
Changes in relative water content (RWC), lipid peroxidation, proline and antioxidant system in relation
to the tolerance to oxidative stress enzymes mediated high pressure were investigated in Hordeum vul-

gare L. cv. Tokak. For this purpose, mature embryos cultured on MS media were treated in a hyperbar-
ic oxygenation chamber (approx. 59.06 feets, 2 kp/cm2) with pure oxygen for 60 minutes/day for a
growth period of ten days in a plant growth chamber. Constitutive activities of SOD, APOX, GR and
POX were higher in hyperbaric oxygenated (HBO) explants, being 96.07%, 28.57%, 77.77% and 54.14%
for the 5th days; 95.78%, 40%, 37.5%, and 94.98% for the 10th days of culture, respectively, than in the
control plants. Increase in SOD activity was also shown on polyacrilamide gel electrophoresis on the
10th day of application. Proline accumulation was increased in HBO-treated explants both on the 5th
days (85.71%) and 10th days (37.14%) of treatment. MDA content was found to be higher in HBO treat-
ed explants both on the 5th (53.84%) and 10th (59.83%) days of culture.

Keywords: Antioxidant enzymes – lipid peroxidation – Hordeum vulgare L. – hyperbaric oxygenation –
oxidative stress – relative water content

INTRODUCTION

Environmental stresses and pollution cause serious damages to humans, animals and
plants. The environmental damages are greater in plants because of their sedentary
and stationary lifestyle under a constantly changing environment. Intensive research
in this field should contribute to a deeper understanding of the mechanisms by which
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plants adapt to and cope with adverse environments and survive [19]. Stress condi-
tions increase the rate of activated oxygen species (AOS) such as H2O2 (hydrogen
peroxide), O2 (singlet oxygen) and OH (hydroxyl) radicals, by enhanced leakage of
electrons to molecular oxygen. These cytotoxic AOS can destroy normal metabolism
through oxidative damage to lipids, proteins and nucleic acids [44]. Oxidative dam-
age in the plant tissue is alleviated by a concerned action of both enzymatic and non-
enzymatic antioxidant mechanism. These mechanisms include β-carotenes, α-toco-
pherol, ascorbate, glutathione and enzymes including SOD, POX, APOX, CAT and
GR [4, 28]. There are many reports in the literature that underline the intimate rela-
tionship between enhanced or constitutive antioxidant enzyme activities and
increased resistance to environmental stress [1, 15, 46]. However, reports concerning
the toxic effect of oxygen tension on plants are few. Gus’kov et al. [27] reported a
sharp drop in the mitotic activity of root cells of sunflower, wheat and crepis exposed
to hyperbaric oxygenation (at 6 atm) for three hours. Recently Mashkina et al. [36]
investigated the responses of sunflower chlorophyll mutants to extreme factors, tem-
perature and oxidative stress, which were stimulated by HBO. In addition to super-
oxide dismutase and catalase activities, cytogenetic analyses and field experiments
were performed for the seedling emergence and growth. Hyperbaric oxygen therapy
is a useful method for treatment of various clinical conditions such as soft tissue
infections, thermal burns and acute carbon monoxide intoxication [48, 51, 52], while
HBO can also cause an increased production of free radicals. HBO can be used as a
model to investigate the effects of oxidative stress on humans. It leads to an increase
in the amount of dissolved oxygen in blood and reactive oxygen species [18]. If
antioxidant defense elements cannot act efficiently, this condition is called oxidative
stress [42]. Effects HBO on animal and human were reported. Eken et al. [20]
observed that HBO treatment increased cytogenetic abnormalities like sister chro-
matid exchange, but did not cause a significant difference in SOD, GSH and MDA
systems. Lung tissue was selected in their study because of being the first target of
high oxygen levels. They exposed rats in the treatment group to HBO, and in turn
killed them at 30, 60, 90 or 120 minutes. Thiobarbituric acid-reactive substances
(TBARS) levels, and the activity of SOD and GPx were determined. TBARS, SOD
and GPx levels were found increased in lung tissue up to 60 minutes after exposure.
SOD activity was persisted at high values for 90 minutes; TBARS levels were high-
er for 60 minutes whereas GPx activity was observed to persist for only 30 min-
utes [7]. Unfortunately, no reports are available on cultured plant material subjected
to hyperbaric oxygenation stress.

The ecosystem function may be altered due to change in relative abundance of
plant functional groups (e.g. C3 versus C4) in natural systems. Moreover, the pro-
duction potential of crops having either C3 (e.g. wheat) or (e.g. maize) is greatly
reduced due to frequent drought causing marked yield loss. C3 and C4 plants have
evolved in different climates, and consequently differ from each other both struc-
turally and functionally as well as for their climatic requirements [39]. Barley
(Hordeum vulgare L.) C3 plant was chosen for monitoring the effects of hyperbaric
oxygenation in comparison with the control plants. Barley is moderately drought-



and-salt tolerant crop of great significance in countries around the Mediterranean
basin. Several morpho-physiological and biochemical traits have been investigated in
an attempt to improve barley yield under water-limited conditions [6, 17]. Among the
most notable biochemical traits, accumulation of proline has received considerable
attention, though controversial conclusions have been drawn concerning its role in
the adaptive response to stress conditions [14].

The objective of the present study is to provide a model experiment assuming that
high oxygen pressure leads to a high level of reactive oxygen species in the cells,
making the system suitable to simulate a high level of oxidative stress. For this pur-
pose, changes in relative water content (RWC), lipid peroxidation, antioxidant
enzymes such as SOD, CAT, APOX, GR and POX and proline content in cultured
Hordeum vulgare L. cv Tokak embryos were investigated after application of hyper-
baric oxygenation via pure oxygen for 10 days of culture period.

MATERIALS AND METHODS

Plant material and treatment

We used a relatively drought-tolerant line of barley (Hordeum vulgare L. cv Tokak)
seeds that were obtained from Aegean Agricultural Research Institute-Mene-
men/IZMIR. Seeds were sterilized with 20% sodium hypochloride, rinsed with ster-
ile distilled water 5 times. Embryos (30 embryos for each treatment) were excised
from seeds and kept in sterile distilled water, and put into 100% ethanol for 5 min.
Embryos were cultured on MS media (3% sucrose and 1% agar, pH 5.7) [37] with-
out plant growth regulators. Cultured embryos were subjected to hyperbaric oxy-
genation (pure oxygen) in open Petri dishes (approx. 59.06 feets, 2 kp/cm2) for
60 minutes/day for 10 days. All cultures were kept in a growth chamber (25 °C, 70%
relative humidity and 16 h photoperiod with 50–60 μE m–2 s–1 of cool-white fluores-
cents light) for 10 days.

Determination of relative water content

Leaf samples (7–8 samples), which were collected on the 5th and 10th days of HBO
treatment, were used for RWC assay. After fresh weight determination, they were
floated on deionised water for under low irradiance. The turgid leaf was quickly blot-
ted dried prior to the determination of turgid weight. Dry weights of leaves were
determined after oven drying at 70 °C for 72 h. RWC was calculated according to
Smart and Bingham [49], using the following formula:

RWC (%) = [(fresh weight – dry weight)/(turgid weight – dry weight)] × 100
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Determination of lipid peroxidation

Lipid peroxidation was determined by estimating malondialdehyde (MDA) content
in leaf fresh weight of 1 g according to Madhava and Sresty [35]. MDA is a product
of lipid peroxidation by thiobarbuturic acid reaction. The concentration of MDA was
calculated from the absorbance at 532 nm (concentration was performed by sub-
tracting the absorbance at 600 nm for unspecific turbidity) by using extinction coef-
ficient of 155 mM cm–1.

Determination of enzyme activities

One gram of leaves was homogenized in 3 ml 0.05 M Na phosphate buffer (pH 7.8)
including 1 mM EDTA and 2% (w/v) PVPP. The homogenate were centrifuged at
13,000 × g for 30 min at 4 °C. Supernatant was used for enzyme activity and protein
content assays. Total soluble protein contents of the enzyme extracts were deter-
mined according to Bradford [16] using BSA as a standard.

Catalase activity was determined according to Bergmeyer [13], who measured
decline of the extinction of H2O2 at the maximum absorption at 240 nm. The reac-
tion mixture contained 0.05 M Na phosphate buffer (pH 7.0) with 1 mM EDTA and
H2O2 (3%). The decrease in absorption was followed for 3 min and μmol ml–1 oxi-
dized ascorbate per min.

Ascorbate peroxidase (APOX) activity was calculated according to Nakano and
Asada [38]. The assay depends on the decrease in absorbance at 290 nm as ascorbate
was oxidized (extinction coefficient of 2.8 mM–1 cm–1). The reaction mixture con-
tained 50 mM Na-phosphate buffer (pH 7.0) 0.5 mM ascorbate, 0.1 mM EDTANa2

and 1.2 mM H2O2. One enzyme unit was defined as μmol ml–1 oxidized ascorbate
per min.

Glutathione reductase (GR) activity was measured according to Foyer and
Halliwell [22], which depends on the rate of decrease in absorbance of oxidized glu-
tathione (GSSG) at 340 nm. The reaction mixture contained 25 mM Na-phosphate
buffer (pH 7.8), 5 mM GSSG, 1.2 mM NADPHNa4. The reaction was carried out for
3 min and activity of GR was calculated from the reduced GSSG concentration by
using the extinction coefficient 6.2 mM–1 cm–1. One enzyme unit was defined as
μmol ml–1 oxidized GSSG per min.

POX activity was investigated with the determination of guaiacol oxidation
(extinction coefficient 26.6 mmol L–1 cm–1) at 470 nm by H2O2. The reaction mix-
ture contained 100 mM potassium phosphate buffer (pH 6.5), 16 mM guaiacol and
10 μl 10% H2O2 in a 3 ml volume. The reaction was initiated by adding plant extract
and was followed for 2 minutes.

SOD activity assay was based on the method of Beauchamp and Fridovich [12,
23], which measures inhibition in the photochemical reduction of nitroblue tetrazoli-
um (NBT) spectrophotometrically at 560 nm. One unit of enzyme activity was
defined as the quantity of SOD required to produce a 50% inhibition of reduction of



NBT and the specific enzyme activity was expressed as unit mg–1 protein. The reac-
tion mixture contained 50 mM Na phosphate buffer (pH 7.8), 33 μM NBT, 10 mM
L-methionine, 0.66 mM EDTA and 0.0033 mM riboflavin. Reactions were carried
out at 25 °C under light intensity of about 300 μmol–1 m–1 s–1 through 10 min. The
samples were stored at –80 °C. Determination of SOD enzyme activity native poly-
acrylamide gel was performed and SOD activity was showed by immersion of the gel
in riboflavin and N,N,N’,N’-teramthylethylenediamine, exposure to light to produce
superoxide radicals and staining with nitroblue tetrazolium, as described by
Beauchamps and Fridovich [12].

Determination of proline content

Leaf samples were collected daily from the plants. Extraction procedure and colori-
metric determination with acidic ninhydrin reagent (2.5 g ninhydrin/100 ml of a solu-
tion containing glacial acidic acid, distilled water and ortho-phosphoric acid 85% at
a ratio of 6 : 3 : 1) were carried out as follows [11]. Samples of 1 g leaf FW (consist-
ing of mixtures of five leaves each collected separately) were ground in a mortar after
addition of a small amount of quartz sand and 10 ml of 3% (w/v) aqueous sulfosali-
cylic acid solution. The homogenate was filtered, and the clear filtrate was then used
in the assay. Glacial acetic acid and ninhydrin reagent (1 ml each) were added to 1
ml of the filtrate. The closed test tubes with the reaction mixture were kept in a boil-
ing water bath for 1 h, and the reaction was terminated in a water bath of room tem-
perature for 5 min. Readings were taken immediately at a wavelength of 546 nm. The
proline concentration was determined from a standard curve and calculated on a fresh
weight basis [μmol proline (g FW)–1].

Statistical analysis

The data were analyzed statistically using ANOVA. Dunnet’s test (between control
and treatment groups) and Student Newman-Keuls test (between treatment groups)
were used for multiple comparisons. The data analyzed were those from a minimum
of three in depended experiments. For the statistical evaluation of the results, the sig-
nificance was accepted at the probability level of p < 0.01.

RESULTS

H. vulgare explants which were subjected to hyperbaric oxygenation (pure oxygen)
(approx. 59.06 feet’s, 2 kp/cm2) for 60 minutes/day for ten days showed increments
in constitutive activities of SOD, APOX, GR and POX, however no significant
changes in CAT activity were observed when compared to the control plants. Proline
accumulation and RWC were also increased in HBO treated explants. All data are
presented in Table 1.
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Table 1

The effect of HBO treatment on soluble protein content, RWC, MDA content, SOD, CAT, APOX,
GR, POX activities and proline content on 5th and 10th days in H. vulgare L. cv Tokak

Days Values

Total soluble protein (mg–1) 5th, control 0.30 ± 0.025
5th, HBO treatment 0.34 ± 0.0581

10th, control 0.27 ± 0.079
10th, HBO treatment 0.37 ± 0.0951

RWC (%) 5th, control 91.62 ± 1.63
5th, HBO treatment 94.86 ± 1.241

10th, control 87.66 ± 1.87
10th, HBO treatment 98.81 ± 3.811

MDA (nmolgFW–1) 5th, control 13.02 ± 0.97
5th, HBO treatment 20.03 ± 1.251

10th, control 19.12 ± 2.22
10th, HBO treatment 30.56 ± 2.751

SOD (unit mg protein–1) 5th, control 11.96 ± 3.08
5th, HBO treatment 23.45 ± 2.432

10th, control 17.06 ± 1.65
10th, HBO treatment 33.40 ± 0.962

CAT (unit mg protein–1) 5th, control 6.97 ± 2.97
5th, HBO treatment 7.21 ± 1.43
10th, control 7.21 ± 0.99
10th, HBO treatment 8.04 ± 3.48

APOX (unit mg protein–1) 5th, control 0.28 ± 0.081
5th, HBO treatment 0.36 ± 0.0932

10th, control 0.35 ± 0.036
10th, HBO treatment 0.49 ± 0.0192

GR (unit mg protein–1) 5th, control 0.09 ± 0.008
5th, HBO treatment 0.16 ± 0.0181

10th, control 0.08 ± 0.011
10th, HBO treatment 0.11 ± 0.0241

POX (unit mg protein–1) 5th, control 17.03 ± 0.75
5th, HBO treatment 26.23 ± 0.291

10th, control 22.32 ± 1.12
10th, HBO treatment 43.52 ± 0.931

Proline (nmolgFW–1) 5th, control 0.28 ± 0.032
5th, HBO treatment 0.52 ± 0.0132

10th, control 0.35 ± 0.093
10th, HBO treatment 0.48 ± 0.0662

Experiments were set up in a randomized design. Each treatment consisted of 30 embryos and each
experiment was carried out three times. The data shown represented the mean ± SE of three independent
ANOVA was performed on the results of each experiment and the data were analyzed using Duncan’s
multiple range test (1p < 0.01, 2p < 0.001).



Relative water content

To understand how water status of HBO plants was affected by HBO we monitored
relative water content (RWC) of the leaves from the plants on the 5th and 10th days
following treatment. RWC in the leaves was increased by 12.72% on the 10th day of
treatment.

Lipid peroxidation

Lipid peroxidation level in the leaves of plants was measured as the content of MDA.
The level of MDA changed with the days following HBO treatments. Under stress
condition, increase in lipid peroxidation level of H. vulgare was observed (53.84%
on the 5th day and 12.72% on the 10th day).

Antioxidant enzymes

Total soluble protein content was increased (13% on the 5th day and 37% on the 10th
day) under stress condition in the leaves (Table 1). The activities of SOD, POD,
APOX, CAT and GR are presented in Table 1. SOD activity increased (96.07%) sig-
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Fig. 1. SOD isozymes (1, 2, 3) activity patterns on native polyacrylamide gel electrophoresis after
10 days of HBO treatment of cultured H. vulgare
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nificantly in the leaves of day 5th of treatment, while it stayed almost the same on
the day 10. In addition, native gel electrophoresis was performed to confirm
increased enzyme activity. Each experiment was repeated three times and one
accompanying picture of these experiments is presented (Fig. 1). HBO caused an
increase in the amount of SOD enzyme. First and third bands were more compact in
HBO treated plants than in the control plant leaf extracts.

In CAT activity, a meaningful increase was not observed between control and
under stress conditions on the 5th and 10th days. APOX activity in leaves was also
found higher, compared to their controls at end of the experimental period. It
increased about 40% on the 10th day. GR activity was increased both on days 5th
(77.77%) and 10th (37.5%). A gradual increase (94.98%) on day 10th was observed
in POX activity in the leaves under stress conditions throughout the experiment
(Table 1).

Proline accumulation

Irrespective of experimental conditions, free proline levels were higher in HBO treat-
ed groups than in control. Free proline content increased significantly in the leaves
of plantlets both on days 5th (85.71%) and 10th (37.14%) after HBO treatment
(Table 1).

DISCUSSION

In the present study we found that cultured embryos of H. vulgare L. cv. Tokak could
tolerate hyperbaric oxygenation (pure oxygen) (59.06 feets, 2 kp/cm2) of 60 min/day
for 10 days. Higher proline accumulation in H. vulgare under the HBO stress condi-
tion was obtained. A direct consequence of higher proline accumulation concentra-
tion in the plant is the relatively higher water retaining capacity as reflected by RWC
and also more efficient antioxidant enzyme activity. This appears to be essential for
physiological processes such as photosynthesis, enzyme activity and cell expansion
[53]. Limited information is available on the nature of the signal transduction path-
way, which links the perception of osmotic stress for proline accumulation [29].
Barron and De-Mejia [10] also reported a higher activity of glutamate dehydrogenase
(GDH) and pyroline-5-carboxyylate reductase (P5C reductase) under drought stress,
which are related to proline biosynthesis in P. acutifolius.

Lipid peroxidation is a natural metabolic process under normal aerobic conditions,
and is one of the most investigated consequences of ROS action on membrane struc-
ture and function, as hyperbaric oxygenation can cause membrane damage. Increased
lipid peroxidation level may stimulate formation of AOS, such as H2O2, O2

– and OH.

radicals. It is widely accepted that AOS are responsible for various stress-induced
damages to macromolecules and ultimately to cellular structures [35, 38]. It is
already known that free radical induced peroxidation of lipid membranes is both a



reflection and measure of stress-induced damage at the cellular level [32]. In our
study gradual increase in lipid peroxidation level in leaves of H. vulgare appeared to
be resulted from increased activities of the enzymes. However, Bor et al. [15] indi-
cated a correlation between increased antioxidant enzyme activities and decreased
lipid peroxidation in salt tolerant tomato, Lycopersicum pannellii and wild beet, Beta
maritime, respectively, under salt tolerance. C3 and C4 plant species have varying
ability to deal with oxidative stress that might govern their differential sensitivity to
water stress. The oxidative damage in terms of hydrogen peroxide (H2O2) and mal-
ondialdehyde content in roots and shoots was almost similar in both plant species at
mild stress level but increased markedly to a higher extent in case of wheat at mod-
erate and high stress level. Induction of oxidative stress in drought-stressed plants is
well known in several cases and its magnitude indicates the stress sensitivity of the
genotype [39, 47]. To be able to endure oxidative damage under such an adverse con-
ditions, plants possess antioxidants such as ascorbic acid, glutathione, α-tocopherol,
caroteonid, flavanoids etc. and enzymes such as SOD, POX, APOX, CAT, GR [50].
These antioxidant enzymes and metabolites are reported to increase under various
environmental stresses [26, 31]. In this study with HBO, we also observed higher
constitutive activities of SOD, CAT, APOX and POX. We know that SOD catalyses
the conservation of the superoxide anion to H2O2. Decreased SOD activity in sun-
flower seedlings [43], and Aegilops squarrosa L. [8], and increased SOD activity in
wheat [8, 34] were found under stress conditions. In the present study, SOD activity
increased on the 5th day and 10th day under HBO treatment. Catalase eliminates
H2O2 by breaking it down directly to form water and oxygen [50]. HBO treatment
had no significant effect on CAT activity in presented study, a finding confirmed by
Zhang and Kirkham [54] and Fu and Huang [24] who also reported that CAT was not
affected by mild drought. A significant increase in APOX (40%) was seen in the
leaves of the plants under stress conditions at the end of the experiment. Furthermore,
constitutive levels of APOX activity were also higher during the experiments with
H. vulgare. In supporting our results, Sairam et al. [45] also found that lipid peroxi-
dation was associated with a higher constitutive and induced activity of APOX in
wheat. GR also plays a key role in oxidative stress by converting the oxidized glu-
tathione, GSSG to GSH maintaining a high GSH/GSSG ratio [3, 21]. Increased GR
activity in leaves of corn plants found to be closely related with stress tolerance
capacity of plants [41]. It has been shown that O2

– and H2O2 generated in the leaves
during stress might be possible for the induction of GR [9]. The increase in GR in
HBO treated H. vulgare plants might have resulted in a higher pool of GSH, which
could be used in ascorbate generation. POX is among the major enzymes that are
scavengers of H2O2 in chloroplasts, which produced through dismutation of O2

–,
catalysed by SOD [4]. POX activity increased in H. vulgare on the day 10 under
stress condition (Table 1). However, different trends were found in P. vulgaris [54].
Accumulation of proline under stress protects the cells by balancing the osmotic
strength of cytosol with that of vacuole and external environmental [5]. In addition
to its role as cytosolic osmotica, it may interact with cellular macromolecules such
as enzymes, and stabilizes the structure and function of such macromolecules [25,
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32]. A higher proline accumulation was determined in H. vulgare (Table 1). Barron
and De-Mejia [10] reported a higher activity of glutamate dehydrogenase (GDH) and
pyroline-5-carboxylate reductase (P5C reductase) under drought stress conditions.
Confirming our results, Zaifnejad et al. [53] also observed a higher proline content
in a drought-tolerant Sorghum under PEG-induced water deficit. Proline accumula-
tion in the leaves during water deficit has also been reported in wheat [40], barley
and Sorghum [2].

Interest in the exploration of environments beyond Earth’s atmosphere has
brought unique challenges to bear on the understanding of the biological systems that
will inhabit those environments. Among these challenges are alterations in atmos-
pheric pressure (mainly hypobaric), which are known to have effects on plant phys-
iology and development [33]. First report related to HBO from Gus’kov et al. [27]
indicated a decrease in mitotic index under hyperbaric O and effects on lipid perox-
idation. Mashkina et al. [36] recently presented the tolerance of sunflower chloro-
phyll mutants to increased temperature and hyperbaric oxygenation. Similar to HBO
stress defense responses for other stresses such as high temperature, salinity and
heavy metals could be beneficial for adaptation of plants to high-pressure habitats
[30].

Varying sensitivity of C3 and C4 plants to oxidative stress are known. Manipu-
lation of endogenous expression of antioxidants through genetic ways might enhance
the defense ability of these plant species, especially of C3 plants to oxidative stress.
Moreover, increased activity of antioxidants in leaves may be more important for
stress tolerance [39]. In conclusion, these data may suggest that H. vulgare L. cv
Tokak has a good protection mechanism against hyperbaric oxygenation by main-
taining higher constitutive and induced activities of antioxidant enzymes.
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