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Abstract The synergistic effects of physical exercise and diet

have profound benefits on brain function. The present study

was aimed to determine the effects of exercise and Decalepis

hamiltonii (Dh) on age-related responses on the antioxidant

status in discrete regions of rat brain. MaleWistar albino rats of

4 and 18 months old were orally supplemented withDh extract

and swim trained at 3 % intensity for 30 min/day, 5 days/

week, for a period of 30 days. Supplementation of 100 mg Dh

aqueous extract/kg body weight and its combination with

exercise significantly elevated the antioxidant enzyme activi-

ties irrespective of age. Age-related and region-specific

changes were observed in superoxide levels, and protein car-

bonyl and malondialdehyde contents, and were found to be

decreased in both trained and supplemented groups. Levels of

total thiols, protein, and nonprotein thiols decreased with age

and significantly increased in the SW-T(?100 mg) groups.

Our results demonstrated that the interactive effects of two

treatments enhanced the antioxidant status and decreased the

risk of protein and lipid oxidation in the rat brain.
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Introduction

Oxidative stress is a biological phenomenon associated

with a range of degenerative diseases observed during

aging [1]. Age-related deficits may be associated with

structural and functional changes in macromolecules and

cell membranes, which, at least in part, result from direct or

indirect effect of free radicals and reactive oxygen species

(ROS) [2]. Proteins are the biomolecules which are prone

to oxidation wherein they react with free radicals, causing

modification of several amino acids, protein aggregation,

and fragmentation. Oxidative damage to protein is reflected

by markers of oxidative stress such as protein carbonyls

and protein thiols. Protein carbonylation is the most com-

mon oxidative modification seen with accelerating age [3]

which can be assessed by measuring the carbonyl levels.

Thiol groups (–SH) play a prominent role in antioxidant

reactions, catalysis, regulation, electron transport, and

those preserving the correct structure of proteins [4]. Thus,

oxidative modification of proteins in vivo may affect a

variety of cellular functions involving proteins, receptors,

signal transduction mechanisms, transport systems, and

enzymes.

The brain is highly susceptible to oxidative stress due to

high concentrations of oxidizable substrates, a high rate of

oxidative metabolic activity, and endogenous ROS pro-

duction caused by dopamine oxidation. In addition, it is

known that certain regions of the brain are enriched in iron,

a metal that is catalytically involved in the production of

ROS in living tissues.

Regular physical exercise is an efficient strategy to

protect the brain functions against deficits associated with

the aging process [5]. Studies in humans [6, 7] and in

rodents [8, 9] have demonstrated the beneficial effects of

exercise on cognitive function. Previous studies by Devi

and Kiran [10] suggests that exercise increases antioxi-

dant enzyme activity and attenuates oxidative stress in

brain.

Diet also plays a significant role in brain function [11].

Polyphenols are of great interest in nutrition and medicine
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because of their potent antioxidant capacity [12]. Decalepis

hamiltonii (Dh), commonly known as swallow root is a

climbing shrub and belongs to the family of Asclepi-

adaceae. The roots are used in folk medicine and ayurvedic

preparation as general vitalizer and blood purifier [13]. The

aqueous root extract is a cocktail of many polyphenolic

compounds which include ellagic acid, 4-hydroxyisoph-

thalic acid, 14-aminotetradecanoic acid, 4-(1-hydroxy-1-

methylethyl)-1-methyl-1,2-cyclohexanediol, 2-hydrox-

ymethyl-3-methoxybenzaldehyde, and 2,4,8-trihydroxybi-

cyclo[3.2.1]octan-3-one [14]. Different studies have shown

that root extract possesses hepatoprotective, neuroprotec-

tive, and cardioprotective activities [13–15].

Studies have shown that synergistic effects of exercise

and dietary supplementation have positive effects by

attenuating the oxidative stress in the aging rat brain

[16, 17]. Therefore, the present study was hypothesized

to investigate the combined effects of exercise and Dh

supplementation in curtailing oxidative stress in the

aging rat brain. The hypothesis was tested by analyzing

detoxifying antioxidant enzyme activities and markers of

oxidative stress as a function of age, exercise, and Dh

supplementation in the cerebral cortex (CC), hippocam-

pus (HC), and cerebellum (CB) regions of the brain.

Materials and methods

Chemicals

Epinephrine, reduced glutathione, glutathione reductase,

thiobarbituric acid, t-peroxyhydroxide, and guanidine

hydrochloride were procured from Sigma (St. Louis, MO).

All other chemicals that were of analytical grade and sol-

vents that were of spectral grade were procured from

Himedia chemicals (Mumbai).

Preparation of Aqueous extract

Tuberous roots of Dh were collected from Savandurga

forest, Bengaluru, India. The plant material was identified

and deposited in the herbarium of the Department of Bot-

any, Bangalore University. The roots were thoroughly

washed with water. The inner woody core was separated

from outer fleshy layer. The fleshy layer was dried at 40 �C
in a hot air oven and fine powdered. The aqueous extract

was prepared by dissolving the powder in warm water

(50 �C) and allowing it to stand for 24 h, and filtered

through Whatman no. 1 paper. The filtrate was lyophilized

and weighed [14].

Animal maintenance

All animal procedures were approved by the Institutional

Animal Ethics Committee (IAEC), Bangalore University,

Bengaluru, India. The study comprised 60 male albino rats

of Wistar strain aged 4 and 18 months (adult and old).

Initially, rats aged 3 months (mo) were obtained from the

Central Animal Facility, IISc, Bengaluru. Animals were

housed three per cage, in polypropylene fitted steel mesh-

bottom cages, and were maintained at a temperature of

28 ± 1 �C, relative humidity of 77 ± 1 % and under a

12-h dark and light cycle. All animals had free access to

food (Amruth Feeds, India) and tap water ad libitum. The

rats were segregated into three swim exercise trainee

groups (n = 15)—(i) swim trainees on a normal diet [SW-

T(N)], (ii) swim trainees on a daily oral supplementation of

Dh extract [50 mg/kg BW (SW-T(?Dh1))], and (iii) swim

trainees on a daily oral supplementation of Dh extract

[100 mg/kg BW (SW-T(?Dh2))]—and three sedentary

groups (n = 15)—(i) sedentary on a normal diet [SE-

C(N)], (ii) sedentary with a daily Dh extract (50 mg/kg

BW) supplementation [SE-C(?Dh1)], and (iii) sedentary

with a daily Dh extract (100 mg/kg BW) supplementation

[SE-C(?Dh2)].

Swimming training protocol

Swimming exercise training was similar to our earlier

protocols with minor modifications [10]. Briefly, rats were

swim trained in a rectangular glass tank

(77 9 38 9 39 cm3) filled with water to a height of 18 cm

for young groups and 24 cm for old groups at 32 ± 1 �C
with a load of 3 % of their body weight tied to their tails.

Initially, they were made to exercise for 5 min/day with a

progressive increase to 30 min/day over a period of

1 week, and thereafter for 30 min/day, for a total training

period of 30 days with 5 days/week.

Tissue preparation

After the completion of the experiment protocol, the ani-

mals were sacrificed under diethyl anesthesia. The brain

tissue was excised and the cerebral cortex (CC), hip-

pocampus (HC), and cerebellum (CB) regions were sepa-

rated, weighed, and homogenized in ice cold 50 mM

phosphate buffer (pH 7.0). The homogenate was used for

MDA, superoxide radical assays, and estimation of thiols.

The homogenate was centrifuged (Plastocrafts, Superspin-

RV/FM) at 1000 g at 4 �C for 10 min. The supernatant

obtained was used for antioxidant enzyme assays and

protein carbonyl estimation.
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Measurement of Antioxidant enzyme activities

Superoxide dismutase (SOD) activity was determined

according to the method of Misra and Fridovich [18].

Briefly, tissue supernatant (100 lL) was added to 880 lL

carbonate buffer of 0.05 M, pH 10.2, and 0.l mM EDTA.

20 lL of 30 mM epinephrine in 0.05 % acetic acid was

added to the mixture, and absorbance was followed for

5 min at 480 nm in a spectrophotometer (Model SL 159,

ELICO). The amount of enzyme that results in 50 %

inhibition of epinephrine auto-oxidation was defined as one

unit.

Catalase (CAT) activity was measured according to the

method of Aebi [19]. Briefly, 100 lL of the tissue super-

natant with an equal volume of absolute alcohol was

incubated for 30 min at 0–8 �C following which triton

X-100 was added. A known volume of this was taken in an

equal volume of 0.066 M H2O2 in phosphate buffer and the

decrease in absorbance was measured at 240 nm for a

minute in a spectrophotometer. An extinction coefficient of

43.6 M cm-1 was used to determine enzyme activity, one

unit of which was equal to the moles of H2O2 degraded/

min/mg of protein.

Glutathione peroxidase (GPx) activity was measured at

37 �C by the method of Flohe and Gunzler [20]. Briefly,

the reaction mixture consisted of 500 lL of phosphate

buffer, 100 lL of 0.01 M reduced glutathione (GSH),

100 lL of 1.5 mM NADPH, and 100 lL of glutathione

reductase. One hundred microliters of tissue extract was

added to the reaction mixture and incubated at 37 �C for

10 min. Fifty microliters of 12 mM t-butyl hydroperoxide

was added to 450 lL of tissue reaction mixture and

measured at 340 nm for 180 s in a spectrophotometer. A

molar absorptivity of 6.22 9 103 M cm-1 was used to

determine enzyme activity. One unit of activity is equal to

mM NADPH oxidized per minute per mg protein.

Measurement of Superoxide radical

Superoxide radicals (SOR) were measured according to

the method of Das et al. [21]. Briefly, 200 lL of homo-

genate was incubated with 80 lL of 0.1 % nitroblue

tetrazolium (NBT) in an oscillating water bath for 1 h at

37 �C. Termination of the assay and extraction of the

reduced NBT was carried out by centrifuging the samples

for 10 min at 200 g then resuspending the pellets with

1 mL of glacial acetic acid. The absorbance was mea-

sured at 560 nm and converted to lmoles diformazan

using a standard curve generated from nitroblue difor-

mazan (NBD). Final results were expressed as lmoles

diformazan/mg tissue.

Measurement of Protein oxidation

Protein carbonyls were measured according to the proce-

dure of Levine et al. [22]. Briefly, 100 lL of supernatant

tissue extract was incubated with 0.5 mL of 10 mM 2,4-

dinitrophenylhydrazine (DNPH) in 2 M HCl for 60 min in

dark. Protein was precipitated using 0.5 mL of 20 % TCA

and then centrifuged at 10,0009g for 3 min at 4 �C. The

supernatant was discarded, and the pellet was washed with

1:1 ethyl acetate/ethanol twice by centrifuge method

(34009g for 5 min) to remove DNPH. The pellet was

dissolved after washing in 1.5 mL of 6 M Guanidine

hydrochloride in phosphate buffer (pH 6.5). Absorption

was read at 370 nm in a spectrophotometer.

Measurement of Lipid peroxidation

MDA content was measured according to the procedure of

Ohkawa et al. using 1,1,3,3-tetramethoxypropane as stan-

dard [23]. Briefly, to 100 lL of homogenate, 200 lL of

8.1 % SDS, and 1.5 mL of 20 % acetic acid, 1.5 mL of

0.8 % aqueous TBA solution was added, and the solution

was made up to 4 mL. The solution was heated on boiling

water bath for 60 min and then cooled, and 1 mL of dis-

tilled water was added. 5 mL butanol and pyridine (15:1)

was added, and the mixture was shaken well. The mixture

was then centrifuged at 4000 rpm for 10 min. The absor-

bance of orange layer was read at 532 nm.

Determination of total (T-SH), protein (P-SH),

and nonprotein thiol (NP-SH) levels

The thiol groups were determined according to the proce-

dure of Sedlak and Lindsay [24]. For T-SH, briefly, ali-

quots of 250 lL of the tissue homogenate were mixed in

5-mL test tubes with 750 lL of 0.2 M Tris buffer, pH 8.2,

and 50 lL of 0.01 M 5, 50-dithiobis (2-nitrobenzoic acid

(DTNB)). The mixture was made up to 5 mL with 3950 lL

of absolute methanol. A reagent blank and a sample blank

were prepared in a same manner. The test tubes were

stoppered with rubber caps. Color developed in 15 min,

and the reaction mixture was centrifuged approximately at

30009g at room temperature for 15 min. The absorbance

of the supernatants was read in a spectrophotometer at

412 nm. Molar extinction coefficient at 412 nm was

13,100 M-1 cm-1 in both T-SH and NP-SH procedures.

For NP-SH, aliquots of 250 lL of the homogenates were

mixed in 5-mL test tubes with 200 lL dis. water and 50 lL

of 50 % TCA. The test tubes were shaken intermittently for

10 min and centrifuged for 15 min at approximately

30009g. 200 lL of the supernatant was mixed with

400 lL of 0.4 M Tris buffer, pH 8.9; 10 lL of DTNB was
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added; and the sample was shaken on a shaker. The

absorbance was read within 5 min of the addition of DTNB

at 412 nm against a reagent blank without homogenate.

The protein thiols groups were calculated by subtracting

the nonprotein thiol from total thiols.

Protein measurement

Total protein content of tissue sample was measured by the

method of Lowry et al. using BSA as a standard [25].

Statistical Analysis

All the data were expressed as mean ± SE and were ana-

lyzed within a two-factor analysis of variance (ANOVA)

between groups and regions. When a significant F ratio was

found, Duncan’s multiple range tests (DMRT) were used to

assess the differences between group means. The statistical

analysis was performed using SPSS 20 software package

for windows. Probability values p\ 0.05 were considered

significant.

Results

Body weight changes

Table 1 represents the body weight changes in the swim-

trained and Dh extract-supplemented groups. In the

4-month-old animals, the body weights were significantly

decreased in the supplemented trainees compared to SE-

C(N). However, in 18-month-old animals, both the sup-

plemented trainees and sedentaries showed reduction in

body weight over the SE-C(N).

Antioxidant enzymes

The SOD activity is significantly increased in all the groups

of 4-month-old animals as represented in Table 2. Highest

activity was evident in SE-C(?Dh2) by 53, 70, and 67 %

over the SE-C(N) in the CC, HC, and CB, respectively. In

18-month-old animals, region-specific changes were

noticeable between CC and HC (Table 3). The activity was

significantly enhanced in CC (42 %), HC (37 %), and CB

(22 %) of SW-T(?Dh2) with respect to SE-C(N).

CAT activity showed a similar trend as that of SOD,

wherein the activity in 4-month-old animals was signifi-

cantly enhanced in all the experimental groups (Table 2).

The SE-C(?Dh2) group exhibited higher activity by 56, 36,

and 35 % compared to SE-C(N) in the CC, HC, and CB,

respectively. However, in 18-month-old animals, activity

was increased in both SW-T(?Dh2) and SE-C(?Dh2) over

the unsupplemented sedentaries. (Table 3). Regional sig-

nificance was evident in both the age groups.

A remarkable aspect of the GPx activity was that

insignificant changes were noticed between the regions. In

4-month-old animals, SE-C(?Dh2) group showed higher

activity by 28, 15, and 35 % over the SE-C(N) in CC, HC,

and CB, respectively (Table 2). However, in 18-month-old

animals, significant increases of 58, 32, and 25 % were

evident in CC, HC, and CB of SW-T(?Dh2) animals

(Table 3).

Markers of oxidative stress

SOR levels were measured in the brain as it is one of the

major free radicals produced as a consequence of the

physiological metabolic reactions in the central nervous

system. SOR increased with age in all the regions with HC

Table 1 Body weight changes

in the 4- and 18-month-old

animals during the training

period

Age (in months) Groups 1st week 2nd week 3rd week 4th week

4 SE-C(N) 230 ± 9.12 233 ± 13.1 243 ± 13.1* 254 ± 9.10*

SW-T(N) 230 ± 10.8 240 ± 14.7 245 ± 12.6 253 ± 16.5

SW-T(?Dh1) 213 ± 7.50 210 ± 12.9 237 ± 8.80 237 ± 8.80#

SW-T(?Dh2) 215 ± 2.90 223 ± 3.30 223 ± 3.30 230 ± 5.80#

SE-C(?Dh1) 228 ± 4.80 240 ± 7.10 255 ± 8.70 258 ± 8.50

SE-C(?Dh2) 227 ± 6.70 237 ± 12.0 243 ± 14.5 253 ± 14.5#

18 SE-C(N) 459 ± 0.57 464 ± 0.88* 469 ± 0.57* 475 ± 0.57*

SW-T(N) 457 ± 1.45 462 ± 1.14 466 ± 0.88 470 ± 1.15#

SW-T(?Dh1) 455 ± 2.08 461 ± 3.60 464 ± 1.00 468 ± 1.52#

SW-T(?Dh2) 454 ± 1.45 456 ± 1.15 458 ± 0.88 461 ± 1.15#

SE-C(?Dh1) 456 ± 1.15 459 ± 2.64 464 ± 0.58 472 ± 3.28#

SE-C(?Dh2) 457 ± 0.88 462 ± 0.88 465 ± 0.88 469 ± 0.66#

* Significance in comparison with the 1st week
# Significance between the sedentary control and experimental groups

*,# p\ 0.05 was considered significant. Values are mean ± SE of five animals/group
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showing the highest concentration in 4- and 18-month-old

(Fig. 1a, b) animals. Exercise as well as Dh extract (Dh2)

per se was effective in reducing the superoxide level in the

CC (29 %), HC (46 %), and CB (23 %) of 4-month-old

animals. A noticeable feature in the 18-month-old animals

was an insignificant change in the superoxide level

Table 2 Antioxidant enzyme

activities in discrete brain

regions of the 4-month-old rats

Parameters Groups

4 months SE-C(N) SW-T(N) SW-T(?Dh1) SW-T(?Dh2) SE-C(?Dh1) SE-C(?Dh2)

SOD

* * * * *

CC 11.25 ± 0.3 14.73 ± 0.3 15.54 ± 0.3 17.34 ± 0.7 24.01 ± 0.4 23.25 ± 0.4

HC 8.63 ± 0.1 11.61 ± 1.8 13.71 ± 0.1 18.84 ± 0.2 28.96 ± 1.7 22.26 ± 0.5

CB 8.75 ± 0.1 11.27 ± 1.7 14.89 ± 0.3 15.16 ± 0.4 27.57 ± 0.6 24.42 ± 2.0

CAT

* * * * *

CC 22.30 ± 2.0 36.09 ± 1.5 50.92 ± 0.2 39.16 ± 1.3 69.65 ± 1.1 61.23 ± 1.9

HC 30.61 ± 1.4 34.77 ± 1.7 47.72 ± 0.2 46.01 ± 0.3 68.89 ± 3.0 65.22 ± 0.2

CB 29.63 ± 2.1 37.98 ± 0.4 45.28 ± 2.2 36.56 ± 1.9 65.16 ± 2.9 63.04 ± 0.5#

GPx

* * * *

CC 17.45 ± 0.1 16.13 ± 1.5 18.66 ± 1.3 17.42 ± 0.6 24.25 ± 1.0 20.92 ± 2.0

HC 17.74 ± 1.3 13.15 ± 2.9 17.95 ± 0.4 17.77 ± 0.9 20.97 ± 3.0 18.96 ± 1.0

CB 16.07 ± 1.1 18.00 ± 0.5 17.11 ± 0.2 19.06 ± 3.0 24.66 ± 2.6 18.94 ± 0.7

* Significance between the sedentary control and experimental groups
# Comparison between the regions

*,# p\ 0.05 was considered significant. Data are expressed as mean ± SE of five animals/group and

analyzed through two-way ANOVA followed by Duncan’s multiple range tests. SOD activity is expressed

as Units/mg protein; CAT as lmoles/mg protein; and GPx as nmoles of NADPH oxidized/min/mg protein

Table 3 Antioxidant enzyme

activities in discrete brain

regions of the 18-month-old rats

Parameter Groups

18 months SE-C(N) SW-T(N) SW-T(?Dh1) SW-T(?Dh2) SE-C(?Dh1) SE-C(?Dh2)

SOD

* * * * *

CC 12.57 ± 0.3 16.42 ± 2.5 16.72 ± 3.2 17.34 ± 1.7 21.04 ± 1.8 21.78 ± 2.1

HC 15.25 ± 1.6 15.65 ± 2.2 20.39 ± 1.5 18.84 ± 2.0 22.64 ± 2.6 24.11 ± 2.4#

CB 17.24 ± 0.7 17.87 ± 3.0 21.71 ± 2.1 15.16 ± 1.2 26.31 ± 1.9 22.09 ± 2.0#

CAT

* * * * *

CC 16.96 ± 0.8 24.54 ± 1.1 30.64 ± 1.2 39.29 ± 1.4 40.69 ± 1.5 40.49 ± 1.6

HC 19.39 ± 1.0 21.67 ± 1.7 37.48 ± 1.3 42.83 ± 1.6 39.67 ± 1.3 43.04 ± 1.0#

CB 18.25 ± 1.2 21.47 ± 1.6 37.84 ± 1.0 35.38 ± 0.8 44.56 ± 0.8 44.69 ± 1.2#

GPx

* * * * *

CC 12.32 ± 0.9 17.44 ± 0.6 17.50 ± 1.4 23.56 ± 1.6 25.19 ± 1.2 29.53 ± 1.6

HC 14.31 ± 1.1 18.48 ± 0.9 22.05 ± 1.0 20.09 ± 0.9 21.81 ± 1.1 21.25 ± 1.1

CB 17.25 ± 1.2 17.39 ± 1.2 20.90 ± 1.5 20.27 ± 0.8 22.77 ± 1.3 22.98 ± 1.2

* Significance between the sedentary control and experimental groups
# Comparison between the regions

*,# p\ 0.05 was considered significant. Data are expressed as mean ± SE of five animals/group and

analyzed through two-way ANOVA followed by Duncan’s multiple range tests. SOD activity is expressed

as Units/mg protein; CAT as lmoles/mg protein; and GPx as nmoles of NADPH oxidized/min/mg protein.

Five animals/group
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between supplemented trainees and sedentaries when

compared to SE-C(N).

The protein carbonyl (PC) content, marker of protein

oxidation, was found to be elevated with age with HC

showing the higher content than the CC in both the age

groups. The carbonyl content was decreased maximally in

SW-T(?Dh2) in all the three regions of 4 (CC-23 %, HC-

30 %, CB-16 %)- and 18-month-old animals (CC-53 %,

HC-46 %, CB-70 %) over the SE-C(N), respectively

(Fig. 2a, b).

The MDA content was assessed in different regions of the

brain as a marker of lipid peroxidation. Age-related increase

in the MDA content was evident with CC showing the

highest content in 4- and 18-month-old animals. In the

4-month-old animals, lower MDA content was noticed in all

the experimental groups. However, the changes were

insignificant between supplemented trainees and sedentaries

(Fig. 3a). However, the 18-month-old animals showed

reduced MDA content in the SW-T(?Dh2) by 46 % (CC)

and 38 % (HC and CB) over their SE-C(N) (Fig. 3b).

Thiols

Age-related changes in T-SH, NP-SH, and P-SH levels of

4- and 18-month-old animals are represented in Tables 4

and 5. In 4-month-old animals, T-SH levels were found to

be significantly increased in all the experimental groups.

Training and supplementation of Dh extract (Dh2) were

more effective in elevating the T-SH levels by 21 %

(CC), 17 % (HC), and 18 % (CB) over the SE-C(N).

However, in 18-month-old animals, significant increases

of 18 % (CC), 13 % (HC), and 15 % (CB) were evident

in SW-T(?Dh2) animals in relation to their SE-C(N).

Region-specific changes were noticeable in 4- and

18-month-old animals.

Age-related decrease in NP-SH levels were observed

with HC showing the highest content compared to other

regions. The levels were also found to be maximally

enhanced in SW-T(?Dh2) with respect to SE-C(N) by

18 % (CC), 13 % (HC), and 15 % (CB) in 4-month-old

animals. However, in 18-month-old animals, NP-SH levels
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aFig. 1 The levels of superoxide

radical in discrete brain regions

of a 4- and b 18-month-old

animals of control and

experimental groups. Values are

mean ± SE of five

animals/group. Significance

between group means was

analyzed by Tukey’s test and

statistical significance set at

p\ 0.05. Asterisks depict the

comparison of hippocampus

(HC) and cerebellum (CB) with

cerebral cortex (CC). Hashes

depict the comparison of

experimental groups with

controls. SE-C(N), normal

sedentary controls; SE-C(?Dh1)

and SE-C(?Dh2) sedentary

supplemented groups with 50

and 100 mg of Dh extract/kg

b.w.; SW-T(N), normal swim

trainees; SW-T(?Dh1) and SW-

T(?Dh2), swim trainees

supplemented with 50 and

100 mg of Dh extract/kg b.w
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were found to be higher in both Dh2-supplemented

sedentaries and trainees.

The P-SH levels were found be decreased with age. In

4-month-old animals, region-specific changes were evident

and the P-SH levels were found to be higher in both SE-

C(?Dh2) and SW-T(?Dh2) over unsupplemented seden-

taries. A notable feature in 18-month-old animals is that

insignificant changes were noticed between the regions as

well as between the supplemented sedentaries and trainees.

Discussion

There has been a major focus on antioxidant properties of

nutraceuticals and their influence on the antioxidant status

of brain. Epidemiological studies show a link between

plant-derived compounds and health benefits. The roots of

D. hamiltonii are consumed for various health benefits.

Studies have shown that the aqueous root extract has pro-

tective effect against neurotoxicity and Parkinson’s disease

[26, 27]. Along with the consumption of natural products,

physical exercise also improves the antioxidant status of

the brain [28]. Therefore, the purpose of the present study

was to determine whether the combined effects of Dh

supplementation and exercise have a better protective

effect in attenuating age-related oxidative stress in the

brain. We chose CC, HC, and CB in our study as they are

critical regions involved in the higher brain functions and

vary in cellular as well as regional distribution of antioxi-

dant biochemical defenses [29].

We chose swimming as physical exercise as these ani-

mals are inborn swimmers and are less stressed when

compared to treadmill exercise [30], and also there is no

requirement of electric shock to promote this exercise

protocol. In the present study, the body weight is decreased

in swim-trained and supplemented groups, which indicates

the beneficial effects of exercise training and supplemen-

tation of root extract. Earlier, we have reported reduction in

the body weight of rats subjected to swimming training at

3 % intensity for 30 days [31]. Studies by Bais et al. and

Boque et al. reported that supplementation with plant

extract polyphenols decreased body weight gain in obese

rats [32, 33].

SOD is the major enzyme involved in the dismutation of

superoxide radical into less toxic hydrogen peroxide, which

is further detoxified into water and oxygen by CAT and
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Fig. 2 The levels of protein

carbonyl in discrete brain

regions of a 4- and b 18-month-

old animals of control and

experimental groups. Values are

mean ± SE of five

animals/group. Significance

between group means was

analyzed by Tukey’s test and

statistical significance set at

p\ 0.05. Asterisks depict the

comparison of hippocampus

(HC) and cerebellum (CB) with

cerebral cortex (CC). Hashes

depict the comparison of

experimental groups with

controls. SE-C(N), normal

sedentary controls; SE-C(?Dh1)

and SE-C(?Dh2) sedentary

supplemented groups with 50

and 100 mg of Dh extract/kg

b.w.; SW-T(N), normal swim

trainees; SW-T(?Dh1) and SW-

T(?Dh2), swim trainees

supplemented with 50 and

100 mg of Dh extract/kg b.w
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Fig. 3 The levels of MDA in

discrete brain regions of a 4-

and b 18-month-old animals of

control and experimental

groups. Values are mean ± SE

of five animals/group.

Significance between group

means was analyzed by Tukey’s

test and statistical significance

set at p\ 0.05. Asterisks depict

the comparison of hippocampus

(HC) and cerebellum (CB) with

cerebral cortex (CC). Hashes

depict the comparison of

experimental groups with

controls. SE-C(N), normal

sedentary controls; SE-C(?Dh1)

and SE-C(?Dh2) sedentary

supplemented groups with 50

and 100 mg of Dh extract/kg

b.w.; SW-T(N), normal swim

trainees; SW-T(?Dh1) and SW-

T(?Dh2), swim trainees

supplemented with 50 and

100 mg of Dh extract/kg b.w

Table 4 The levels of T-SH, NP-SH, and P-SH in discrete brain regions of control and experimental groups in 4-month-old rats

Parameters Groups

4 months SE-C(N) SW-T(N) SW-T(?Dh1) SW-T(?Dh2) SE-C(?Dh1) SE-C(?Dh2)

T-SH

* * * * *

CC 118.65 ± 4.8 127.7 ± 2.4 135.8 ± 3.1 149.6 ± 3.3 130.36 ± 2.8 145.1 ± 3.4

HC 134.32 ± 1.9 138.4 ± 1.4 144.7 ± 3.4 162.5 ± 5.6 141.14 ± 2.9 152.8 ± 2.3#

CB 127.97 ± 1.8 131.8 ± 1.7 140.6 ± 4.2 155.2 ± 7.9 136.62 ± 3.7 148.5 ± 4.4#

NP-SH

* * * *

CC 78.83 ± 2.00 81.94 ± 2.2 85.44 ± 4.2 96.51 ± 4.6 82.31 ± 3.93 91.31 ± 2.5

HC 88.23 ± 2.20 89.97 ± 2.7 93.54 ± 4.1 101.9 ± 6.3 92.35 ± 3.90 95.42 ± 3.5#

CB 85.60 ± 2.80 86.00 ± 4.2 89.92 ± 7.3 100.3 ± 6.0 86.40 ± 1.95 92.20 ± 4.6#

P-SH

* * * * *

CC 39.82 ± 2.57 45.77 ± 4.5 50.36 ± 7.3 54.61 ± 1.3 48.06 ± 1.10 53.78 ± 3.6

HC 46.09 ± 3.85 48.39 ± 2.3 51.23 ± 7.5 60.63 ± 1.7 51.01 ± 6.83 57.39 ± 1.4#

CB 42.34 ± 1.90 45.81 ± 2.5 50.65 ± 3.1 59.98 ± 1.9 50.21 ± 1.76 56.29 ± 3.6

* Significance between the sedentary control and experimental groups
# Comparison between the regions

*,# p\ 0.05 was considered significant. Data are expressed as mean ± SE of five animals/group and analyzed through two-way ANOVA

followed by Duncan’s multiple range tests. Units: nmol/mg protein
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GPx. Our study demonstrated increased SOD activity in the

CC, HC, and CB regions of all the experimental groups.

The enhanced activity indicates the synergistic effects of

exercise and Dh extract to scavenge the SOR in the brain.

A similar trend is noticed in rat brain regions subjected to

swimming and treadmill training [10, 34]. The increased

activity in the supplemented animals may be due to Dh

extract, which is very rich in polyphenols and could be a

source of dietary antioxidants in neuroprotection in

enhancing the antioxidant status of brain [13].

CAT and GPx activity was found to be decreased with

age. The decrease activity may be attributed to age-related

response to oxidative stress. The higher activities were

evident in SE-C(?Dh2) and SW-T(?Dh2) groups. The GPx

activity did not show any significant changes between

regions when compared to CAT, suggesting that activities

of these enzymes may vary depending on type, duration,

intensity of exercise, and dosage of supplementation.

Gomez-Pinilla and Ying revealed that exercise and diet

help in maintaining brain plasticity and health in HC and

hypothalamus in rats [35]. Studies by Balu et al. demon-

strated that polyphenols from grape seed extract helps in

diminishing oxidative stress in the central nervous system

of aged rats [4].

The exact mechanism of action by which the Dh extract

upregulates the antioxidant enzyme activities is not clearly

known. It may be due to the increased expression of the

corresponding genes by interaction with the antioxidant

response elements (ARE) that transcriptionally regulate

these genes. Further investigation is required regarding the

interactions of antioxidant compounds in the extract with

the AREs in vivo [36, 37]. Previous studies have shown

that the supplementation of Dh extract enhances the

antioxidant enzyme activities in stomach, liver, and brain

[13, 38, 39].

SOR, one of the major free radicals, was found to be

higher in the HC compared to other regions. The super-

oxide levels were significantly reduced in supplemented

swim trainees, which indicates the synergistic effects of

exercise and supplementation. Aksu et al. showed that

chronic exercise has a favorable effect on HC, possibly by

decreasing SOR formation [40]. The reduced level of SOR

is an evidence for the increased activity of SOD enzymes

as these are involved in dismutation of these radicals.

PCs have been used as a measure to estimate protein

damage/oxidation in cells and tissues [41]. Protein oxida-

tion, an exothermic event where peptides react with free

radicals, causes the modification of several amino acids,

protein aggregation, and protein fragmentation. In the

present study, PC content was decreased maximally in SW-

T(?Dh2) group of 4- and 18-month-old animals. HC

exhibited a higher carbonyl content compared to other

regions, since this area is particularly vulnerable to

oxidative stress [4]. Increased protein oxidation in HC is

Table 5 The levels of T-SH, NP-SH, and P-SH in discrete brain regions of control and experimental groups in 18-month-old rats

Parameters Groups

18 months SE-C(N) SW-T(N) SW-T(?Dh1) SW-T(?Dh2) SE-C(?Dh1) SE-C(?Dh2)

T-SH

* * * *

CC 94.14 ± 5.40 99.34 ± 5.17 110.2 ± 4.54 112.8 ± 5.69 104.9 ± 5.12 112.58 ± 4.55

HC 93.22 ± 3.77 98.87 ± 2.63 120.2 ± 3.94 129.5 ± 3.11 119.4 ± 3.20 123.54 ± 2.56#

CB 102.0 ± 2.36 103.6 ± 3.01 108.5 ± 3.64 110.9 ± 4.67 105.3 ± 31.0 110.32 ± 2.63#

NP-SH

* *

CC 54.10 ± 4.62 55.9 ± 3.77 60.70 ± 2.37 62.08 ± 1.87 56.70 ± 3.01 61.57 ± 2.71

HC 56.78 ± 2.42 57.1 ± 3.01 65.50 ± 2.42 72.25 ± 2.23 65.29 ± 1.47 68.10 ± 1.66#

CB 54.27 ± 2.48 54.7 ± 2.30 58.20 ± 2.30 59.53 ± 1.15 55.65 ± 1.99 59.17 ± 2.30

P-SH

* * *

CC 40.16 ± 2.88 43.5 ± 1.51 49.50 ± 1.28 50.76 ± 0.91 48.17 ± 0.88 51.01 ± 1.28

HC 36.44 ± 2.10 41.0 ± 1.90 54.68 ± 1.21 57.25 ± 1.73 54.13 ± 1.44 55.44 ± 1.78

CB 47.74 ± 1.44 48.9 ± 1.96 50.26 ± 0.71 51.4 ± 2.48 49.65 ± 1.28 51.15 ± 2.10

* Significance between the sedentary control and experimental groups
# Comparison between the regions

*,# p\ 0.05 was considered significant. Data are expressed as mean ± SE of five animals/group and analyzed through two-way ANOVA

followed by Duncan’s multiple range tests. Units: nmol/mg protein
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also documented in Alzheimer’s patients [42]. Our results

suggest that regular exercise with supplementation of Dh

extract decreases the accumulation of oxidative modifica-

tion of proteins. Radak et al. reported that regular exercise

improves cognitive function in parallel with a decrease in

the accumulation of oxidative modification of proteins

[43]. Studies by Jolitha et al. found that moderate swim-

ming exercise training complimented with vitamin E

reduces the risk of oxidative modification of proteins and

lipids and can substantially stimulate the endogenous

antioxidant system [16].

MDA is one of the advanced lipid peroxidation prod-

ucts. Our results indicate that the swimming training,

supplementation, and their combined effects are beneficial

in curtailing lipid peroxidation in the brain regions of both

the age groups. Studies by Skryzdlewska et al. showed that

the polyphenols from green tea helps in antioxidative

capacity of the brain tissue and in lowering the level of

lipid peroxidation products [44]. Devi and Kiran reported

that the integration of vitamin E and exercise may act as

useful neuroprotector against age-related decline in the

antioxidant enzymes and increased lipid peroxidation [10].

Thiols constitute the major portion of the total body

antioxidants, and they play a significant role in defense

against ROS. The present study demonstrated that swim

training and supplementation significantly increased the

thiol levels in aged rats. There is an age-dependent

reduction in thiol concentration in the brain regions, which

indicates that the efficiency of S-thiolation as a mechanism

of defense that decreases with age, which creates an

increased risk of irreversible oxidation of sulfhydryl (–SH)

groups of proteins [45]. The reduced levels of thiol implies

depleted antioxidant capacity of the brain, disturbance in

the balance between different redox forms of thiols which

in turn lead to impaired protection of P-SH groups upon

irreversible oxidation.

In conclusion, our results suggest that supplementation

of Dh extract has a potential to enhance the enzymatic

antioxidant defense. Regular exercise upregulates the

antioxidant defense by reducing the level of SOR, protein

oxidation, and lipid peroxidation. The adaptive effect of

these two treatments was more profound in enhancing the

antioxidant status. The present study revealed that nutrition

and physical exercise play an important role in maintaining

brain health.
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