrogen
was used to identify the approximate size of molecules run on the
gel during electrophoresis. The sequence of primers used is given in
Table 1.



Fig. 1. Effect of WSE, WSEþProtein, protein, RT and reference on grip strength. Note:
Values are mean±SEM; N¼6 in each group, One-way ANOVA followed by Bonferroni's
Multiple Comparison Test is applied for statistical analysis. P values: a<0.001 when
Sarcopenic Control compared with Normal Control and ***<0.001 when treatment
groups compared with Sarcopenic Control.

Table 1
Primer sequence and size for b-Actin, Bax and Bcl-2.

Gene Primer pair Sequence Product size (bp)

b e Actin FP TCCTCCTGAGCGCAAGTACTCT 153
RP GCTCAGTAACAGTCCGCCTAGAA

Bax FP CCTTTTCTACTTTGCCAGCAAAC 155
RP GAGGCCGTCCCAACCAC

Bcl-2 FP AGTCTGGGAATCGATCTGGA 154
RP GAGCATGATTCTCTGTCAAGT
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2.9. Histopathological studies

The biceps brachii muscle of all animals stored in 10% buff-
ered formalin was embedded in paraffin, sections cut at 5 mm,
and stained with hematoxylin and eosin. For histoarchitectural
changes, these sections were examined under a light micro-
scope.
2.10. Statistical analysis

The results from 6 animals in each group are expressed as
mean ± SEM. Statistical analysis of results was done using one-way
ANOVA followed by the Bonferroni's multiple comparison test;
p < 0.05 was considered to be significant. GraphPad InStat version
4.00 of Graph Pad Software Inc, San Diego, USA, was the software
used for statistical analysis.
3. Results

3.1. Effect on grip strength

The effect of treatments on grip strength is shown in Table 2
and Fig. 1. All rats started out with the same grip strength on
the 1st day except for the Young Control rats which displayed
significantly higher values than the rest of the rats. On day 14, 28,
42, and 60, a progressive improvement in grip strength was
observed in rats of treatment groups when compared with the
Aging Control rats and their grip strengths were highest on day 60
and comparable to the Young Control rats. WSE and
WSE þ Protein treatments yielded the best results among all
treatment groups. The Young Control rats showed no significant
difference in grip strength throughout the study, while the Aging
Control rats displayed lower readings with every weekly mea-
surement, being lowest on day 60.
Table 2
Effect of WSE, WSE þ Protein, Protein, RT and Reference on grip strength.

Treatment Groups Grip strength (Newton)

Day 1 Day 14

Young Control 23.76 ± 0.83 23.87 ± 0.39
Aging Control 12.75 ± 0.71a 14.18 ± 0.54a

WSE 13.66 ± 0.51 19.42 ± 0.33b

WSE þ Protein 13.98 ± 0.56 19.22 ± 0.81b

Protein 13.36 ± 0.68 17.47 ± 0.74**
RT 12.58 ± 0.36 17.32 ± 0.51**
Reference 13.76 ± 0.45 18.75 ± 0.19b

Note: All values are expressed as mean ± SEM; N ¼ 6 in each group; One way ANOVA fo
a P < 0.001 when Aging Control compared with Young Control.
b P < 0.001 when treatment groups compared with Aging control.
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3.2. Effect on blood glucose levels (BGL), and HOMA-IR

The effects of treatments on BGL and HOMA-IR are given in
Table 3 and Fig. 2 respectively. All aged rats that displayed similar
BGL at the start of the experiment, on day 15 had elevated BGL
when compared with their own basal readings. However, the Aging
Control rats displayed significantly higher BGL than all treated rats
on the 15th day. Thereafter, on day 30, 45, and 60, all treatment
group rats showed a progressive decrease in BGL when compared
with their 15th day values and significantly lower BGL than the
Aging Control rats on all measurement days. The Young Control rats
showed no significant difference in BGL throughout the study,
whereas, the Aging Control rats elicited increasing levels of BGL
with advancing days. At the end of the study on the day 60, a sig-
nificant (p < 0.001) decrease in BGL of all the treatment groups was
observed when compared with the Aging Control group of animals,
the WSE þ Protein treatment eliciting the lowest blood glucose
levels of the study.

The Aging Control rats exhibited a significant (p < 0.001) in-
crease in HOMA-IR when compared with Young Control rats. All
study groups showed significant attenuation (p < 0.001) of the
aging-elevated HOMA-IR score.

3.3. Effect on inflammatory markers

The effect of treatments on inflammatory markers is summa-
rized in Table 4. The Aging Control rats exhibited a significant
Day 28 Day 42 Day 60

24.92 ± 0.57 23.08 ± 0.72 26.30 ± 0.69
12.42 ± 0.31a 10.50 ± 0.37a 8.90 ± 0.30a

21.25 ± 0.96b 22.23 ± 0.63b 27.77 ± 0.29b

21.93 ± 0.28b 23.13 ± 0.61b 29.20 ± 0.75b

20.23 ± 0.22b 21.60 ± 0.37b 24.08 ± 0.28b

20.45 ± 0.23b 21.75 ± 0.41b 25.70 ± 0.74b

21.27 ± 0.73b 22.90 ± 0.89b 26.82 ± 0.93b

llowed by Bonferroni's multiple comparison test is applied for statistical analysis.



Table 3
Effect of WSE, WSE þ Protein, protein, RT and reference on BGL and HOMA-IR.

Treatment Groups Glucose Levels (mg/dl)

Day 1 Day 15 Day 30 Day 45 Day 60

Young Control 103.50 ± 5.04 111.67 ± 4.05 116.33 ± 0.57 119.67 ± 4.82 118.33 ± 3.46
Aging Control 98.50 ± 4.03 150.50 ± 02.23a 154.17 ± 0.31b 159.00 ± 9.01b 161.33 ± 7.89a

WSE 94.17 ± 2.42 129.00 ± 4.62e 110.17 ± 0.96c 106.17 ± 2.63c 98.00 ± 2.76c

WSE þ Protein 103.33 ± 2.36 132.00 ± 2.83 112.00 ± 0.28d 105.67 ± 4.91c 93.33 ± 2.07c

Protein 102.83 ± 1.62 132.33 ± 3.10 124.50 ± 0.22 111.50 ± 6.14c 105.50 ± 3.73c

RT 100.33 ± 5.80 130.50 ± 4.64e 121.33 ± 0.23e 116.50 ± 7.74c 112.50 ± 2.40c

Reference 91.66 ± 2.95 134.83 ± 5.90 114.17 ± 0.73d 108.83 ± 7.64c 99.00 ± 5.52c

Note: All values are expressed as mean ± SEM; N ¼ 6 in each group; One way ANOVA followed by Bonferroni's multiple comparison test is applied for statistical analysis.
a P < 0.001 when Aging Control compared with Young Control.
b P < 0.01 when Aging Control compared with Young Control.
c P < 0.001 when treatment groups compared with Aging control.
d P < 0.01 when treatment groups compared with Aging control.
e P < 0.05 when treatment groups compared with Aging control.
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(p < 0.001) increase in the serum levels of the inflammatory me-
diators CRP, IL-6, and TNF-a when compared with the Young Con-
trol rats. All treatment groups significantly (p < 0.001) attenuated
the aging-elevated CRP levels except for RT, whereas the aging-
elevated IL-6 and TNF-a levels were significantly attenuated by all
treatment groups.
Fig. 2. a Effect of WSE, WSEþProtein, protein, RT and reference on BGL. b Effect of
WSE, WSEþProtein, protein, RT and reference on HOMA-IR. Note: Values are mean±-
SEM; N¼6 in each group, One-way ANOVA followed by Bonferroni's Multiple Com-
parison Test is applied for statistical analysis. P values: a <0.001 when Sarcopenic
Control compared with Normal Control; ***<0.001 when Treatment groups compared
with Sarcopenic Control.
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3.4. Effect on total protein, AMPK, LPO and endogenous
antioxidants

Table 5 shows the effect of treatments on total protein, AMPK,
LPO, GSH, SOD, and CAT. Aging Control rats exhibited significant
(p < 0.001) attenuation of total protein content in muscle when
compared with the Young Control rats. At the end of the treatment,
all groups significantly restored (p < 0.001) the aging-attenuated
protein levels except for the RT group.

AMPK levels were significantly (p < 0.001) elevated in the
muscle of Aging Control rats when compared with the Young
Control rats. The elevated AMPK levels were lowered significantly
(p < 0.01 for WSE þ protein and p < 0.05 for WSE, RT and reference
standard) by all treatments except the protein cocktail. The
WSE þ Protein treatment elicited the best results.

A significant (p < 0.001) increase in the level of TBARS and a
significant (p < 0.001) decrease in GSH, SOD, and CAT activities was
observed in the muscle of the Aging Control group of rats when
compared with the Young Control rats. All treatment groups suc-
cessfully attenuated the aging-elevated TBARS levels and signifi-
cantly restored the aging-depleted antioxidant levels.

3.5. Effect on apoptotic regulators

The effect of treatments on the apoptotic regulators is illustrated
in Fig. 3. A significant (p < 0.001) increase in the expression of the
pro-apoptotic Bax gene and a corresponding decrease in the anti-
apoptotic Bcl-2 gene expression was observed in the muscle of
Aging Control animals when compared with Young Control ani-
mals. All treatments could curtail the aging-induced apoptosis
which was evident by a significant decrease in Bax and a significant
increase in Bcl-2 levels in the treated rats. However, RT group failed
to increase the Bcl-2 expression significantly.

3.6. Histopathological studies

The biceps of the Young Control rats showed absence of muscle
fibre loss, degenerative changes (splitting/waviness), inflammation
of fibres, crowding/internalization of nuclei, and thinning of fibre
(Fig. 4a). In contrast, the biceps of the Aging Control rats showed
muscle fibre loss with dense focal lymphohistiocytic inflammatory
cell infiltrate (þþþ), degenerative changes (þþ), inflammation of
fibres (þþþ), crowding/internalization of nuclei (þ), thinning of



Table 4
Effect of WSE, WSE þ Protein, Protein, RT and Reference on serum CRP, IL-6 &TNF-a.

Treatment Groups CRP (mg/L) Interleukin-6 (pg/mL) TNF-a (pg/mL)

Young Control 5.83 ± 0.65 7.82 ± 0.56 2.63 ± 0.42
Aging Control 19.83 ± 1.30a 20.58 ± 0.83a 10.27 ± 0.40a

WSE 8.33 ± 0.71c 12.54 ± 1.31c 3.86 ± 0.67c

WSE þ Protein 5.83 ± 1.07c 8.83 ± 0.78c 3.16 ± 0.42c

Protein 7.66 ± 1.05c 11.13 ± 1.28c 4.04 ± 0.45c

RT 15.5 ± 1.23 13.60 ± 1.63b 5.75 ± 0.23c

Reference 8.16 ± 0.70c 9.29 ± 1.12c 2.86 ± 0.50c

Note: All values are expressed as mean ± SEM; N ¼ 6 in each group; One way ANOVA followed by Bonferroni's multiple comparison test is applied for statistical analysis.
a P < 0.001 when Aging Control compared with Young Control.
b P < 0.01 when treatment groups compared with Aging Control.
c P < 0.001 when treatment groups compared with Aging Control.
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fibres (þþþ), and perivascular inflammation (Fig. 4b). When
compared with Aging Control, the biceps of theWSE group showed
mild muscle fibre loss (þ), degenerative changes (þ), crowding/
internalization of nuclei (þ), inflammation of fibres (þ), and thin-
ning of fibres (þ) as shown in Fig. 4c. The WSE þ Protein treatment
group's biceps showed absence of fibre loss, thinning and inflam-
mation of fibres, and mild degenerative changes (þ) as shown in
Fig. 4d. The biceps of the protein cocktail administered rats were
similar to the WSE þ Protein treatment and showed minimal
changes with waviness of fibres (þ) and crowding of nuclei (þ) as
indicated in Fig. 4e. Biceps of the RT group exhibited moderate
degenerative changes (þþ) and crowding of nuclei (þþ) with focal
mild chronic inflammatory cell infiltrate around the fibres (þ) as
seen in Fig. 4f. The reference group showedmild focal degenerative
changes of fibre (þ) and engulfment of fibres by mixed inflamma-
tory infiltrate (þþ) composed of polymorphs and lymphocytes
(Fig. 4g).
4. Discussion

This study included animals with low muscle strength due to
natural aging rather than muscle weakness induced by chemical
agents such as glucocorticoids or statins. Hence, this model rep-
resents real-time loss of muscle strength and physiological and
biochemical changes associated with it.

The major phytoconstituents of W. somnifera include steroidal
lactones (withanolides, withaferins), saponins and alkaloids like
isopelletierine and anaferine. The withanolides are believed to ac-
count for the antioxidant, anti-inflammatory, immunomodulatory,
Table 5
Effect of WSE, WSE þ Protein, Protein, RT and Reference on Total protein, AMPK, LPO, GS

Treatment Groups Total Protein (mg/dl) AMPK (ng/ml) LPO (TBARS/mg pr

Young Control 6.52 ± 0.19 474.44 ± 22.90 0.03 ± 0.01
Aging Control 3.30 ± 0.21a 958.08 ± 10.42a 0.08 ± 0.02a

WSE 5.13 ± 0.26d 558.92 ± 41.70b 0.04 ± 0.02d

WSE þ Protein 7.03 ± 0.09d 487.87 ± 98.03c 0.04 ± 0.02d

Protein 6.50 ± 0.29d 612.73 ± 119.07 0.05 ± 0.01d

RT 3.82 ± 0.19 509.09 ± 158.87b 0.05 ± 0.04d

Reference 6.72 ± 0.22d 570.93 ± 21.00b 0.03 ± 0.02d

Note: All values are expressed as mean ± SEM; N ¼ 6 in each group; One way ANOVA fo
a P < 0.001 when Aging Control compared with Young Control.
b P < 0.05 when treatment groups compared with Aging Control.
c P < 0.01 when treatment groups compared with Aging Control.
d P < 0.001 when treatment groups compared with Aging Control.
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and adaptogenic activity of Withania, conferring it with the ability
to withstand various stressors to the muscles [20].

Low protein intake can be an important cause for muscle
weakness due to factors such as aging-associated physiological
changes, pre-existing medical conditions, physical disability and
mental disorders, anabolic resistance, and decreased muscle
perfusion. The aging rats in our study showed significantly depleted
total protein levels in the biceps muscle while all our interventions
which were designed to promote muscle protein synthesis restored
successfully the depleted protein levels. The WSE þ Protein group
displayed the highest levels among all treatments indicating the
essential role of an anabolic supplement along with protein to
strengthen the muscle.

Whey protein hydrolysate is a pre-digested, fast release protein
containing all the amino acids required for muscle build-up. Its
ingestion leads to an increase in the rate of protein synthesis and
rapid and complete restoration of muscle function after vigorous
activity [21]. Thus, whey protein hydrolysate was the reference
standard in this study.

Grip strength is a measure of muscle strength and functionality.
In this study, while the aging rats showed diminishing grip strength
with increasing time, our interventions could improve the grip
strength to a large extent by the end of the study period, thus
empowering the weak aging muscle.

Aging is associated with persistent low-grade inflammation as
evidenced by an increase in levels of inflammatory mediators such
as IL-6, TNF-alpha and CRP. Inflammatory factors can inhibit muscle
protein synthesis, accelerate protein breakdown, and upregulate
the expression of some muscle growth inhibitory factors like
myostatin and atrogin1 to hasten protein catabolism and promote
H and antioxidant enzymes.

otein) GSH (U/ug protein) SOD (U/mg of protein) CAT (U/mg of protein)

0.271 ± 0.011 33.81 ± 0.87 29.33 ± 1.93
0.086 ± 0.003a 12.61 ± 0.54a 11.93 ± 0.49a

0.230 ± 0.012d 29.46 ± 2.12d 28.01 ± 2.77d

0.231 ± 0.016d 31.93 ± 2.62d 31.26 ± 3.43d

0.1955 ± 0.01d 25.31 ± 2.67c 23.51 ± 1.22c

0.194 ± 0.017d 22.88 ± 1.83b 22.75 ± 1.61b

0.230 ± 0.019d 30.43 ± 2.03d 31.35 ± 1.27d

llowed by Bonferroni's multiple comparison test is applied for statistical analysis.



Fig. 3. Effect of WSE, WSEþProtein, protein, RT and reference on Bax and Bcl2. Note:
All values are expressed as mean ± SEM; N ¼ 6 in each group; One way ANOVA fol-
lowed by Bonferroni's multiple comparison test is applied for statistical analysis aP<
0.001 when Normal control compared with Sarcopenic Control; *P< 0.05, **P< 0.01 &
***P< 0.001 when treatment groups compared with Sarcopenic Control.
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skeletal muscle degradation [22]. CRP, a protein synthesized by the
liver is an early marker of inflammation which rises in the blood
within few hours after tissue injury, infection or inflammation.
Hence, significantly elevated serum levels of CRP were observed in
aging rats when comparedwith normal rats. Evidence suggests that
CRP leads to a reduction in size of the myotube together with
reduction of muscle protein synthesis, inducing loss of muscle mass
[23]. All treatments except RT could significantly attenuate the
aging-elevated CRP levels, thus alleviating inflammation and cur-
tailing muscle loss.

With aging, adipose cell mass increases, and so does the
secretion of the cytokines IL-6 and TNF-a from it. These cytokines
aggravate inflammatory reactions, leading to reduced muscle mass
and strength [24]. IL-6 is a pro-inflammatory cytokine secreted
during any tissue damage and is one of the main signaling path-
ways implicated in aging and chronic morbidity [25]. TNF-a is a
central regulator of inflammation that increases with age and is
connected tomuscle atrophy and cell loss, yet, the signalling events
that occur in vivo are unknown [26]. Apoptotic stimuli, such as
oxidative stress, calcium balance dysregulation and TNF-a expres-
sion, may be considered as initiators of the apoptotic signalling in
aged skeletal muscle. All treatment groups significantly attenuated
the aging-elevated IL-6 and TNF-a level, thus, curbing inflamma-
tion and its harmful effects on the muscle.

Hyperglycemia is a risk factor for decreasedmuscle strength and
function. It is reported that hyperglycemia induces mitochondrial
dysfunction leading to reduced muscle strength in older patients
with diabetes mellitus [27]. Diabetic neuropathy, which is common
in geriatric patients, has been proven to reduce muscle strength.
Good glycemic control in the elderly has been shown to curtail the
loss of muscle strength. All interventions in this study could suc-
cessfully attenuate the aging-elevated BGL. At the end of the
experiment, the WSE þ Protein treatment elicited the lowest blood
glucose levels of the study.

Insulin plays an important role in increasing muscle protein and
regulating muscle protein metabolism. Insulin resistance (IR) is a
condition in which the body's cells do not respond to insulin, as a
result, glucose fails to enter the cells as easily, gradually building up
in the blood. This can eventually lead to T2DM. Changes in glucose
tolerance seenwith ageing which leads to IR and it is believed to be
due to age-related muscle protein loss and strength.
629
All treatment groups could alleviate IR induced by aging, indi-
cating their ability to curtail muscle loss. A subsequent rise in
serum amino acids after consumption of protein stimulates insulin
release by a direct action on the beta cells [28]. Insulin secretion is
stimulated by some amino acids by acting as a substrate in the
Krebs cycle. They produce ATP through the metabolism of glucose-
6-phosphate. The ATPs binds to potassium channels to close them.
This leads to the depolarization of cells and insulin secretion [29]. A
synergistic insulinotropic effect of various amino acids in the pro-
tein cocktail was probably responsible for its significant IR-
lowering effect.

In this study, WSE decreased blood glucose levels and improved
glucose tolerance in aging rats. These results are in concurrence
with other reports and suggest that WSE can improve insulin
sensitivity and thus, reduce IR [30].

Resistance exercise has been found to increase insulin sensi-
tivity in diabetic as well non-diabetic healthy subjects [31]. Resis-
tance exercise regulates glucose homeostasis to alleviate IR by
stimulating oxidative capacity of mitochondria and curbing
endogenous glucose production by suppressing unnecessary
gluconeogenesis.

Oxidative stress and molecular inflammation are the main
causative factors in age-related muscle atrophy. These two may
interfere with the balance between protein synthesis and break-
down, cause mitochondrial dysfunction, and induce apoptosis [32].
Aging and muscle dystrophy can impair and decrease antioxidant
capacity in the liver, making it more vulnerable to ROS-induced
damage. The ROS are generated in skeletal muscle as by-products
of cellular metabolism but can exceed beyond normal cellular
levels to cause harm to cells. Also, cell's ability to actively detoxify
ROS becomes less efficient over time as the ROS overpower the
cell's defence systems. Thus, increased levels of TBARS, the by-
products of LPO, were noted in the aging rats. GSH levels and
SOD and CAT activities were observed to be diminished by aging
due to their increased utilization to combat ROS. All treatments
could significantly attenuate the aging-elevated TBARS levels and
significantly restore the aging-depleted endogenous antioxidants.
The WSE and WSE þ Protein treatments stood out in anti-lipid
peroxidation and antioxidant activity probably because of WSE's
potent anti-inflammatory and antioxidant activity.

AMPK, the energy-sensing/signalling protein within the cell, is
activated by stresses that increase the cellular concentration of AMP
relative to ATP (increased AMP: ATP ratio) due to either limited ATP
production (e.g. glucose deprivation or hypoxia, oxidative/nitrosative
stress, and age-induced stress) or increased energy expenditure (e.g.
muscle contraction) [33]. On activation, AMPK increases glucose
uptake and fatty acid oxidation in the cell, both processes making
available adequate ATP to the cell. It upregulates expression of
various metabolic genes like those for GLUT4, uncoupling protein-3,
and cytochrome c required in the process of ATP generation [3].
Consequently, AMPK serves as a regulator of intermediary meta-
bolism by directing cellular events to increase energy availability and
sustain high-energy phosphate levels. In this study, AMPK levels
were significantly higher in Aging Control rats when compared with
Normal Control rats due to decreased protein synthesis or increased
protein degradation (due to inflammation, decreased anabolic hor-
mone levels, and poor nutritional status) and oxidative stress to the
aging muscle which activated AMPK. The elevated AMPK levels were
attenuated significantly by the WSE, WSE þ Protein, RT, and refer-
ence standard treatments indicating their beneficial role in allevi-
ating stress to the aging muscle, thus, leading to improved protein
synthesis and ATP production.



Fig. 4. a H & E staining of biceps of Normal Control rat 40X. Arrows indicate skeletal muscle fibres with cross striations. b H & E staining of biceps of Sarcopenic Control rat 40X.
Arrow indicates thinning of muscle fibres and internalization of nuclei. c H & E staining of biceps of WSE treated rat 40X. Arrow indicates mild sarcopenic inflammatory infiltrate.
d H & E staining of biceps of WSE þ Protein treated rat 40X. Arrow shows mild fibre loss with internalization and crowding of nuclei. e H & E staining of biceps of Protein treated rat
40X. Arrows indicate mild fibre loss with thinning and increased waviness. f H & E staining of biceps of RT group rat 40X. Arrows showmild sarcopenic loss with crowding of nuclei.
g H & E staining of biceps of Reference treated rat 40X. Arrows indicates focal sarcolemmal loss with engulfment of fibres by inflammatory cells.
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Apoptosis of the skeletal muscle cells is thought to be a potential
mechanism for muscle degeneration that takes place with aging
[34]. In this study, a significant increase above normal in Bax
expression and a decrease in the expression of Bcl-2 in aging ani-
mals clearly indicates apoptosis of the muscle. All treatments could
curtail apoptosis by alleviating stress to the aging muscle and by
improving its protein synthesis and ATP production, thus
strengthening it. This was evident by a significant increase in Bcl-2
and a significant decrease in Bax brought about by our dietary in-
terventions. However, RT could not significantly increase the
depleted Bcl-2 levels in the aging muscle though it brought about
the best attenuation of the elevated Bax levels. Thus, the effect of RT
on muscle apoptosis needs a deeper insight. b-Actin was the
housekeeping gene used as an internal control in the gene
expression studies of Bax and Bcl-2 as it is expressed constitutively,
at the same levels in the skeletal muscle in both the studies.

The biceps brachii muscle was used to study histological
changes in the study because grip strength is a measure of muscle
strength in the hand and forearm. The biochemical and gene
expression results were confirmed by histological findings.

5. Conclusion

All treatments in this study were comparable with RT in
maintaining muscle mass and strength of the aging muscle. The
best results were elicited by WSE þ Protein and WSE treatments,
probably due to the anabolic and adaptogenic effect ofWSE, and the
protein cocktail being complete in all nutrients required to power
the muscle. The right diet, including protein and antioxidants, and
resistance exercise is the key to combat muscle weakness during
aging and retain the skeletal muscle's functionality.
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