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Abstract Hippophae salicifolia (HS) and Hippophae
rhamnoides turkestanica (HRT) are abundantly found species
of Hippophae in Himalayan region of India. As these plants
thrive under extreme climatic conditions, it is suspected that
these plants must have a unique adaptogenic property against
high-altitude stress. To keeping these views in our mind, the
present study was planned to evaluate the mechanism of ac-
tion of aqueous extract of HS and aqueous extract of HRT
against multiple stress [cold-hypoxia-restraint (C-H-R)] for
their adaptogenic activity. The present study reported the
adaptogenic activity of HS in facilitating tolerance to multiple
stress, CHR in rats. Pre-treatment with aqueous extract of HS
significantly attenuated reactive oxygen species (ROS) pro-
duction, protein oxidation, and lipid peroxidation and also
showed role in maintaining antioxidant status as similar to
control rats. Since protein oxidation was decreased by pre-
treatment of HS, protein homeostasis was also sustained by
regulation of heat shock proteins (HSP70 and HSP60).
Interestingly, heme oxygenase-1 (HO-1), Vascular
Endothelial Growth Factor (VEGF), and nitric oxide (NO)
level was also increased in HS pre-treated rats depicted its
adaptogenic activity against multiple stress, CHR.
Conclusively, aqueous extract of HS could use an adaptogen
for high altitude-associated multiple stress (CHR).
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Introduction

High terrestrial altitudes have since long attracted man for
different point of views like leisure and resources. The popu-
lace at high altitude includes the indigenous natives (Tibetans
and Sherpas), armed forces, as well as sojourners like trekkers,
skiers, etc. High-altitude exposure beyond 3000 m is an adverse
climatic condition that accompanied by psychological and phys-
iological stress. The adverse conditions due to high altitude
characterized as hypoxia, cold, wind, and harmful ionizing radi-
ations which ultimately imposing to decrease in physical and
mental performance (Askew 1995, 1997). One of the significant
factors which affect life at high altitude is fall in pressure of
atmospheric oxygen, required for all mammalian life. Beside
this, another major stressor at high altitude is cold that cause
physiological disturbances. Fall in oxygen pressure, known as
hypoxia, leads to increased reactive oxygen species (ROS) pro-
duction by mitochondrial electron transport system (Mohanraj
et al. 1998). Recent studies also reported oxidative damage of
lipids, proteins, and DNA due to high altitude-associated hyp-
oxia (Joanny et al. 2001). This damage can be due to increased
level of ROS production and/or decreased level of antioxidant
capacity. Numerous studies concluded an increased generation
of oxidative stress indicators in breath, blood, urine, and tissue of
laboratory rodents in response to hypoxia (Ilavazhagan et al.
2001; Radak et al. 1997). A decrement in atmospheric temper-
ature could be another reason for generating oxidative stress. It is
suggested that decrease in temperature leads to decrease mito-
chondrial membrane fluidity (Hazel 1995) which could disrupt
electron transfer and ultimately result into excess production of
ROS. Thus, there is a need for a safe and effective adaptogens
which could give better and immediate adaptivity at the extreme
stress conditions of high altitude. One of the strategies to achieve
this targets by exploring the unique adaptogenic activity of
herbals specially herbals which bloom at high altitude.
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Indian Hippophae naturally grows in high-altitude areas of
Jammu and Kashmir, Himachal Pradesh, Uttar Pradesh, and
Sikkim (Singh 2001). Hippophae rhamnoides is abundantly
found species followed by Hippophae salicifolia (HS) and
Hippophae rhamnoides turkestanica (HRT). HRT, basically
grows in northwest Himalayas at high altitudes (7000–15,
000 ft), is a dwarf to tall (3–15 ft), branched, and thorny
nitrogen-fixing deciduous shrub while; Hippophae salicifolia
(HS) is a shrubby tree and is also restricted to the Himalayan
region (Rongsen 1992). A number of reports suggested the
antioxidant value of H. rhamnoides (Eccleston et al. 2002;
Geetha et al. 2003; Negi et al. 2005). However, a limited study
has been done on subspecies of Hippophae, i.e., HS and HRT.
As these plants thrive under extreme climatic conditions, it is
suspected that these plants must have a unique adaptogenic
property against high-altitude stress. Recently, Sharma et al.
2014 depicted the adaptogenic activity of aqueous extract of
HS and HRT, but the unknown part is its mechanism. To
keeping these views in our mind, the present study was
planned to elucidate the probable mechanistic approach for
adaptogenic activity of HS and HRT against multiple stress
[cold-hypoxia-restraint (C-H-R)].

Materials and methods

Apparatus, chemicals, and reagents

The following apparatus were used in the study: C-H-R
Animal model, Seven Star, India; Iso-Thermex, Columbus
Instruments, USA; accelerated solvent extractor (ASE),
Dionex Corporation, USA; Buchi Rotavapor R-124, Buchi
Labortechnik AG, Postfach, CH-9230 Flawil/Schweiz,
Switzerland; lyophilizer, Allied Frost, India; spectrophotome-
ter, Bio-Rad, USA; pH meter, Eutech pH 510, India. Extra
pure reagents from Sigma, SD Fine, Merck, and SRL were
used for all the studies.

Extract preparation

Plant materials

Plant materials HS and HRT were authenticated by Dr.
Virendra Singh from CSK, Palampur, Himachal Pradesh.
They are grown at Seabuckthorn Research Farm of CSK
Himachal Pradesh Agricultural University at Kukumseri in
Lahaul valley of District Lahaul-Spiti, a semiarid region of
Himachal Pradesh, India, at an altitude of 2730 m in sandy
loam soil with annual rainfall of 500 mm.

Aqueous extracts of HS and HRTwere prepared using ASE
using leaves of the same plant. Extraction was carried out at
room temperature using the following procedure: (i) Leaves
(30 g) was loaded into 100 mL extraction cells, (ii) cell was

filled with solvent at a pressure of 1500 psi, (iii) cell was
rinsed with 60 % cell volume using double distilled water,
(iv) solvent was purged from cell with N2 gas and (v) depres-
surization takes place, (vi) extracts were collected and stored
at 4 °C in separate bottles till further solvent removal. The
aqueous extracts were lyophilized and were preserved, at
4 °C until use.

Animals and experimental design

Animals

Sprague-Dawley male rats, 12–14 weeks old, weighing 150±
10 g, bred in the animal facility of Defence Institute of
Physiology and Allied Sciences (DIPAS), Delhi, were main-
tained on a bedding of rice husk in polypropylene cages under
controlled environment in the Institute’s animal house at 22±
1 °C, 55±10 % humidity, and 12-h light-dark cycle. Animals
had access to standard rodent pellet feed and water ad libitum.
The study has the approval of the Institutional Ethical
Committee on Animal Experimentations (IAEC), and the ex-
periments were performed in accordance with the regulations
specified by the IAEC and conformed to National Guidelines
on the Care and Use of Laboratory Animals, India.

Experimental design for evaluation of adaptogenic activity

The animal chamber had two units. One unit is an animal
decompression chamber where the rats kept in restrainers
were exposed to cold (5 °C) and hypoxia (428 mmHg) equiv-
alent to an altitude of 4572 m. The air flow was 2 l/min.
Another unit was an animal conditioning chamber which
was maintained at 32±1 °C and normal atmospheric pressure
(Ramachandran et al. 1990).

A total of 24 animals were used in the study. The rats were
divided into four groups of six rats each:

Group I Untreated and unexposed to CHR rats served as control

Group II CHR exposure (cold-hypobaric hypoxia-restraint) +
pre-treatment of distilled water

Group III CHR exposure (cold-hypobaric hypoxia-restraint) +
pre-treatment of aqueous extract of HS (100 mg/kg
body weight) (oral)

Group IV CHR exposure (cold-hypobaric hypoxia-restraint) +
pre-treatment of aqueous extract of HRT (100 mg/kg
body weight) (oral)

The herbal extracts were administered orally using a gastric
cannula 30min prior to the CHR exposure. The doses and pre-
treatment time of extracts were selected on the basis of earlier
published studies (Sharma et al. 2014). At the end of the study,
rats were anaesthetized using sodium pentobarbital. Liver,
heart, and muscle were rapidly excised, washed with normal
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saline to remove all extraneous materials, thereafter the tissues
immediately stored at −80 °C for further use.

Biochemical assays

Oxidative stress and damage markers

For biochemical estimations, the tissue was homogenized in
0.154 M KCl-EDTA buffer.

ROS measurement

2′,7′-Dichlorofluorescein (DCFH) was used as a fluorescent
probe to measure the rate of oxidant production in the fresh
tissue homogenates according to LeBel et al. (1992) with
some modifications (Cathcart et al. 1983). DCFH-DA, a non-
fluorescent lipophilic dye, passively diffuses through cellular
membranes where it is cleaved into 2,7-dichlorofluorescein
(DCF) by the action of intracellular esterases and thus fluo-
resces in the presence of ROS. The production of free radicals
was determined as described earlier. Briefly, 150 μL of tissue
homogenate was incubated with 10μL of 100 μMDCFH-DA
for 30 min in the dark. Fluorescence was read using a fluo-
rimeter (Perkin Elmer, UK) with excitation at 485 nm and
emission at 535 nm. Readings were obtained in arbitrary
flourometric units and results expressed as fold change in free
radical generation.

NO measurement

Nitrite is a stable end product of nitric oxide (NO), and its
concentration was determined by the Griess method (Paula
et al. 2005). Tissue was homogenized in four volumes of
30 mM Tris-HCl buffer, pH 6.8, containing 5 mM EDTA,
250 mM sucrose, 30 mM KCl, 2 % β-mercaptoethanol,
PMSF (100 μg/mL), aprotinin (2 μg/mL), and leupeptin
(2 μg/mL) and then centrifuged (12,000×g, 4 °C, 15 min).
Aliquots (1.0 mL) of the homogenates were removed and
diluted with 1.0 mL of Griess reagent (1 % sulphanilamide,
2 % phosphoric acid, and 0.1 % naphthyl ethylene diamine
dihydrochloride). The absorbance of the chromophore formed
during diazotization of the nitrite with sulphanilamide and
subsequent coupling with naphthyl ethelene diamine was
measured at 545 nm in UV-Vis spectrophotometer (Bio-Rad,
USA).

Lipid peroxidation

Tissue lipid per oxidation was measured by method of
Onkawa et al. 1979. One milliliter of tissue homogenate, pre-
pared in 0.15MKCl (5 %w/v), was incubated for 1 h at 37 °C
followed by addition of 10 % TCA, mixed thoroughly, and
centrifuge at 3000 rpm for 10 min. One milliliter TBA was

added to 1 mL supernatant, and the tube were kept in boiling
water bath for 10 min till the pink color appeared. One milli-
liter of double-distilled water was added to after cooling the
tubes, and absorbance was measured at 532 nm.

Protein oxidation and damage

Protein carbonyl content

Oxidative modifications of amino acid residues include deriv-
atization of amino acid residues such as proline, arginine, and
lysine to reactive carbonyl derivatives. Briefly, 2,4-
dinitrophenylhydrazine reacts with protein carbonyl forming
a Schiff base to produce the corresponding hydrazone, which
can be analyzed spectrophotometrically (Levine et al. 1990).
Tissue was homogenized in ice-cold 50 mM phosphate buffer
(pH 7.2) containing 1 mM EDTA and proteinase inhibitor
cocktail. The homogenate was centrifuged at 10,000×g for
15 min, and the supernatant was checked for presence of
nucleic acids by measuring the absorbance at 260 and
280 nm. A ratio of 280/260 nm more than 1 indicated that
the sample was free of nucleic acid contamination. To 200 μL
of sample, 600 μL 10 mM 2,4-dinitrophenylhydrazine
(DNPH) in 2 NHCl was added; 600 μL of 2 NHCl was added
as a blank control. The mixture was incubated for 1 h at room
temperature. The protein was precipitated with an equal vol-
ume of 20 % trichloroacetic acid and was washed three times
with ethanol/ethyl acetate (1:1v/v). The final precipitate was
dissolved in 400 μL of 6M guanidine hydrochloride (pH 2.3),
and the insoluble debris was removed by centrifugation. The
absorbance of the DNPH derivatives was measured at 360 nm.
The concentration of carbonyl groups was calculated by using
an absorbance coefficient 22 nM/cm and expressed as nmol
carbonyl per mg of protein.

Advanced oxidation protein products

Advanced oxidation protein products (AOPPs), considered as
markers to evaluate oxidant-induced protein damage, are
formed by the reaction of proteins with chlorinated oxidants
such as chloramines or hypochlorous acid. The spectrophoto-
metric detection of AOPP levels, first described in plasma by
Witko-Sarsat et al. 1996, was modified for tissue. Briefly,
tissue homogenates, prepared in 0.154 M KCl-EDTA, were
diluted 1:5 with phosphate-buffered saline (PBS), pH 7.4. For
standard curve, 200 μL of chloramin T (0–100 μmol/L) and
200 μL of PBS as blank were applied on a microtiter plate.
Similarly, 200 μL of diluted samples were applied. Ten mi-
croliter of 1.16 M potassium iodide and 20 μL of acetic acid
were added to each well and absorbance at 340 nm measured
immediately. Concentration of AOPPs were obtained in chlo-
ramine units and expressed as μmol chloramine/mg protein.
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Antioxidant enzyme activity

Superoxide dismutase

Enzyme activity for total superoxide dismutase was measured
by the method of Kakkar et al. 1984. Reaction mixture
contained 1.2 mL of sodium pyrophosphate buffer
(0.052 mM, pH 7.0), 0.1 mL of phenazine methosulphate
(PMS) (186 μM), 0.3 mL of nitro blue tetrazolium (NBT)
(300 μM). Supernatant (0.2 mL) obtained after centrifugation
(1500×g, 10 min followed by 10,000×g, 15 min) of 5 %
homogenate was added to reaction mixture. Enzyme reaction
was initiated by adding 0.2 mL of NADH (780 μM) and
stopped precisely after 1 min by adding 1 mL of glacial acetic
acid. Amount of chromogen formed was measured by record-
ing color intensity at 560 nm.

To determine Mn-SOD isoenzyme activity (SOD2), assay
were performed in the presence of 1.5 mM potassium cyanide
(cyanide-insensitive SOD). Cyanide-sensitive Cu,Zn-SOD
isoenzyme activity (SOD1) was calculated as the difference
of activity in the absence and presence of cyanide in the assay
for the same enzymatic preparation.

Catalase

Catalase activity in tissues was assayed following the proce-
dure of Sinha 1972. Homogenate (5 %) were used for catalase
estimation. Homogenate (0.1 mL) was incubated with 0.5 mL
of H2O2 (0.2M) at 37 °C for 90 s precisely, in the presence of
0.01 M phosphate buffer (pH 7.4). Reaction was stopped by
adding 5 % dichromate solution. Further samples were incu-
bated at 100 °C for 15 min in boiling water bath. Amount of
H2O2 consumed was determined by recording absorbance at
570 nm.

Reduced glutathione and oxidized glutathione

For tissue reduced glutathione (GSH) and oxidized glutathione
(GSSG) estimation, 0.25 g of tissue sample was homogenized on
ice with 3.75 mL of phosphate-EDTA buffer and 1 mL of 25 %
HPO3 which was used as a protein precipitant. The total homog-
enate was centrifuged at 100,000×g for 30 min at 4 °C. For the
GSH assay in soft tissues (Hissin and Hilf 1973), 0.5 mL super-
natant and 4.5 mL phosphate buffer (pH 8.0) were mixed. The
final assay mixture (2.0 mL) contained 100 mL supernatant,
1.8 mL phosphate-EDTA buffer, and 100 mL O-phthaldehyde
(OPT; 1000 mg/mL in absolute methanol, prepared fresh). After
mixing, fluorescence was determined at 420 nm with an excita-
tion wavelength of 350 nm using a spectrofluorometer (Model
RF 5000 Shimadzu, Japan).

For the GSSG assay, 0.5 mL supernatant was incubated at
room temperature with 200 mL of 0.04 mol/L N-
ethylmaleimide solution for 30 min. To this mixture, 4.3 mL

of 0.1 mol/L NaOH was added. A 100 mL sample of this
mixture was taken for the measurement of GSSG using the
procedure described above for GSH assay except that
0.1 mol/L NaOH was used as the diluent instead of phosphate
buffer (Hissin and Hilf 1973).

Hypoxia-responsive proteins

Heme oxygenase-1 content

Heme oxygenase-1 (HO-1) levels were determined in liver,
muscle, and heart homogenate using a commercially available
kit, Rat HO-1 ELISA (Enzo Life Sciences, USA) as per man-
ufacturer’s instructions. The concentrations were expressed as
ng/mg protein.

VEGF content

Vascular endothelial growth factor (VEGF) content was mea-
sured in liver, muscle, and heart homogenate using commer-
cially available rat VEGF ELISA kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instruc-
tions. The intensity of the color reaction was read spectropho-
tometrically in a plate reader and the concentration expressed
in pg/mg protein.

HSP60 and HSP70

HSP60 and HSP70 were quantified in liver, muscle, and heart
by Rat ELISA (Cusabio ELISA Kit, China) according to the
manufacturer’s instructions. The intensity of the color reaction
was read spectrophotometrically in a plate reader and the con-
centration expressed in ng/mg protein.

Statistical analysis

All the experiments were performed on a minimum of three
different occasions, and data are presented as mean±SEM.
One-way analysis of variance with post hoc Bonferroni analysis
was used to determine statistical significance between groups.
All analysis was conducted using GraphPad Prism ver 6.00 soft-
ware (GraphPad, CA, USA). The p value of ≤0.05, with a 95 %
confidence interval was considered significant.

Results

Multiple stresses induced oxidative stress markers

Level of free radicals (reactive oxygen species)

One of the known causes for increase oxidative stress in cell is
reduced oxygen availability or generation of free radicals.
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Figure 1 represents ROS level in liver, heart, and muscle due
to CHR exposure and their response to herbal treatment (HS
and HRT). CHR exposure caused significant elevation in
ROS, and this was 1.65-, 1.80-, and 1.71-fold increase in liver,
heart, and muscle, respectively, as compared to control rats.
While, ROS level decreased significantly due to pre-treatment
with HS (1.56-, 1.72-, and 1.64-fold decrease in liver, heart,
and muscle, respectively) and HRT (1.36-, 1.00-, and 1.10-
fold decrease in liver, heart, and muscle, respectively) as com-
pared to CHR-exposed rats.

Level of lipid peroxidation

The damage of lipid molecules is indicated by generation of
malonaldehyde which was found to be higher in CHR-
exposed group animal as compared to control animal. In the
exposed animals, malonaldehyde was found to be higher al-
most 2.56-, 3.51-, and 2.52-fold higher in liver, heart, and
muscle, respectively (Fig. 2). The level of malonaldehyde
(MDA) came to normal level due to pre-treatment with HS
and HRT in liver, heart, and muscle.

Level of protein oxidation

Protein oxidation was also observed with lipid peroxidation in
multiple stress-exposed animals. Protein carbonyl derivative
formation was also increased in CHR-exposed animals with

reference to control animals (2.305±0.042 nmol/mg protein,
3.18±0.089 nmol/mg protein, and 6.808±0.25 nmol/mg pro-
tein in liver, heart, and muscle, respectively) (Fig. 3a). On
measuring the levels of AOPPs in liver, heart, and muscle, a
significant higher level of oxidation was observed in CHR-
exposed animals with respect to control animals (6.85±
0.505 μmol/mg protein, 3.35±0.089 μmol/mg protein, and
4.17±0.225 μmol/mg protein in liver, heart, and muscle, re-
spectively; p < 0.05) (Fig. 3b). Interestingly, pre-
administration of HS in CHR-exposed rats restored both pro-
tein carbonyl content and AOPP.

Antioxidant status

To counter the harmful effects of ROS, antioxidant defense
mechanism activates to scavenge reactive oxygen species.
The antioxidants involved with these defense mechanism are
mainly SOD, catalase, and reduced glutathione (GSH).
Superoxide dismutase mainly acts by quenching (O2

−) an ac-
tive oxygen radical into H2O2 and O2 (Yamakura et al. 1998;
MacMillan-Crow et al. 1998). Catalase acts by catalysing the
decomposition of H2O2 to water and oxygen. In our study, the
level GSH reduced significantly in CHR-exposed rats
(Fig. 4a), and this decrement was reflected by decrease in
GSH/GSSG ratio (Fig. 4c). On the same hand, the antioxidant
enzyme activity (SOD1 (Cu,ZnSOD) and SOD2 (MnSOD)
(significant) and catalase (insignificant; data not shown) was
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Fig. 1 Multiple stress (CHR)-induced oxidative damage via ROS
generation and effect of HS and HRT supplementation on ROS in rat
liver, heart, and muscle. Data represents the mean±SE; N=6. *, †
Differences between values with matching symbol notations within
each column are not statistically significant at 5 % level of probability.
CL control liver, HL CHR-exposed liver, HL+HS CHR exposed+
Hippophae salicifolia (HS)-supplemented liver, HL+HRT CHR ex-
posed+Hippophae rhamnoides turkestanica (HRT)-supplemented liver,
CH control heart, HH CHR-exposed heart, HH+HS CHR exposed+
Hippophae salicifolia (HS)-supplemented heart, HH+HRT CHR ex-
posed+Hippophae rhamnoides turkestanica (HRT)-supplemented heart,
CM control muscle,HM CHR-exposed muscle,HM+HS CHR exposed+
Hippophae salicifolia (HS)-supplemented muscle, HM+HRT CHR ex-
posed+Hippophae rhamnoides turkestanica (HRT)-supplemented
muscle
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Fig. 2 Multiple stress (CHR)-induced oxidative damage via lipid
peroxidation indicated by malondialdehyde levels and effect of HS and
HRT supplementation on malondialdehyde in rat liver, heart, and muscle.
Data represents the mean±SE; N=6. *, † Differences between values
with matching symbol notations within each column are not statistically
significant at 5 % level of probability. CL control liver,HL CHR-exposed
liver, HL+HS CHR exposed+Hippophae salicifolia (HS)-supplemented
liver, HL+HRT CHR exposed+Hippophae rhamnoides turkestanica
(HRT)-supplemented liver, CH control heart, HH CHR-exposed
heart, HH+HS CHR exposed+Hippophae salicifolia (HS)-supple-
mented heart, HH+HRT CHR exposed+Hippophae rhamnoides
turkestanica (HRT)-supplemented heart, CM control muscle, HM
CHR-exposed muscle, HM+HS CHR exposed+Hippophae
salicifolia (HS)-supplemented muscle, HM+HRT CHR exposed+
Hippophae rhamnoides turkestanica (HRT)-supplemented muscle
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also increased in CHR-exposed animals as compared to con-
trol animals (Fig. 4d, e). Interestingly, altered biochemical
variables responded favorably to HS pre-administered rats.

Modulators of vascular tone

Vasodilation is one of the known responses to reduce hypoxic
stress. Nitric oxide is a potent vasodilator and contributes to
increase hypoxic tolerance. In our study, we also observed
increase nitric oxide level in CHR-exposed rats in comparison
to nonexposed rats (Fig. 5a). These results also accompanied
by increase in VEGF protein in CHR-exposed rats in relation
to control rats (Fig. 5b).

Heme oxygenase-1, a redox sensor and modulator of vas-
cular tone, also showed 1.29-, 2.05-, and 1.70-fold increase in
its levels in the CHR-exposed rats in comparison to control
rats (Fig. 5c). HS and HRT pre-treatment further increased the
expression of NO, VEGF, and HO-1 in comparison to CHR-
exposed rats which show the adaptogenic activity of herbal
extract.

Expression of heat shock proteins

Heat stress proteins comprise an important role in
cytoprotection during environmental and metabolic stress. In
our study, the level of HSP70 and HSP60 increased signifi-
cantly in response to multiple stress (CHR). The increment
was 1.56-, 1.83-, and 1.97-fold higher for HSP70 (Fig. 6a)
and 1.51-, 1.67-, and 1.85-fold higher for HSP60 (Fig. 6b)
in liver, heart, and muscle, respectively. Interestingly, HS
was able to restore the above heat shock proteins (HSP70
and HSP60) in CHR-exposed rats.

Discussion

Results obtained in the present study provided new insights
into the biochemical and functional effects on liver, muscle,
and heart of rats subjected to multiple stress (CHR) in terms of
oxidative damage and also depicted the protective and
adaptogenic activity of HS and HRT against multiple stress
(CHR). Data depicted increased ROS production which was
accompanied with decreased antioxidant enzymes and mole-
cules like SOD and GSH. This imbalance leads to oxidative
stress which further escorts to increased protein oxidation and
lipid peroxidation.

An increase in number of protein carbonyl residues is one
of the indicators of oxidative damage of protein. During oxi-
dative stress, the amino acid residues such as proline, arginine,
and lysine use to modify and form reactive carbonyl deriva-
tives which indicated by increased protein carbonyl content
and advance oxygen protein products (Levine et al. 1994).
AOPPs are another oxidant-induced protein damage marker.
These two markers impose the useful information about pro-
tein damage during aging and ischemia reperfusion (Stadtman
1993). The present study showed an increment in protein car-
bonyl and AOPPs content in liver, heart, and muscle, suggest-
ing that CHR stress may enhance oxidative damage to protein.
This oxidative damage of protein could lead to protein
misfolding or unfolded protein response (UPR).

One of the markers of oxidative damage to lipid is an in-
crease inMDA. In the present study, a positive correlation was
found between protein damage and lipid damage in liver,
heart, and muscle during CHR stress. During stress, lipids is
oxidized and produce lipid peroxides, an unstable indicator of
oxidative stress which further decompose to form complex
and reactive compound such as MDA. This trend indicates

Fig. 3 Free radical generation under multiple stress (CHR) resultant into
protein modification. a Protein carbonylation. bAdvanced oxidation pro-
tein products (AOPPs) and effect of HS and HRT supplementation on
protein modification in rat liver, heart, and muscle. Data represents the
mean±SE; N=6. *, †, δ Differences between values with matching sym-
bol notations within each column are not statistically significant at 5 %
level of probability. CL control liver, HL CHR-exposed liver, HL+HS
CHR exposed+Hippophae salicifolia (HS)-supplemented liver, HL+

HRT CHR exposed+Hippophae rhamnoides turkestanica (HRT)-supple-
mented liver, CH control heart, HH CHR-exposed heart, HH+HS CHR
exposed+Hippophae salicifolia (HS)-supplemented heart, HH+HRT
CHR exposed+Hippophae rhamnoides turkestanica (HRT)-supplement-
ed heart, CM control muscle, HM CHR-exposed muscle, HM+HS CHR
exposed+Hippophae salicifolia (HS)-supplemented muscle, HM+HRT
CHR exposed+Hippophae rhamnoides turkestanica (HRT)-supplement-
ed muscle
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that CHR stress produce oxidants via ROS and NO, which
further attack to protein and lipid, and produce more protein
carbonyl and AOPP content that is accompanied by increase
MDA. Interestingly, protein oxidation and lipid per oxidation
decreased significantly in HS- and HRT-treated rats suggested
its ROS scavenging and antioxidant activity.

Living organisms respond by numerous mechanisms to
defend against stresses like heat shock or other stressful con-
ditions. At cellular level, some proteins are synthesized speed-
ily for maintain homeostasis during stress. These proteins are
known as heat shock proteins or HSPs. Among all HSPs,
HSP70 (70 kDa) are the most highly conserved (Hunt and
Morimoto 1985) heat shock proteins which functions as intra-
cellular molecular chaperones that used to involve with nu-
merous functions like protein synthesis (Beckman et al. 1990),
facilitate protein transport (Chiang et al. 1989), prevent pro-
tein aggregation during folding, and protect newly synthe-
sized polypeptide chains against misfolding and protein dena-
turation (Hu et al. 2006; Hu and Tomita 2007). Additional

properties of HSP70s include to assist the unfolded protein
to achieve its single correct three-dimensional configuration
(by still unknown mechanism, it has evolved to generate this
folded state), without becoming a constituent of the final
folded protein (Morimoto 1998; Morimoto et al. 1997).
HSP70 has also been suggested antioxidative effects by
protecting cells via preserving GSH level (Polla et al. 1996;
Xu and Giffard 1997). After CHR exposure, the generation of
oxygen-free radicals is considered to be an important step of
oxidative stress while upregulation of HSP70 could be protec-
tion or adaptive mechanism at multiple stress (CHR). Along
with HSP70, HSP60 was also studied in the present study in
which we found increment in HSP60 in CHR-exposed rats. In
our study, the overexpression of HSP60 could be interpreted
as a potential mediator of oxidative stress and inflammation.
In our study, we found a significant decrement of HSP70 and
HSP60 which suggested its protein homeostasis maintain ac-
tivity. As HS treatment was able to restrict protein oxidation
that results into decrease oxidized protein burden on cells.

Fig. 4 Effect of HS and HRT supplementation on antioxidant enzymes
and cellular defense system in rat liver, heart, and muscle. a Reduced
glutathione, b oxidized glutathione, c GSH/GSSG, d SOD1 activity,
and e SOD2 activity. Data represents the mean±SE; N=6. *, †, δ
Differences between values with matching symbol notations within
each column are not statistically significant at 5 % level of probability.
CL control liver, HL CHR-exposed liver, HL+HS CHR exposed+
Hippophae salicifolia (HS)-supplemented liver, HL+HRT CHR

exposed+Hippophae rhamnoides turkestanica (HRT)-supplemented liv-
er, CH control heart, HH CHR-exposed heart, HH+HS CHR exposed+
Hippophae salicifolia (HS)-supplemented heart, HH+HRT CHR ex-
posed+Hippophae rhamnoides turkestanica (HRT)-supplemented heart,
CM control muscle,HM CHR-exposed muscle,HM+HS CHR exposed+
Hippophae salicifolia (HS)-supplemented muscle, HM+HRT CHR ex-
posed+Hippophae rhamnoides turkestanica (HRT)-supplemented
muscle
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Decrease oxidized protein in cells leads to decrease HSP70
and HSP60 activity and also involvement of protein homeo-
stasis mechanism of cells.

HO-1 is a microsmal enzyme that induced in response to
cellular stress, and it catalyses the degradation of heme into
equimolar quantities of biliverdin (BV), carbon monoxide
(CO), and iron. Biliverdin further converted into bilirubin

(BR) by biliverdin reductase (Tenhunen et al. 1968).
Numerous studies suggested that HO-1 derived carbon mon-
oxide (CO) and bilirubin result in a vasorelaxant/vasodilant
effect (Ollinger et al. 2007; Wang and Wu 1997; Wang et al.
2001; Dong et al. 2007). In our study, enhanced HO-1 activity
was noted in CHR-exposed and CHR+HS-treated rats which
suggested its antioxidant defense property and hence better

Fig. 5 Effect of HS and HRTsupplementation on modulators of vascular
tone in rat liver, heart, and muscle. a Nitric oxide (NO), b vascular
endothelial growth factor (VEGF), c heme oxygenase-1 (HO-1). Data
represents the mean±SE; N=6. *, †, δ, Differences between values with
matching symbol notations within each column is not statistically signif-
icant at 5 % level of probability. CL control liver,HLCHR-exposed liver,
HL+HS CHR exposed+Hippophae salicifolia (HS)-supplemented liver,
HL+HRT CHR exposed+Hippophae rhamnoides turkestanica (HRT)-

supplemented liver, CH control heart, HH CHR-exposed heart, HH+HS
CHR exposed+Hippophae salicifolia (HS)-supplemented heart, HH+
HRT CHR exposed+Hippophae rhamnoides turkestanica (HRT)-supple-
mented heart, CM control muscle, HM CHR-exposed muscle, HM+HS
CHR exposed+Hippophae salicifolia (HS)-supplemented muscle, HM+
HRT CHR exposed+Hippophae rhamnoides turkestanica (HRT)-supple-
mented muscle

Fig. 6 Effect of HS and HRT supplementation on heat shock proteins in
rat liver, heart, and muscle. aHSP70; bHSP60. Data represents the mean
±SE; N=6. *, † Differences between values with matching symbol
notations within each column is not statistically significant at 5 % level
of probability. CL control liver, HL CHR-exposed liver, HL+HS CHR
exposed+Hippophae salicifolia (HS)-supplemented liver,HL+HRTCHR
exposed+Hippophae rhamnoides turkestanica (HRT)-supplemented

liver, CH control heart, HH CHR-exposed heart, HH+HS CHR ex-
posed+Hippophae salicifolia (HS)-supplemented heart, HH+HRT CHR
exposed+Hippophae rhamnoides turkestanica (HRT)-supplemented
heart, CM control muscle, HM CHR-exposed muscle, HM+HS CHR
exposed+Hippophae salicifolia (HS)-supplemented muscle, HM+HRT
CHR exposed+Hippophae rhamnoides turkestanica (HRT)-supplement-
ed muscle
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adaptation property against CHR stress, and these results are
an agreement with previous studies that showed cellular pro-
tective evidences of HO-1 (Yoshida et al. 2001).

Recent studies have shown that hypoxia is a potent stimu-
lus of angiogenesis, a complex process begins by increasing
production of VEGF (Blau and Banfi 2001; Carmeliet and
Jain 2000). VEGF is also known as vascular permeability
factor (Connolly et al. 1989; Connolly 1991) and prime regu-
lator of angiogenesis (Levy et al. 1995). VEGF is playing an
important role in angiogenesis, erythropoiesis, and glycolysis
that is selectively unregulated when intracellular PO2 levels
become limiting in many cell types, including skeletal
myocytes (Forsythe et al. 1996; Fandrey 2004). The present
study also depicts increased VEGF in CHR-exposed and
CHR+HS-treated rats which could be suggested its
adaptogenic activity.

Nitric oxide is another regulator which is crucial for the
control of blood pressure, blood flow, and other vital bodily
functions (Moncada et al. 1991). Beside this, it has antioxidant
and vascular muscle relaxation activity that results into vaso-
dilation and increased blood flow activity (Wink et al. 2001;
Levett et al. 2011). The synthesis of NO is catalysed by nitric
oxide synthetase (NOS) by the conversion of L-arginine to L-
citrulline (Brero et al. 2010; Jung et al. 2010; Boucher et al.
1999). The present study depicts higher NO production in
CHR-exposed rats as compared to control rats which further
contributes its adaptogenic activity with VEGF.

In the present study, we found that aqueous extract of HS
had more adaptogenic activity in comparison to HRT.
Previous studies reported that HS contains more phenolic
and flavonoid compounds as phenolic and flavonoids are hy-
drophilic; therefore, it easily seep into the water during extrac-
tion (Kostic et al. 2010) and these compounds are responsible

for its antioxidant nature (Anyasor et al. 2010; Li et al. 2003).
The DPPH scavenging activity, total reducing power was also
reported in HS (Goyal et al. 2011; Sharma et al. 2014). Goyal
et al. 2011 reported H2O2 scavenging activity was found to be
between 94 and 100 % in HS, and it is well known that H2O2

is highly diffusible reactive oxygen species. The scavenging
activity of H2O2 by plant extracts may be due to presence to
high phenolic and flavonoid compounds.

In the diet, most flavonoids present in the form of β-glyco-
sides, while polyphenols occur in the form of esters, glycosides,
and polymers. Before absorption, these compounds must be
hydrolyzed by intestinal enzymes or by colonic microflora.
During the course of the absorption, polyphenols undergo ex-
tensive modification by conjugation in intestinal cells and later
by methylation, sulfation, and/or glucuronidation in liver (Day
andWilliamson 2001). Ultimately, the forms reaching the blood
and tissues are different from those present in food, and it is
very difficult to identify all the metabolites and to evaluate their
biological activity (Setchell et al. 2003).

Previous studies reported pharmacological investigation of
HS in which it is found that the extract contains high amount
of vitamins, the content is 5–100 times higher than other
fruits/vegetables (Pant et al. 2014). The fruits of HS are par-
ticularly rich in vitamins A, B1, B12, C, E (includingα,β, γ—
VE), K and are a rich source of a large number of polyphenols
(flavanoids: isorhamnetin, quercetin, myricetin, kaempferol,
and their glycoside compounds and nonflavanoids) (Lu
1992; Ranjith et al. 2006). HS also contain carotenoid pigment
viz. δ and β-carotene, lycopene flavoxanthin, progestin,
cryptoxanthin, violaxanthin, and neoxanthin (Ranjith et al.
2006; Beveridge et al. 1999; Xing 2003). Vitamin C and vita-
min E are low molecular mass antioxidants which directly
interact with oxidizing radicals (Beveridge et al. 1999) and

Fig. 7 Diagrammatic
representation of mechanism
approach to elucidate the effect of
multiple stress, CHR (solid
arrow) and adaptogenic activity
after HS/HRT treatment (dotted
arrow)
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protect cells from ROS. β-carotene also has the ability to react
with peroxyl radical to form a resonance-stabilized carbon-
centered radical within its conjugated alkyl structure and in-
hibit chain propagation effect of ROS.

In summary, the present study elucidates that multistress,
CHR leads to increase in ROS and decrease antioxidant mol-
ecule, GSH, and GSH/GSSG ratio that further result into ox-
idative stress. Increase in ROS further reacts with proteins and
lipids and escorted to protein oxidation (in terms of protein
carbonyl and advanced oxidized protein products) and lipid
per oxidation (in terms of malonaldehyde). This oxidation of
proteins and lipids could further step up to loss of membrane
integrity and protein misfolding. This protein misfolding fur-
ther leads to activation of HSP70 and HSP60 for preventing
protein misfolding. Along with this, hypoxia-inducible factor-
1 (HIF-1) pathway is also activated due to multiple stress,
CHR that could also promote to induce HO-1, VEGF, and
NO synthesis via promoting inducible nitric oxide synthase
(iNOS) enzyme. The aqueous extract of HS was able to cope
up with these ambiguities which arised due to CHR (multiple
stress) (Fig. 7). Hence, the above results, thus, lead us to sug-
gest that HS have a potent protective and adaptogenic activity
against multiple stress of CHR.
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