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Preface

The book on “Translational Research in Environmental and Occupational

Stress” introduces the various aspects of translational research which resulted

from bench to bedside and bedside to bench for the benefit of the society at

large. This book includes the tangible and non-tangible products which have

been developed after rigorous research in the field of Environmental and

Occupational Stress. It serves as a guide as well as a reference book for

practicing clinicians, scientists, and research scholars.

Translating Physiological Knowledge to Health Application: This

chapter introduces the problems encountered by soldiers operating in

extreme operational environments such as high altitude, cold and desert.

This chapter describes how the physiological responses during high altitude

acclimatization were formulated as the staging of acclimatization schedule

at high altitude. Likewise, physiological effects of heat stress resulted in

formulation of an ergogenic drink. The extreme cold conditions led to the

development of anti-frostbite cream. The translational research led to the

development of products/technologies/processes which helped in providing

health solutions.

Grassroots Solutions to Overcome Abiotic and Biotic Environmental

Stress in Agriculture: This chapter gives an insight into the myriad problems

in agricultural farming due to environmental stress and their counter

measures. The authors give an account of the grassroot solutions and

innovations by the farmers to overcome abiotic and biotic stress. Moreover,

they also highlight various efforts of the farmers to conserve germplasm and

improve the quality of their produce.

Stress Research: Varied Paradigms: In this chapter, the authors describe

different existing perspectives for the thorough understanding of the concept

of stress from multiple viewpoints. Further, they focus on discussing differ-

ent research paradigms. Beginning with the early physiological notions of

1920, the authors analyze genetic, biological, psychosocial, developmental,

and interactional paradigms.

Therapeutic Potential of Intermittent Hypoxia: Lessons from Respiratory

Motor Plasticity: In this chapter, the authors consider distinctions between

the intermittent hypoxia (IH) protocols giving rise to pathology versus

beneficial effects and then consider the mechanisms and implications of

respiratory and non-respiratory motor plasticity elicited by modest protocols

of IH. Specifically, the goals of this chapter are to: (1) differentiate between
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the experimental IH protocols giving rise to beneficial versus pathologic

effects in multiple body systems; (2) review the impact of modest IH

protocols on respiratory and non-respiratory motor function; (3) review

recent advances in our understanding of mechanisms giving rise to that

IH-induced motor plasticity; and (4) consider the clinical implications of

IH-induced motor plasticity.

High-Altitude Research and Its Practical Clinical Application: In this

chapter, the authors highlight their experiences and discoveries that change

the way disease is treated in hypoxic environment of high altitude. This

chapter describes life under chronic hypoxia which is as normal as sea

level and diseases at high altitude, particularly in the cardio-respiratory

areas which behave differently because the organism adapts to chronic

hypoxia, even deviating from the normal and optimal status of good health.

Nanomaterials in Healthcare: In this chapter, authors present a summary

of different nanomaterial based technologies in healthcare with emphasis on

therapeutics, medical devices and diagnostics.

Nanotoxicity and Cellular Stress Response: Physical and Chemical

Properties and Their Link to Translational Research: This chapter is an

elaborate account on nanomaterial toxicity wherein the author emphasizes

on the various physicochemical properties of nanomaterial such as size,

shape, chemical composition and surface chemistry which is required to

understand their interaction with the biological system.

HIF-1 and EGLN1 Under Hypobaric Hypoxia: Regulation of Master

Regulator Paradigm: This chapter highlights the adaptation and

acclimatization to high altitude which are driven by the alterations in the

O2-sensing pathway. The authors describe the role of HIF-1 and EGLN1, the

central regulatory molecules of O2-sensing pathway which will help in our

understanding of the pathophysiological mechanisms.

Electrochemical Biosensors for Hypoxia Markers: In this chapter, the

authors describe the development of a biosensor which measures the biologi-

cally important hypoxia biomarkers as it provides valuable information

regarding the personnel at high altitude. This is a perfect example of transla-

tional research which led to the development of a cost effective and portable

electrochemical biosensor for the measurement of various hypoxia

biomarkers in volume miniaturized samples using screen printed electrodes.

Determining Nutritional Requirements of Indian Soldiers: An Outcome of
Translational Research: This chapter stresses upon the adequate nutritional

requirement for maintaining highest level of physical fitness under different

climatic conditions and operational situations. The planning of ration for

combat operations is a challenging task, as balance between nutrient require-

ment for optimum health and palatability needs to be ensured. Translational

research has played a great role in formulating dietary recommendations and

ration scales for Armed Forces and at the same time, various ready to eat

products became the innovative products of military nutrition research.

Improvements in Adjuvants for New-Generation Vaccines: This chapter

highlights the development of new herbal adjuvants, which will lead to the

generation of both Th1 and Th2 immune response to mitigate the diseases

caused by bacteria or viruses.
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Rapid Acclimatization Strategies for High-Altitude Induction: This

chapter describes the possible ways to prevent high altitude induced diseases.

Authors claim that acclimatization to high altitude is the best strategy to

prevent high altitude induced diseases, but it can be achieved by hypoxia

preconditioning by the use of interventions like hypoxia mimeticsm, viz,

cobalt chloride (CoCl2) and sphingosine-1-phosphate (S1P) and

nanocurcumin. They also discuss an alternative approach to induce

acclimatization and reduce incidence of acute mountain sickness by the use

of intermittent hypoxia exposure.

Noise, the Silent Killer: This chapter highlights noise induced hearing loss

and its effective counter measure by carbogen breathing. This chapter

describes the development of remedial measures for conserving hearing

and effectively counteracting the adverse interactions of noise on the effi-

ciency and performance of people working in noisy environments.

Yoga for Preventive, Curative, and Promotive Health and Performance:

In this chapter, the authors describe about Yoga, which is an ancient Indian

system of philosophy, culture, tradition and a way of maintaining better life,

established in India thousands of years ago. The authors also highlight that

regular yogic practices endow perfect physical and mental health to its

practitioner which improves aerobic capacity, anaerobic capacity, joint flex-

ibility and muscle strength. Authors claim that Yoga is not only a discipline

to be practiced by spiritual aspirants but also has got relevance to the spirit of

military activities.

Technology Translation from Heat Physiology Research: The authors

describe the effect of high ambient temperature exposure on human body

and its effects. Authors also highlight the translational aspects of their study,

which resulted in the formulation of replenishment drink DIP-SIP and devel-

opment of a Man Mounted Air Conditioning System.

Improved Habitability Under Extreme Environments at High Attitude:

This chapter deals with improving habitability under extreme environmental

conditions. This chapter highlights the solar shelter ‘Sourja’ for cold

conditions, space heating device (Bukhari) and oxygen enriched shelters at

high and extreme altitudes to combat hypoxia and solar snow melter.

Inhaled Nitric Oxide Therapy for Treatment of High-Altitude Pulmonary

Edema: This chapter describes about the inhaled nitric oxide therapy for

treatment of high altitude pulmonary edema. This chapter also highlighted

the development of tailor made NO delivery system for patients of high

altitude pulmonary edema.

High-Altitude Medicine: The Path from Genomic Insight to Clinical

Applications: This chapter describes the role of genomics in high altitude

induced diseases. Authors highlight that the ultimate goal would lie in

making genomic information readily accessible for more informed and better

management of high altitude environmental stress.

Hypoxia in Acute Chemical Emergencies: Toxicity, Mechanism, and

Treatment: In this chapter, the authors discuss the toxicity, molecular mech-

anism(s) of action and treatment modalities of chemical asphyxiants. It also

addresses the possible implication of organophosphorus compounds in
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producing chemical hypoxia. This information will be useful for medical

management of hypoxia-related chemical emergencies.

Hypertension at High Altitude: This chapter describes the cause for

sustained elevation of blood pressure during exposure to high altitude and

the factors associated with inter-individual variation. Overall, this chapter

reviews available literature on systemic blood pressure responses to high

altitude.

Herbs for Mitigating High Altitude Maladies: This chapter highlights the

translation of traditional ethnopharmacological wisdom into a process and

product with a scientific rationale and development of products for mitigating

high altitude maladies. Herbs have wide range of therapeutic effects and

through systematic scientific investigations using various animal models and

clinical trials, research at DIPAS has translated this knowledge into products

for protection against high altitude maladies.

Lessons from a 20-Year Investigation of Intermittent Hypoxia: Principles
and Practices: In this chapter, the author presents an elaborate description

about intermittent hypoxia. An in depth account on the key mechanisms

involved and the effect of intermittent hypoxia on the cardio-respiratory

system, immune system, reactive oxygen and nitrogen species signalling,

hypoxia inducible factor signalling and epigenetics is given. The author also

talks about the clinical applications of intermittent hypoxia treatment being

practiced in treating various disease states.

New Delhi, India Shashi Bala Singh

Chicago, IL, USA Nanduri R. Prabhakar

Stony Brook, NY, USA Srinivas N. Pentyala
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Translating Physiological Knowledge
to Health Application

W. Selvamurthy and Shashi Bala Singh

Abstract

Physiology forms the basis for medical practice. Earlier in India,

physiological research undertaken by medical teachers and researchers was

primarily focused towards publications rather than translating that knowledge

into a device/technology/process. The Defence Physiological Research and

Development endeavours have provided a new paradigm since 1960 with the

establishment of Defence Institute of Physiology and Allied Sciences

(DIPAS). Most of the research efforts were aimed at finding solution to

problems encountered by soldiers operating in extreme operational

environments such as high-altitude, cold, desert, underwater and aerospace

environments. Even the basic physiological research had an ultimate aim of

application for thewell-being of the soldiers thereby focusing on translational

component. To cite a few examples, physiological responses during high-

altitude acclimatisation studied on sojournerswere translated to formulate the

staging of acclimatisation schedule at high altitude. The nitric oxide and

oxygen therapy for treatment of high-altitude pulmonary oedema (HAPO)

resulted from the pathophysiological studies undertaken on the patients with

HAPE. This resulted in devising an equipment to deliver a precise concen-

tration of nitric oxide and oxygen to the patients while monitoring the

concentration of nitrogen dioxide. Studies carried out to assess the physio-

logical effects of heat stress resulted in formulating an ergogenic drink to

keep the fluid electrolyte balance, thereby optimising the physical andmental

efficiency of soldiers operating in desert environment. Development of a

radio sensitiser, namely, 2-deoxy-D-glucose (2DG), came out of physiologi-

cal research to find amethod to ameliorate the adverse effects of radiotherapy

in cancer patients. Such examples of translational research in physiology led

to the development of products/technologies/processes which helped in

providing health solutions which are illustrated in this chapter.
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Introduction

Integrated physiology has been in the forefront

to facilitate the understanding of various fun-

ctions of the organs and systems, which formed

the basis of medical practice. Even the Nobel

Prize in medicine is given as ‘Physiology and

Medicine’ signifying the greater role of this dis-

cipline of medical sciences. Subsequently, phys-

iology gave birth to many subset of disciplines

such as molecular biology, genetics, etc. which

have gained importance in the recent years.

Physiological research in India in the early

1960s was primarily focused on the neurophysi-

ology of food intake, sleep, consciousness, sen-

sory physiology and respiratory functions [4, 34,

35, 37, 38, 43–48]. These led to the understand-

ing of brain functions and other physiological

systems. The clinical physiological research

demonstrated the pathophysiological responses

in different disease conditions [3, 5, 10, 25].

During the late 1960s, a new trend was set by the

physiologists who focused on the applied and

translational aspects of physiological research

which benefited the soldiers and the society sig-

nificantly. The establishment of Defence Institute

of Physiology and Allied Sciences (DIPAS) as

a part of Defence Research and Development

Organisation (DRDO) was an important milestone

to set the trend of translational research in physi-

ology and allied sciences which enabled the

soldiers to maintain optimal level of health and

efficiency even in extremes of environmental and

operational conditions while providing spinoff

benefits to the society at large.

High-Altitude Physiology

The Indo-Chinese conflict in 1962 brought a

concerted physiological research effort to under-

stand human acclimatisation at high altitude

(HA). The cardiovascular, respiratory, metabolic

and neurophysiological responses during accli-

matisation were studied on sojourners on acute

induction and during prolonged stay at HA and

compared with acclimatised low landers and

high-altitude natives [22, 26, 41, 42, 49]. These

endeavours ultimately resulted in the formulation

of staging of acclimatisation [23]. If a soldier has

to be inducted to extreme altitude (>5,000 m),

he has to be taken through three levels of staging

for better acclimatisation. The introduction of

this staging procedure significantly reduced the

mortality and morbidity and the operational effi-

ciency of troops at HA.

High-Altitude Pulmonary Oedema

One of the serious clinical problems encountered

among the sojourners at HA is high-altitude

pulmonary oedema (HAPO). Increase in pul-

monary hypertension, capillary permeability and

decrease in surfactant were observed as the patho-

physiological factors culminating in the develop-

ment of HAPE [8, 33, 50]. Various hypotheses

were promulgated to explain the pathophysiologi-

cal mechanisms underlying the genesis of HAPE.

These include transarterial leakage, exaggerated

sympathetic nerve activity, J-receptor suppression,

hypothalamic neurogenic mechanism, reduced

chemoreceptor sensitivity and vascular and cere-

brovascular water retention [21, 24, 28, 39, 53].

The introduction of diuretics resulted from studies

onADHand aldosterone leading towater retention

which needs to be reduced for keeping the effec-

tive circulating blood volume at optimal level [12].

In view of hypobaric hypoxia being the important

aetiological factor for the genesis of HAPO, a

life-saving device, namely, HAPO bag (Fig. 1),

that increases positive pressure simulating lower-

altitude conditions was developed and supplied to

large number of field stations over the Himalayas.

This has resulted in saving a large number of lives

which would have otherwise succumbed to

HAPE [19]. Anand et al. demonstrated for the

first time the application of nitric oxide (NO) at

15 ppm and oxygen (O2) at 50 % concentration to

be beneficial in the treatment of HAPE [1].

DIPAS scientist developed a device which can

deliver precise concentration of NO and O2 to the

patients with HAPE while ensuring the safety of

patients regarding elevated levels of nitrogen

dioxide (NO2) [11] (Fig. 2). A screening method

2 W. Selvamurthy and S.B. Singh



to assess the susceptibility of individuals to

develop HAPE was formulated using the exhaled

NO measured by the chemiluminescence method

[6]. This can be used to screen out susceptible

individuals during rapid induction in emergency.

In addition, a modified nebuliser was developed at

the Institute of Nuclear Medicine and Allied

Sciences (INMAS), another DRDO laboratory, to

deliver pulmonary vasodilator drugs into the

alveoli in nano size which has been successfully

trial evaluated in HA regions [18].

Cold Injuries

Efforts were made to understand the

aetiopathology and pathophysiology leading to

various forms of cold injuries including frostbite

which is the most severe form of cold injury.

Subsequently, a new protocol for treatment using

rewarming of the affected parts in tea decoction

mediumat temperature closed to body temperature

and application of aloe vera creamwas effective in

Fig. 1 HAPO bag

Fig. 2 Nitric oxide

delivery system
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the treatment of frostbite [31]. A large number of

aloe vera cream jars were distributed among the

soldiers for both prophylactic and therapeutic

applications (Fig. 3). Battery-operated heating

gloves and socks were also developed to keep the

extremities warm, thereby preventing frostbite

(Fig. 4).

Oxygen-Enriched Shelter

Acute mountain sickness (AMS) is a common

transient clinical problem manifested by head-

ache, nausea, vomiting, sleep disturbance, loss

of appetite, etc. These symptoms normally disap-

pear after acclimatisation for a week [36].

However, severe cases of AMS need to be treated

with administration of oxygen. In order to pro-

vide oxygen treatment to a large number of AMS

patients, an oxygen-enriched shelter was devel-

oped and established in a few places at HA

(Fig. 5). The solar energy was harnessed to

light and heat the shelter [17].

Biodigester for Human Waste
Management

Biodegradation of human waste is rather difficult

in high altitude due to prevailing cold conditions

in which microbes are unable to effectivelyFig. 3 Aloe vera cream

Fig. 4 Battery-operated

socks and gloves

Fig. 5 Oxygen-enriched

shelter
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biodegrade the constituents of the faecal matter.

Scientists from Defence Research and Develop-

ment Establishment (DRDE) collected a consor-

tium of microbes from Antarctica, cultured

them in the laboratory, studied their kinetics and

developed a bioreactor providing a congenial

medium and environment to produce a large

quantity of this consortium. An underground

structure to house these microbes was designed

and developed which was linked to the superstruc-

ture of the toilet (Fig. 6). Since the consortium

included bacteria which carried out the process

of hydrolysis, acidogenesis, acetogenesis and

methanogenesis and its high level of tolerance to

cold and heat, these biodigesters are effective in

a wide ranging environments from high altitude

to desert [13]. These have already been installed

in large number in Himalayan high-altitude

regions, Lakshadweep Islands and in other parts

of India.

Aerospace Physiology

The fighter aircrafts pose physiological

challenges due to high G environment, hypoxia

and explosive decompression during emergency

ejections. G-induced loss of consciousness

(G-LOC) and disorientation result in major air

accidents. A sharp decline in cerebral perfusion

due to blood pooling in lower extremities due

to G force is the major factor responsible for

G-LOC. Anti-G suit has been developed and

introduced in Indian Air Force in large quantity.

These clothing ensembles were made flame

retardant [17].

Heat Acclimatisation

Environmental physiologists have evaluated

the physiological effects of hot dry and hot

humid environments on physical and cognitive

functions [40]. This knowledge was translated

to climatic mapping for various stations in hot

humid and hot dry conditions prevailing across

India for providing cooling and air conditioning

in the zones of requirement [29]. Work–rest

schedule of soldiers was formulated which

minimised the incidence of heat casualties and

improved work efficiency [2]. The fluid–

electrolyte imbalance due to work in heat was

mitigated by developing a suitable ergogenic

beverage with potassium supplementation [30].

A thermoelectric cooling suit based on Peltier

effect was developed and successfully demon-

strated to have effective microclimatic cooling

which could be worn by people working in high-

temperature environments (Fig. 7).

Fig. 6 Biodigester
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Protection Against Noise-Induced
Hearing Loss

Noise is a health hazard not only in military

environments but also in industry, road traffic

due to vehicular noise and even in living

environments. Physiological research indicated

the processes underlying temporary threshold

shift (TTS) of hearing and permanent hearing

loss (PHL) due to the damage of hair cells due

to high-intensity noise. The conventional method

of protection was by using barrier methods with

the help of ear defenders such as ear plugs, ear

muffs and active noise cancellation devices [9].

Scientists at DIPAS developed a novel approach

using carbogen (5 % CO2 and 95 % O2) mixture

to attenuate noise-induced TTS to protect from

PHL. A mobile device was developed to facili-

tate carbogen breathing before and after noise

exposure which resulted in significant protection

against noise hazard [7] (Fig. 8).

Underwater Physiology

Submarines operate at various depths under the

sea in hyperbaric environments. In the event of

submarine accidents, the crew need to escape

from the submarine and pass through a gradual

ascent to avoid decompression sickness and

rapture of the lungs. An indigenous submarine

escape hydro-suit along with the life support

system for providing oxygen, nitrogen and

helium was developed by the Defence

Bioengineering and Electromedical Laboratory

(DEBEL) and inducted in Indian Navy [27]

(Fig. 9).

CBRN Defence Technology

Chemical, biological, radiological and nuclear

(CBRN) threat is a global concern. A large num-

ber of protective devices have emerged from

physiological and engineering innovation. Auto-

jet injector is one such device which is used

for administering atropine sulphate and PAM

chloride for individual exposed to nerve agents.

Fig. 7 Vortex cooling suit

Fig. 8 Portable carbogen breathing system
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These cholinesterase blocking agents protect

neuromuscular transmission of impulses thereby

protecting reversibly the individual exposed to

nerve agents such as soman, sarine, VX and

tabun [16, 52]. Efficient decorporating formula-

tion using Prussian blue as the main ingredient

has been developed and successfully trial

evaluated for removing radionuclides ingested

or inhaled [32]. A very innovative approach at

INMAS to develop a radio sensitiser resulted in

the formulation of 2-deoxy-D-glucose (2DG)

which has completed phase III clinical trials suc-

cessfully and ready to be launched for marketing.

This can ameliorate the adverse effects of

radiotherapy in cancer patients [14]. The radio-

protective effect of Tulsi (Ocimum sanctum)

was demonstrated and taken to phase II clinical

trials.

Mosquito Repellent

Mosquitoes are the vectors for many diseases

such as malaria, dengue and chikungunya.

A tropical country like India provides congenial

temperature, humidity and other environmental

factors where mosquitoes can easily breed and

transmit pathogens through biting either during

the day or night. Mosquito repellents developed

by DRDO provide long-lasting protection

(8–10 h). These have been developed by under-

taking the electrophysiological recording of

antenogram of insects and testing the efficacy

of different formulations having repellent

properties [15] (Fig. 10).

Biomedical Technologies

Ambulatory physiological monitoring is

required in many clinical as well as basic phys-

iological research. However, to use such

devices in difficult environments such as HA,

desert, aerospace environment and Naval oper-

ational environments require adequate

ruggardisation which has been accomplished

by scientists at DEBEL [17]. A critical care

ventilator was developed to provide optimal

ventilation for patients in ICU and under critical

care [51] (Fig. 11). Extensive research was car-

ried out on a polyherbal preparation which was

found to be very effective to treat leucoderma

[20] (Fig. 12).

Fig. 9 Submarine escape hydro-suit

Fig. 10 Herbal mosquito repellent
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Conclusion

While basic research forms the foundation for

seeding new technologies and generating new

concepts and hypotheses, the applied research

and its translations is vital to bring innovation

to benefit the society at large. Translation from

science to technology to product requires close

interaction among three stakeholders, namely,

academia, R&D institutions and industries.

DRDO laboratories were able to successfully

integrate these three entities which resulted in

the development of a number of products,

technologies, processes and solutions. Even the

basic research conducted at our educational

institutions and universities should be directed

towards a specific goal or problem. Thus, the

translational research in physiology or any other

discipline will have greater impact on the welfare

of the society, quality of life including health and

generating wealth.
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Abstract

Agriculture systems, the world over, are evolving at a fast pace to meet

various challenges like fluctuating precipitation pattern, warmer climate,

depleting ground water resources, declining soil fertility, insect and

pest resistance, etc. Fighting such challenges amid uncertainty, farmers

have been continuously devising ingenious solutions. These are a testi-

mony to their experimental efforts. Mostly derived from locally available

resources, such solutions are low cost, frugal and easily replicable. These

include improved crop varieties, agricultural practices for plant protection

and production, or eco-friendly farm practices. This contribution of

farmers for coping with environmental stresses and addressing food secu-

rity problems is now slowly being recognised globally by scientific

researchers. It is hoped that formal scientific institutions will try to build

upon the coping strategies of creative farmers further, add value and

develop innovative products and practices. Such a blending of the best

of formal and informal science can only ensure a sustainable future for

all by mitigating present and imminent agricultural challenges.
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Introduction

Stresses caused by the increasing fluctuations in

the climatic and edaphic conditions have to be

dealt with by either enhancing the resilience of

the agricultural ecosystems or inducing human

interventions for the purpose. Many farmers and

local communities have met these challenges

through (a) in situ conservation of varieties

developed through careful selection, (b) develop-

ment of coping strategies by manipulating agro-

nomic or general management conditions and

(c) by controlling biotic stresses such as pests

and diseases through herbal plant protection

innovations. Honey Bee Network has been track-

ing and pooling such examples of farmer creativ-

ity for the last 25 years. This paper comprises

specific examples where we have documented

and shared the creative coping strategies with or

without value addition [1]. In both formal and

informal sectors, experiments for improving

existing crop genetic resources and developing

sustainable practices have begun to attract added

attention in the recent years.

National Innovation Foundation – India (NIF),

an autonomous institution of the Department of

Science and Technology, Govt. of India, provides

institutional support to such farmers and other

grassroots innovators. NIF tries to ensure that they

receive due acknowledgement for their efforts

and that such innovations diffuse widely through

commercial and/or non-commercial channels

generating incentives for farmers/innovators and

others involved in the value chain. NIF, with the

help of the Honey Bee Network (HBN), has been

able to document thousands of farmers’ developed

agricultural practices and plant varieties from dif-

ferent parts of the country.

Coping with Stress

The practices deal with the biotic factors like

weeds, pest diseases and plant pathogens and

abiotic factors such as salinity, drought and

extreme cold or hot temperature. Several socio-

logical processes also help in coping with risk

such as intra-household risk adjustment strategies,

inter-household strategies, common property or

pool resources-based alternatives and public

interventions [2–4]. However, the scope of this

paper is restricted to technological innovations,

and it does not provide any insight to these

practices.

Innovative Agricultural Practices

Harbhajan Singh (Haryana) combats water

stress by sowing cotton crop on two-foot-wide

ridges which are separated by six feet. Irrigation

of alternative row reduces water requirement to

half without affecting yield. In addition, the pest

and weed control expenses also lessen. Plants

require moisture and not water [5]. Frequent

or heavy irrigation causes succulence in plants

which in turn renders pest attack. Numerous

farmers have adopted this irrigation pattern

which reduced their irrigation and seed costs

while increasing the yield. Scientific studies

also confirm that alternate row irrigation of

cotton field has great potential in reducing the

uses of water without compromising the yield of

lint [6]. The use of lady’s finger as a border crop

around the cotton fields is another interesting

example of economical grassroots experiment

performed by few farmers in Maharashtra,

India, for controlling pests. The lady’s finger’s

flowers are similar to cotton but it blossoms

earlier than cotton’s flower. Hence, it attracts

the pests and reduces the burden on the main

crop [7]. Despite of the availability of such non-

expensive practices, it is tragic that we still

encounter increasing rate of suicides in large-

scale farmers of the cotton-growing regions, as

these non-monetary practices to reduce cost and

increase resilience of the cropping systems were

never publicised and most of the farmers are not

aware of such practices. Farmers also manage

and maintain some weeds, which are used for

the biological control of various pests, hedge,

etc. [8]. Weeds are controlled by creative

communities by growing berseem (Trifolium

alexandrium) or other such fodder crops in

weed-infested fields. Once in 3 years or so,
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farmers grow such crops, harvest them intermit-

tently to feed livestock and thus prevent weeds

to grow to maturity, set seeds and increase their

seed load in soil. Thus in subsequent years, there

are much lesser weeds. Two lady farmers from

Tamil Nadu, Ariyammal and Pushpam, devel-

oped purple-coloured Chinnar 20 paddy variety

using selection method from ADT-46 paddy

variety. The plants have purple pigmented leaves

and culm; hence, differentiation between weed

and crop becomes easier. Weeds can thus be

removed saving time and labour cost and

preventing loss of the crop [9].

Farmers have developed growth promoters

and herbal pesticides by studying the properties

of various weeds as well as other plants and

fruits. Haribhai Narola from Bhavnagar, Gujarat,

provides a basal treatment to the soil with the

week-old flour of pearl millet as an alternative

to chemical fertilisers. With the above treat-

ment, improvement in the growth and yield was

recorded in wheat, cotton, chilli, brinjal and

other vegetable crops. In 1995, he conducted

a systematic study to compare the effects of

‘bajra’ flour with those of chemical fertiliser,

diammonium phosphate (DAP) on wheat. He

obtained a yield of 250 kg/ha in the plots treated

with ‘bajra’ flour. Haribhai also observed small

patches of rust in DAP-treated plot, while the

plots treated with ‘bajra’ remained healthy. The

growth and boll setting was much better when

the cotton was sown in the same plot in which

wheat was grown with ‘bajra’ flour treatment

in the previous season [10].

M A. Chinnathambi had developed a pesticide

by using the aerial parts of cactus kodikaali

(Euphorbia nivulia) or madakalli or thirugukalli

(Euphorbia tirucalli), cut into pieces, immersed

in water and fermented for 15 days. After fer-

mentation the extract is then filtered and sprayed

on the crops. The pesticide effectively controls

the leaf curl disease in chilli and brinjal, the

mosaic disease in lady’s finger, jassids in paddy

and sucking pests in cotton [11]. Pravinsinh

Jadeja, Kutch, Gujarat, suggested a remedy for

protection of wheat crop from termites by plac-

ing crushed ‘kharsadi’ (Euphorbia tirucalli) and

‘thor’ (Euphorbia neriifolia) plants in watering

grooves within the field [12].

Germplasm Conservation

Conservation and development of high yielding

and disease-resistant crop varieties is also one of

the ways farmers overcome environmental stress

conditions. A round chilli variety has been

conserved by a community in Bihar. This variety

bears fruit for 5–6 years continuously. The main

features of the variety are high pungency, ability

to grow under shade and tolerance to common

diseases and pests [9]. Kir community from

Jaipur region of Rajasthan, India, has preserved

and propagated a traditional tinda (round gourd)

variety for the past 35 years for its superior yield.

For conserving this variety, they selected two

main characters, i.e. big size of fruits and dark

green colour with hairy skin. The fruits of this

traditional variety of tinda are tender, delicious in

taste and flat round in shape and weigh about

100–200 g at the time of harvesting. Fruits of

this variety are famously known as ‘Sahapur

tinda’ in Jaipur and surrounding areas [13].

Gangaram Kir of the same community has

been continuously trying to improve a traditional

variety of brinjal through successive or recurrent

selection. The criteria used for selection are pests

and disease-free plant with more spiny fruits

per plant. The variety has features like strong

spininess of calyx of fruit, larger fruits, high

yield and less number of seeds per fruit as com-

pared to other varieties, with sweet taste and

better cooking quality [9].

Improved High Yielding Varieties

Farmers make selections in the available diversity

produced through natural mutations, mixtures or

outcrossing. Sometimes, diversity may increase

due to natural stresses, which creates selection

pressure. This provides opportunity for less com-

mon characters to become noticeable.

Chunni Lal from Rajasthan has developed

an improved variety of ridge gourd (Luffa
acutangula) by selecting the seeds from a tradi-

tional variety with particular attributes. The devel-

oped variety is tolerant to powdery mildew
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disease. The vine climbs the trees of height of

9–10 m and bears 15–20 fruits per vine with

fruit size of 3–7 ft. The fruits contain very less

number of seeds as compared to conventional

varieties [9]. Santosh Pachar, a lady farmer

from Rajasthan, has developed a high yielding

variety of carrot. Sixteen years back, she had col-

lected some carrots for consumption, which had

good colour, taste and no forked roots. She adopted

the root-to-seed method of planting at her farm to

produce seeds from the above carrots. She col-

lected the seeds from first year plants, sowed

them again in the field and adopted the same selec-

tion method continuously for 5 years. The carrot

variety is now stable in yield and has desirable

traits. The length of carrot is up to 1.5 ft, with

less or no forked roots; the carrot is sweet in taste

and adapted to high temperature [14].

Prakash Singh Raghuvansi fromVaranasi, Uttar

Pradesh, has developed various improved plant

varieties of wheat, paddy, mustard, pigeon pea,

etc. He developed three wheat varieties, namely,

Kudrat 5, Kudrat 9 and Kudrat 17 (developed from

Kalyan sona and RR21 varieties), which have

higher yield (65–70 q/ha), lengthy spikes, robust

stem andwater lodging resistance with high protein

content. Paddy variety Kudrat 1 developed from

HUVR-2-1 gives high yield (60–70 q/ha) with

higher number of tillers (30–35/plant) and seeds

(280–290 seeds/tiller) as compared to other locally

popular varieties. The pigeon pea variety developed

by him gives high yield (30–34 q/ha), has bold

seeds, robust stem and bears more number of pods

per plant. The variety is also tolerant to common

pest and disease of the crop. The variety of mustard

has bunchy siliquae, bears about 40 seeds per

siliqua, contains higher oil content (42.3 %) and

shows synchronous maturity. Farmers of many

states are cultivating their varieties with commer-

cial intention [15]. RajkumarRathore fromMadhya

Pradesh has developed an improved variety of

pigeon pea Richa 2000, which is very famous in

his area. It has low seed rate (3–4 kg/acre) and

contains pods in bunch at apical region,with double

harvest (December and April) and higher yield

(24 q/acre) [16].

Disease-Resistant Varieties

Jagdish Prasad Pareek from Sikar, Rajasthan,

developed a high yielding variety of cauliflower,

which grows in all the seasons, is tolerant to hot

temperature, is resistant to disease and is less

susceptible to insect attacks. The fruit weighs

up to 12 kg [17]. A wilt-tolerant groundnut vari-

ety, ‘Dhiraj-101’, was developed by Thummar

Dhirajbhai Virjibhai from Gujarat [18]. The

yield of this wilt-tolerant variety is higher than

locally cultivated varieties (GG 20 and GG 2)

with higher oil content (52–55 %). Only 0.47 %

stem rot incidence has been found in Dhiraj-101

as compared to 16.37 % in the check variety

(GG 20), reported in the trials conducted at Oil

Seed Research Station, Junagadh Agricultural

University.

Using grafting technique, R.G. Hegade from

Karnataka has developed a drought-resistant

black pepper variety NP 77, which has about

30 % higher yield than the prevalent varieties.

It contains about 80–100 spikes per plant and

100–120 berries per spike, and the plant height

reaches up to 50–60 cm. The yield of dark

black-coloured berries is about 3,000 kg per

acre with high dry recovery percentage, early

maturity and resistance to quick wilt. It also

contains heightened flavour and aroma [9]. An

improved variety of paddy ‘HMT’ has been

developed by Dadaji Ramaji Khobragade, of

Maharashtra, which is now included as a stan-

dard reference for thinness by Protection of

Plant Variety and Farmers’ Right Authority

(PPV&FRA). This variety has an average yield

of 40–45 q/ha with short grains, high rice recov-

ery (80 %), better smell and cooking quality in

comparison to the parent ones. He also devel-

oped another improved paddy variety ‘DRK’,

which gives average yield of 60–80 q/ha. The

grains are short, slender, white in colour and

aromatic and have good cooking quality. The

most important feature of this variety is its abil-

ity to tolerate biotic and abiotic stress conditions

[19].
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Varieties with an Ability to Withstand
Drought and Salinity

Sabu Varghese from Kerala has developed a

cardamom variety, wonder cardamom, which is

known to have drought-resistant characters and

can be grown along with the rubber plantations.

The variety was developed using seeds collected

from a morphologically different plant. The

plants were propagated by vegetative multiplica-

tion. The other specialty of this variety is its

branched panicles, which have attracted interest

from the scientific community due to its better

adaptability at lower altitudes and lower rainfall

regions. Traditionally, these areas are not known

for cardamom production and generally used for

the cultivation of rubber [20]. Another farmer

from Kerala, KJ Baby, has developed a white

flowered variety of cardamom from Vazhuka

type of cultivars through mass selection method,

which took about half a decade. The variety bears

white flowers and has high productivity com-

pared to other commonly grown cardamom

varieties. It can be grown in waterlogged areas

as well. It has wider adaptability to different

shade conditions apart from having higher pro-

duction with good quality than other locally pop-

ularMysore and Vazhuka cultivars, viz. Njallani,
Green-bold, Palakkudi and Veeraputhara

varieties. It has sturdy plants, robust tillers and

deep root system, which also makes it resistant

to various biotic and abiotic stresses [21].

Alakhpura selection, an improved chilli variety,

has been developed through mass selection

method by Balwan Singh from Haryana. He

started the selection in the year 1984 based on

the criteria of fruit length, diameter, dark red

colour, pungency, etc. The variety is known to

perform extremely well under saline conditions

and is also tolerant to extreme heat and humidity.

The yield of the variety is 400 q (green) and 40 q

(dry) per hectare and is known to fetch high

market price due to its skin colour [9].

Water shortage inspired Manaram Choudhary,

Rajasthan, to breed an onion variety requiring less

irrigation. He succeeded in developing a highly

productive, early maturing and drought-resistant

variety of onion, which gradually became famous

in Haryana, Delhi, and Rajasthan for its delicious

taste. This onion variety, known as Rashidpura,
can be cultivated as a winter crop due to adapt-

ability in varying climatic conditions. It has higher

yield (40,000 kg/ha) as compared to normal yield

(25,000–30,000 kg/ha). It also matures early

(110–115 days) with less irrigation and hence

gives good result in drought conditions [22].

Drought conditions cause reduction in the yield,

and also the higher frequency of irrigations may

lead to excessive vegetative growth in heavy soils

[23]. Sundaram Verma, also from Rajasthan, has

been experimenting on the arid crops varieties. He

has successfully developed and conserved several

cultivars of plant varieties during his many years

of farm research. He has developed a kabuli-type

bold-seeded chickpea variety, which gives very

good yield in drought conditions. The potential

yield of the variety is about 28 q/ha, which is

higher than other commercially cultivated

varieties and fetches good market price due to

the seed boldness [9].

Conclusion

Farm practices, herbal pesticides and stress-

resistant crop varieties discussed illustrate the

enormous potential that exists for learning from

farmers and partnering with them to develop

solution to deal with various stresses in the envi-

ronment. Such solutions, also referred as frugal

innovations or Gandhian innovations, are incred-

ibly economical and eco-friendly and help the

crops to withstand biotic or abiotic stress

conditions. These grassroots innovations can rev-

olutionise sustainable food security solutions.

Being improvement in locally adapted varieties

or practices, farmer innovations often tend to

have a robustness and frugality which may

elude in many externally developed solutions.

Respect, recognition and reward for grassroots

innovations, Honey Bee Network has argued,

can pave the bridge between formal and informal

science and technology system and increase

mutual trust and reciprocity.
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Stress Research: Varied Paradigms

Vijay Parkash, Updesh Kumar, and Manas K. Mandal

Abstract

The term ‘stress’ is used to denote varied type of concepts in different

disciplines. The concept of stress and has gained augmented attention of

researchers during the past century, and it still continues to remain a

popular research domain. Researchers and scientists of different behav-

ioral and health sciences have attempted to look into the concept of stress

from varied perspectives. Literature witnesses that numerous paradigms

exist to delineate the conceptual understanding and stress research; however,

there is hardly any meta-analytic synthesis that presents different

perspectives and paradigms together to the reader. Present article reviews

different existing perspectives for the thorough understanding of the concept

of stress from multiple viewpoints. Different research paradigms, running

through which the topic of stress has gained a huge momentum, have been

discussed concisely. The authors present a meta-analytical review of differ-

ent conceptual models and research approaches to stress. Beginning with the

early physiological notions of 1920s, the genetic, epigenetic,

biophysiological, psychological, sociological, developmental, environmen-

tal stress, and occupational stress paradigms have been reviewed and more

future researches with combined methodological approaches tested with

multivariate analytic methods have been called for to further simplify the

understanding of the concept of stress from a multidisciplinary perspective.

Stress Research: Varied Paradigms

Being used to convey several concepts in differ-

ent disciplines, stress seems to be a nebulous

term. While the origins of the concept of stress

dates back to Hippocrates, the construct has

been marked by broad variations in the physical,

physiological, behavioral, and psychological

elements used to define it. In the seventeenth
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century, the word stress was used to describe

strain, hardship, adversity, or affliction. Later

in the eighteenth and nineteenth centuries, the

term stress referred primarily to an individual’s

“force, pressure, strain or strong effort” on some

object [1]. It was these early definitions used

in physics and engineering that began to influ-

ence the notion that stress may affect individuals,

where external forces are seen to exert pressure

on an individual, producing strain. In the past

century, this concept of stress and the stress of

daily life have gained increased attention of

researchers. Although the term stress as it relates

to the human condition has been in the scientific

literature since 1930s, while the word did not

become so much popular until the last quarter

of the century. At present, interest in pheno-

menon of stress and coping has reached all-time

high in psychology as well as other behavioral

and health sciences. Lazarus [2] has rightly

commented, “Never before has there been so

much interest in stress world-wide, among social

and biological scientists, and on the part of the

general public. . . .Stress has become a household

word, and we are flooded with messages about

how it can be prevented, eliminated, managed,

or just lived with” (p. 27). Today, stress has

become inevitable part of everyone’s life. “Stress

is not something to be avoided. Indeed, by defi-

nition it cannot be, . . .. . .. . .. Complete freedom

from stress is death” [3, p. 32].

As the time has progressed, researchers and

scientists of different behavioral and health

sciences have attempted to look into the con-

cept of stress from varied perspectives. Litera-

ture witnesses that numerous paradigms exist

to delineate the conceptual understanding and

stress research; however, there is hardly any

meta-analytic synthesis that presents different

perspectives and paradigms together to the

reader. In the coming sections of this article,

we attempt to review different existing pers-

pectives for the thorough understanding of the

concept of stress from multiple viewpoints.

Further, our efforts focus on discussing different

research paradigms running through which this

topic has gained a huge momentum. Beginning

with the early physiological notions of 1920s,

we attempt to analyze the genetic, biological,

psychosocial, developmental, and interactional

paradigms.

Conceptual Models of Stress

There have been three major conceptualizations of

stress in the literature. It has been conceptualized

as either a stimulus, a response, or as an interac-

tional process combining both stimulus and

response. Different disciplinary approaches have

utilized these models, though there may be spe-

cific matching measurement approaches to a par-

ticular model. However, few critic researchers

believe that “in addition to being itself, and the

result of itself, stress itself is also the cause of itself”

[4, as cited by 5]. There are other researchers who

believe that stress is etiologically ambiguous in the

sense that it can logically be both an input and an

output [6]. The ambiguity in stress further expands

when all three models – the stimulus model, the

response model, and the interactional model � are

combined uncritically such that stress is simulta-

neously a stimulus (the cause), response (the

result), and process [5].

The stimulus model considers stress as the

sum of biological and psychological disturbances

(stimuli) caused by any aggression on an organism

[7]. According to the stimulus model-based under-

standing, stress may be termed as “objective

stress,” and it is considered as an independent

variable in terms of a causative stimulus. The

important questions answered by this approach

concern which particular situations are stressful,

and accordingly the disturbing environment

or external stressors are taken as the basis for

defining or explaining stress. The response-

based approach considers stress as the response

of an organism to a noxious or threatening con-

dition [7]. In the terms of this model, stress is

conceptualized as a dependent variable in the

form of a person’s response to certain adverse

stimuli. According to this approach, stress is

defined as the response elicited by an individual

when confronted and stimulated by a stressor [4].

Hence, this approach may also be taken as “sub-

jective stress” model [5].
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From the interactional perspective, stress is

the process wherein the adaptive capacity of an

organism is taxed or exceeded by environmental

demands or pressures [8]. The interactional

model explains that stress is a lack of fit or the

degree of misfit and discrepancy between envi-

ronment (environmental demands) and person

(personal capabilities to meet those demands).

In these terms, stress is somewhere between its

antecedent factors (the stimulus) and its effects

(response). Stress here can be understood as a

dynamic system of interaction between person

and environment that consists of an individual

perceptual phenomenon shaping out of the

imbalance between external (that arises exter-

nally from the environment) and internal (that

arises from individual’s inherent psychological

and physiological needs) demands on the indi-

vidual and his/her ability to cope. This approach

emphasizes the role of a cognitive appraisal of a

stressful situation and a person’s psychological

and physiological capability to cope. Researchers

believe that the adoption of an interactional

model of stress and thereby considering stress

as a “dynamic state of imbalance” has been

instrumental to avoid many of the pitfalls related

to a more diminutional thinking [4]. Recent

researches are attempting to explore different

dimensions of this interaction. The isomorphic

theory of stress that attempts to describe a one-

to-one correspondence between the person and

environment along the three dimensions of con-

trol, uncertainty, and personal relationship [9] is

an example of a research effort in this direction.

Research Approaches to Study Stress

Literature reveals that different approaches

focusing on measurement of stress primarily

include life events, chronic stressors, and daily

hassles [5]. Researchers believe that life events

are essentially self-limiting in their nature, and

these are discrete, acute, and observable events

that require major behavioral readjustments

within a relatively short span of time [10]. As

compared to life events, chronic stressors require

readjustments over prolonged periods of time as

they are relatively enduring, persistent, or recur-

rent demands, conflicts, threats, or problems [11].

Daily hassles are mini-events, which constantly

require small behavioral readjustments during

the course of routine life [12]. Most of the

existing research attention so far has focused on

life events and chronic stressors, with a relatively

lesser focus on daily hassles [13]. A small body

of intervention research also exists regarding

examining how to reduce stressors, alleviate

stress or its effects, or a certain combination of

these approaches [5].

The earliestmeasures of stress have been the life

events, generally taken in the form of a checklist of

events sampled from across various domains and

hierarchies and weighted for frequency of occur-

rence, intensity, and/or standardized importance of

each event, mostly subjectively by respondents

themselves. Although a checklist normally aims

to be a representative sample of the major events

that occur in people’s lives [8], some of the

researchers believe that there is some evidence

that the universe of possible “life events” has not

been sampled uniformly [14], with events occur-

ring to young adults being over-sampled, while

those occurring to women, minorities, and the

poor being under-sampled. There may be several

different types of chronic stressors including work-

overload, role conflicts, interpersonal conflicts, and

other ambient stressors. Chronic stressors could

include barriers in the achievement of life goals,

inequity, status inconsistency, goal-striving stress,

lifestyle incongruity, disjunction of economic goals

and means, and social and economic hardships

including poverty, crime, violence, overcrowding,

noise, and chronic disability [11]. Anticipated

events which may cause anxiety, whether or not

they actually occur, may also act as chronic

stressors [1].

Daily hassles are the frustrating, irritating, and

distressing demands that characterize everyday

transactions with environment to some extent

[15]. Usually, daily hassles and uplifts are also

measured with a checklist approach in broad

domains, such as work and family. These items

are also generally weighted by self-reported

severity of different events. Being in the form

of “recurrent micro events,” daily hassles can be

Stress Research: Varied Paradigms 19



considered as an intermediate position between

chronic stressors and life events [10]. Attempting

to understand these approaches to study stress, it

seems evident that life events have convention-

ally been equated with objective, discrete events

that are not the result of the individual’s psycho-

logical function (stimulus-based model). On the

other hand, chronic stressors are seen as subjective

and influenced by individual’s emotional function-

ing (response-based model) [11]. Though life

events and chronic stressors are conceptually dis-

tinct, these can be interrelated in the sense that

they both can lead to each other and they provide

meaning and context for each other [16].

Exploring the domain of stress from varied

angles, some researchers [5] refer to a combina-

tion of recent and distal life events as well as

chronic stressors that affect an individual at

any one point in time and term it as “operant

stress” [17]. Similarly, the amalgamation of cur-

rent stressors with previous significant traumas

that continue to be the sources of stress has been

conceptualized as “cumulative stress” [17].

Researchers have further tried to study “stress

sequence” which is another aspect of the inter-

play between types of stressor, for example, a

chronic stress followed by a life event [12, 16].

“Stress proliferation” is also a related concept

according to which a “primary stressor” (e.g., a

specific life event) may lead to a “secondary

stressors” (i.e., chronic stress) [18]. Attempts

have been made to even study the “carry over”

effects of stress where stress is translated

between people, across role domains, and across

stages of life [12]. Varying relative impact of

stressors across the life course has also been

studied by few of the researchers [17]. Further

researches have also attempted to study if

stressors may also act as mediators/moderators

of the effects of other stressors, can act to mobi-

lize coping resources or to deplete them, and

can even deter the occurrence of certain other

stressors ([19, p. 57]; as cited by [5]). Thoits

[12] put forth that there are four major

approaches in literature to operationalize the

meaning of stress: (1) the process of “appraisal”

that determines whether a demand is perceived

as a threat or challenge, harm/loss, and/or

controllable or not; (2) considering a person’s

biographic history, plans and goals, sequences

of events, and the surrounding context; (3) “iden-

tity salience” (the relevance of the role domain in

which a stressor occurs); and (4) “belief systems”

of individuals. The major approach of appraisal

can be either primary or secondary. Primary

appraisal involves the evaluation of an environ-

mental stimulus as stressful whereas secondary

appraisal is the individual’s assessment of

whether or not he/she can reduce or eliminate

the effects of the stressful stimulus [20].

Going beyond the operationalization of mean-

ing, the research focusing on stress “inter-

vention” has taken more than one approaches.

Of the two major approaches, the first approach

which is referred to as “ecological stress pers-

pective” focuses on changing the environment

to better accommodate and diminish stress in

individuals across the dimensions of control,

uncertainty, and social support. The second

approach, known as the stress “adaptation” per-

spective, motivates the individual to adapt to

the situations in order to reduce stress and

focuses on generalized expectancies of control,

tolerance for ambiguity, and self-reliance [9].

Stress Research Paradigms

Stress research in the domain of life sciences

and behavioral sciences has been conducted with

numerous varied perspectives. Enlisting each and

every research perspective on all the concepts

related to the stress domain is really a herculean

task. In the forthcoming section, we attempt to

concisely discuss different major stress research

paradigms that include the genetic perspective,

bio-physiological perspective, developmental per-

spective, environmental stress perspective, psycho-

logical perspective, and sociological perspective.

Epigenetic Perspective

The concept of stress has essentially captured

the attention of diverse disciplines ranging

from biology to behavioral sciences for around
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a century. Though different perspectives will be

delineated in the forthcoming sections, we begin

with the relatively newer but the most insightful

perspective on stress. There have been various

linkages between biological and physiological

aspects and stress; in recent times, scientists

have gained new insights into the molecular pro-

cesses that link a stressful environment with gene

expression [21]. The newly emerging field of

epigenetics is transforming the conceptualization

of gene–environment interactions that influence

our vulnerability or resistance to stressful life

events and health [22]. “Epigenetics is defined

as the study of functional alterations in gene

expression that do not result from alterations in

the basic DNA (deoxyribonucleic acid) sequence

but arise during development and from the

environment” [21, p. 71]. Mathews and Janusek

[23] believe that it has been demonstrated by the

advances in behavioral epigenetics that stressful

environments can affect gene expression by alter-

ing the epigenetic pattern of DNA methylation

and/or chromatin structure. The advancements

in the epigenetics are based on explorations of

early-life problems which cause epigenetic

alterations in relevant regions of brain that

impact adults’ behavior and their response to

various stressors [24].

Recent evidence shows that adults also respond

epigenetically to environmental cues and the epi-

genetic modifications may be reversible [22, 24].

By this insight, the role of environment in health

has got more emphasis, and the horizon has wid-

ened for the potential newer approaches to elimi-

nate the stressful impact of adverse environments.

The researches in the domain of epigenetics first

attempt to study the epigenetic modifications –

DNAmethylation, histone modification, and chro-

matin remodeling – and then explore the linkage

between adverse early-life experiences and the

epigenetic modifications. Recent developments

in epigenetics have demonstrated the impact of

early-life experiences on neurobehavioral devel-

opment which is mediated through modifications

in the epigenetic pattern [21]. These researches

are based on the epigenetic modifications caused

by the early-life experiences. This demonstrates

the plasticity of the epigenome across life span

and provides considerable evidence that stress

exposure in adults results in epigenetic modifi-

cations in the regions of brain that regulate

the neuroendocrine stress response. Adverse life

experiences (stress) have been viewed as a

source of mental health problems for many

years. The recent researches in the epigenetic

paradigm suggest that epigenetic modifications,

which are possible even in adults, may mediate

these poor stressful outcomes [21]. It has also

been found that neonatal stress is one of the

causes (via epigenetic programming) of early

onset of cardiovascular disease in adults [25].

Bio-physiological Perspective

The biological perspective on stress focuses on

the activation of bodily mechanisms or the phys-

iological systems that are particularly respon-

sive to physical and psychological demands.

Prolonged or repeated activation of these bodily

systems and the biological mechanisms that they

undergo is thought to place an individual at

risk of the development of a range of physical

and psychological disorders. According to the

biological paradigms, two interrelated systems

that are viewed as the primary indicators of a

stress response are the sympathetic–adrenal med-

ullary system (SAM) and the hypothalamic–-

pituitary adrenocortical axis (HPA) [8].

Sympathetic: Adrenal Medullary System
Interest in the study of the impact of the

sympathetic–adrenal medullary system (SAM)

activation on bodily reactions to emergency

situations may be traced back to [26] early

work on the fight or flight response. According

to [26], the SAM system reacts to various emer-

gency states with increased secretion of the hor-

mone epinephrine. His proposition is supported

by a large body of research evidence that

indicates increased output of epinephrine and

norepinephrine in response to a wide variety of

psychosocial stressors [27]. In addition to

increased secretion of epinephrine and norepi-

nephrine, other components of the SAM that get

elicited by stressors include increased blood
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pressure, heart rate, sweating, and constriction of

peripheral blood vessels. Researchers assert that

if SAM activation is excessive, persistent for

longer duration, or is repeated too often, it may

result in a sequence of responses that may ulti-

mately result in development of illness or any

disorder. These responses include functional dis-

turbance in various organs and organ systems

[28] and ultimately permanent structural changes

of pathogenic significance [29] at least in the

individuals who are predisposed. The secretion

of the epinephrine hormones by the adrenal

medulla and/or sympathetic nerve endings is spe-

cifically responsible in this regard. Researchers

exploring their consequences put forth that

excessive discharge of epinephrine and norepi-

nephrine is believed to induce many of the

pathogenic states associated with the perception

of stress. These states include hemodynamic

effects, such as increased blood pressure and

heart rate [30]; suppression of cellular immune

function [31]; production of neurochemical

imbalances that contribute to the development

of psychiatric disorders [32]; and ventricular

arrhythmias provoking variations in normal

heart rhythms that may also lead to sudden

death in some cases [33].

Hypothalamic–Pituitary–Adrenocortical
Axis
One of the pioneers of the physiological research

paradigm in stress research, Selye [3, 34] elaborated

upon the hormonal responses of the hypothalamic–-

pituitary–adrenocortical axis (HPA) in his mile-

stone description of stress as a nonspecific

(general) physiological reaction that occurs in

response to excessive stimulation. According to

Selye, all kinds of stressors including pathogens,

physical stressors, and psychosocial stressors

elicit common pattern of physiological response

which proceeds in characteristic three stages of

alarm, resistance, and exhaustion. He referred to

this response pattern as the general adaptation

syndrome (GAS). During the first stage of the

GAS, the alarm stage, the organism’s physiolog-

ical changes reflect the initial reactions necessary

to meet the demands made by the stressor agent.

This approach asserts that when an individual is

faced with excessive stimulation or any stressor,

at the initial stage the anterior pituitary gland

secretes adrenocorticotrophic hormone (ACTH),

which then activates the adrenal cortex to secrete

cortisol. During this stage, the hormone output

from the adrenal cortex increases rapidly. After

the initial stage of alarm reactions, the second

stage of resistance comes into play with an inten-

tion to get consequent improvement or disappear-

ance of symptoms bymeans of resisting or having

a complete adaptation to the stressor. For the

obvious reason of resistance or adaptation, the

output of corticosteroids (cortisol) remains high

but stable during the resistance stage. Finally, if

the stressors acting on the individual are so severe

and prolonged that individual’s resources and

somatic defenses get depleted, the third stage of

exhaustion occurs. Since secretion of corticoste-

roid hormones has been constantly high during

the resistance stage, over prolonged exposure, the

anterior pituitary and the adrenal cortex lose their

capacity to secrete hormones, and the organism

can no longer adapt to the stressor. Hence, stress

symptoms reappear, and if the stress response

continues at same degree without getting sub-

sided, vulnerable organs as determined by

individual’s genetic and surrounding environ-

mental factors are likely to break down. This

breakdown results in illness and ultimately

death. Selye’s paradigm of GAS claims that any

stressors or noxious agent, physical or psychoso-

cial in nature, would mobilize a similar GAS

response [35].

Selye’s model got a huge momentum and pro-

moted many physiological researches on similar

lines; however, in contrast, critiques of Selye’s

model disagree with the presence of GAS and

suggest that each stressor elicits its own distinct

physiological reactions [36, 37]. Though these

researchers agree that there is a nonspecific phys-

iological response to stressors, they emphasize on

the appraisal of any stimulation as stressful and

claim that the physiological response is a con-

comitant of the emotional reaction that occurs

when situations are appraised as stressful. When

conditions are designed to reduce the psycholog-

ical threat that might be engendered by labora-

tory procedures, there is no nonspecific reaction
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to a physical stressor [37]. It has been found

that by minimizing competitive concerns and

avoiding severe exertion, the danger of young

men getting threatened by treadmill exercise was

reduced, and as the associated emotional reactions

were removed, the GAS pattern was not found [37,

38]. In his later works, Selye [35, 39] acknow-

ledged that there are both specific as well as gen-

eral (nonspecific) factors in physiological response

to a stressor. He also suggested that the GAS does

not occur or is at least not destructive in response

to all kinds of stressors; however, he maintained

that the nonspecific response is not mediated

psychologically always [8].

Taking the bio-physiological aspects of

stress further, since the late 1970s, interest in

the biological bases of psychiatric disorders has

stimulated an alternative focus on the HPA and

the possible role of HPA dysregulation in devel-

opment of depression and other psychiatric

disorders has been explored. It has been seen

that relatively pronounced HPA activation is

common in depression, with episodes of cortisol

secretion being more frequent and of longer

duration [40]. However, not much of research

evidence exists to clarify whether the hyper-

activation of HPA is a cause or effect of depres-

sive disorders. HPA regulation may play a role in

other psychiatric disorders as well.

Other Associated Physiological Changes
Although majority of researches discuss

hormones of the SAM and HPA as the biochemi-

cal substances involved in stress responses, a

range of other hormones, neurotansmitters, and

brain substances have also been found to react in

response to different kinds of stressors, and they

also play significant role in determining the influ-

ence of stress on different aspects of health. These

include stressor-associated elevations in growth

hormone and prolactin secreted by the pituitary

gland and in the natural opiates beta endorphin

and enkephalin released in the brain [8, 41].

Developmental Perspective

Some of the researchers interested in life-span

development focus on the role of life events with

regard to development. Researchers with the

developmental perspective believe that “life

events are as integral to life-span development

theory as are atoms and other lesser particles

to physical theory” [42, p. 368]. By such a

group of researchers, life events are considered

as agents of disequilibrium that generate the pos-

sibility of positive development. This view is

guided by an implicit model of growth which is

based upon the cognitive theory of schema build-

ing. Stress is considered as a necessary factor in

learning by cognitive theories. In order to adjust

the thinking of the child for including new infor-

mation, the world must become unbalanced and a

state of disequilibrium must arise. Cognitive-

developmental theorists assume that all type of

human behavior is the product of “thinking” and

that this thinking is a process of adapting and

reconstruing cognitive structures. The scientists

supporting this perspective believe that when

children get to know that their cognitive schemas

do not cover the situation, a state of disequilib-

rium arises that, in order to achieve equilibrium,

is followed by a readjustment to the thinking

patterns of the children [43].

Pointing on some of the specific focus areas

of the researchers interested in the approach to

study stress from a life-span development per-

spective, Robson [43] has cited that the group of

stress researchers who are fascinated by life-span

development [42, 44, 45] have recognized sev-

eral characteristics of life events that appear to be

quite important in the study of adolescent stress

but appear to have been ignored in the research.

Few such characteristics include (a) the age-

relatedness of many biological and social events,

for example, physical growth, changes in the

endocrine system, development in the brain and

central nervous system, changes in social roles,

and family and school transitions; (b) emphasis

upon the social distribution of events, for exam-

ple, economic depression; and (c) a highlighting

of historical or cohort effects upon events, for

example, the difference in an adolescent’s expe-

rience of life events during the second world war

and another’s experience during the “swinging

sixties” [46]. The importance of life events in the

investigation of the stress process in children

from this focus seems very relevant and connects
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with importance of developmental issues such

as children’s response to parental separation,

coping in achievement contexts, repression or

sensitization, and developing resilience [43].

It has been seen that major theories of growth

and development have two main focuses. One

approach concentrates on child as an individual

and the other one views development as a prod-

uct of social interaction. As pointed out earlier,

stress is considered as a necessary factor for

learning by the cognitive theories. Supporters of

psychodynamic approach believe that babies are

born with internal instinctive drives that need to

be discharged and stress is the outcome of the

interplay the tension of an unmet drive and

energy spent in the release of a drive. If it is not

possible for the child to achieve an optimal bal-

ance between need gratification and delay, they

tend to become disorganized under stress [43].

Compared to the psychodynamic perspective,

behavioral theories assume stress coming from

the external environment. The supporters of

this perspective maintain that stress is learned,

reinforced, and maintained by environmental

consequences. Providing an explanation for a

child’s response to stress, the social learning

theory [47] asserts that adolescents’ problems

are a result of our culture and social learning

and the primary determinant of successful coping

is the ability to feel in the control of the situation,

thereby indicating a developmental and learning-

based cognitive explanation rather than a simple

stimulus–response model.

Environmental Stress Perspective

Stressful life events have derived the interest of

researchers in studying the role of stressors in

human disease. The initial seminal work of

Adolf Meyer in 1930s culminated interest in

understanding the role of life events in stress

and other resultant illnesses. Meyer advocated

the use of a life chart by physicians to record

the life events of the patients as part of prelimi-

nary medical examination in order to check the

etiologic importance of the elicited life events for

a variety of physical illnesses [48]. Meyer’s

ideas were highly influential and led to a sub-

stantial body of research which established

that stressful life events were associated with a

variety of physical illnesses [49]. Focusing

on other environmental (external) factors, a lon-

gitudinal study in telephone operators brought

out that rather than normal periods, illness was

much more likely to occur during periods of

inordinate demands, frustrations, and losses

[50]. The interest in the research on stressful

life events advanced with the development of

“Schedule of Recent Experiences” (SRE; [51])

as an effort to systematize Meyer’s life chart. The

researchers conducted by using the SRE

documented associations between stressful life

events and illnesses including skin diseases and

heart diseases [20]. Studies in this direction

advanced with modification of SRE as Social

Readjustment Rating Scale (SRRS; [52]) that

incorporated standardized weighted events

based on degree of difficulty required to adjust

to the event. The SRRS provides a summary

measure of environmental stressors as a sum of

life change units. The SRRS furthered the

research and found associations between stress-

ful life events and illnesses like sudden cardiac

death [53]. These researches documented that

the effects of stress operate largely through the

creation of excessive adaptive demands, and

researchers became more concerned with the

magnitude of life change rather than whether

the change was positive or negative [38]. The

environmental perspective-based researches of

stress continued with taking subjective experie-

nces into account, development of investigator

ratings based on life event interview, and

attempts were made to estimate the impact of

an event in a specific context for the average

person, avoiding individual subjective reactions

[54]. Scales were also developed to assess stress-

ful events in specific populations like children,

adolescents, and the elderly. The basic research

has further continued substantively using newer

stressful life event measures to document the

effects of stressful events on a variety of physical

and mental health outcomes [38].
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Psychological Perspectives on Stress

On the basis of researches being conducted in

their domain, the psychological perspectives on

stress emphasize on specific personality traits,

psychological states, and behavioral responses.

Few such psychological focal notions that pro-

mote different types of researches may include

that individuals with some particular person-

ality traits may be more prone to stress and/or

its effects, certain specific psychological and

social states may predispose an individual

towards stress, and various types of covert and

overt behavioral responses can occur as reactions

to the stressors and the resultant stress [5].

Psychological research paradigms on stress are

primarily focused on – studying the types of

external stimulation and circumstances that pro-

voke psychological stress, understanding the

types of mechanisms that poses these circum-

stances as stressors and connects them to stress,

and exploring the contextual, buffering/exacer-

bating, and mediating and/or moderating factors

that influence the stress processes [55]. Different

conceptual models attempt to document the pro-

cesses of “buffering” the relationship between

stressors and the experience of stress. In such

a psychological perspective-based stress-

suppression model, when the individual is under

excessive demands, then that stress exposure

mobilizes a “resource,” which then alleviates

stress by affecting the appraisal of the stressor,

by modifying the responses to the stressor, by

checking further stress proliferation, and/or

by controlling the relation between stress and

ill-health [13]. These factors can be viewed as

moderators of the stress process, and the

approach focuses more on studying the possible

moderators and the moderation process. Another

such research model portrays resources as caus-

ally antecedent to stress in a way that resources

decrease the exposure to stress, rather than its

impact on health [18]. Such resource factors

are viewed as mediators of the stress process.

Mediation process and the mediator variables

are of special attention in such psychological

researches. In another research model, stress

and resources are considered to remain

completely independent of each other and having

separate and opposite effects. According to this

model, resources counterbalance the stressor

rather than buffering it since support operates

independently even in the absence of stress

[11]. Researchers studying the resources acting

as stress buffers/exacerbators have primarily

centered on personality traits, coping strategies

and styles, and external resources available with

the individual [13].

The personality factor paradigm has focused

on exploration of two types of personality traits –

the ones that act as buffer against stress and

the others that increase the vulnerability of the

individual. Hardiness, optimism, self-control,

self-efficacy, self-esteem, ego strength, sense of

coherence, extraversion, humor, and conscien-

tiousness are among those that buffer against

stress and act as the protective factors. On the

other hand, negative affectivity (including anger,

anxiety, hopelessness, helplessness, depression),

lack of emotional stability, pessimistic explana-

tory style [13], type A behavior pattern, and

external locus of control [11, 55, 56] are aspects

of one’s personality that make him or her vulner-

able to stress experience.

Further the psychological stress paradigm

places emphasis on the organism’s perception

and evaluation of the potential harm posed by

objective environmental experiences. Individuals

label themselves as stressed and experience a

concomitant negative emotional response when

they perceive that environmental demands are

exceeding their abilities to cope. Psychological

models of stress argue that events influence only

those persons who appraise or perceive them as

stressful. It is also assumed to be quite significant

by the psychological perspective that stress

appraisals are determined not solely by the stim-

ulus condition or the response variables, rather

they are determined by persons’ interpretations

of their relationships to their environments. That

is, one’s perception of experiencing stress is a

product of the interpretation of the meaning of an

event and the evaluation of the adequacy of own

coping resources [8]. One of the most influential
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model of the appraisal process claims that

[20, 57] an appraisal of a stimulus as threatening

or benign, termed primary appraisal, occurs

between stimulus presentation and stress reac-

tion. Lazarus [36, 58] has later asserted that a

situation will also result in a stress reaction if it is

evaluated as a harm/loss, threat, or challenge.

This perspective assumes two classes of

antecedent conditions for primary appraisal.

These conditions include the perceived features

or characteristics of the stimulus situation (e.g.,

magnitude, intensity, imminence, or durations)

and the psychological structure of the individual

(e.g., belief system, thought pattern, and person-

ality dispositions). When a stimulus is appraised

stressful and as requiring coping response,

individuals evaluate their coping resources

to eliminate or control stress. This process of

evaluation of coping resources and thoughts

of controlling stress is termed as “secondary

appraisal” [20]. Researchers of this perspective

claim that there may be two types of models

for coping. Coping responses or strategies may

involve actions designed to directly alter the

stressors (e.g., problem confrontation) or thoughts

or actions whose goals are to relieve the emo-

tional responses (i.e., body or psychological

disturbances). The former is considered as “prob-

lem-focused” coping and the latter is referred to as

“emotion-focused” coping [20]. This approach

explains that if one perceives that effective coping

responses are available, then there is no stress

response, and if, on the other hand, one is uncer-

tain about the coping with a situation appraised as

stressful, threatening, or demanding, then stress is

experienced. The psychological perspective of the

cognitive appraisals of the situation and coping

resources also attempts to explore and understand

the kind of responses elicited by the appraisal

of threat.

In addition to the mentioned two types of

coping strategies, other coping strategies that

have been the subject matter of the psycho-

logical stress realm include self-control, positive

reappraisal, accepting responsibility, and seek-

ing social support [13]. Other psychological

paradigms devote their efforts in understanding

individual specific habitual preferences for

approaching problems termed as “coping styles”

[12]. The general two types of coping styles can

be confrontative and avoidance styles. Different

researchers at times posit to have different

opinions about specific types of coping styles,

but coping styles, in general, appear to mediate

the relationship between personality traits and

the stress effects [13]. Social support has also

been studied as a coping supplement that acts as

buffers of the harmful effects of stressors [55].

Furthermore, the research from the psychological

perspective has led to a number of insights into

the understanding of stress including the recipro-

cal relationship between life events and the stress

process [13]. Researchers are also devoting to

understand various psychological factors that

can enable people to respond appropriately to

stressors and successful coping strategies that

can mitigate negative psychological responses

and avoid health-damaging effects. The psycho-

logical perspective considers an individual as an

active agent involved in the stress process and

appreciating the individual as activist provides

challenging opportunity to explore more fully the

interplay between personal agency and structural

constraints [12].

Sociological Perspective

Looking at stress research from sociological or

anthropological perspectives, it is evident that

stress research in these disciplines has tended to

focus on analyzing differences in group vulner-

ability, and the issues of gender, class, racial, and

cultural differences are found at the center of those

researches. Researchers with an anthropological

bent of mind tend to have an integrative view,

and they emphasize on embedded system of stress

and disease in the complex interplay of social orga-

nization, cultural context, and historical change [4,

55]. Citing sociology researchers [12, 16], Paradies

[5] has put forth that the stress construct provides

a potentially valuable bridge linking large-scale

organizationwith individual experience and action

and it has the ability to absorb the far-reaching

notion of inseparability between the circumstances

of social life and individual functioning [5].
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The attempt is made by the sociological

perspective to provide an overall understanding

of why social inequalities among people, in

terms of the social distribution of stress wherein

chronic stressors are generally unevenly distri-

buted in society, reflect health inequalities among

people [55]. Well-being is deeply affected by

socially patterned differences in life circum-

stances. Hence, since social roles and socioeco-

nomic position signify differential exposure and

vulnerability to life stressors, they have significant

consequences on one’s health [59].

From a sociological perspective, stress pro-

cess can be understood in the sense that any

individuals’ respective position in the social

structure reflects inequality in resources, status,

and power; due to this inequality, different peo-

ple are differentially exposed to stressors which

in turn can damage their physical and psycholog-

ical health, and further, this health damage is

generally moderated by one’s psychological

resources and coping strategies which are again

socially patterned in such ways that members of

disadvantaged groups, at least partially, remain

more vulnerable to the harmful effects of stress

[12, 16, 17]. The existing research draws atten-

tion to the significance of social roles, socioeco-

nomic positions, and social patterning of health

according to major institutionalized roles and

unequal distribution of resources, but very limited

attention has been drawn towards the cause of

existence of such a pattern [59]. Some researchers

believe that sociological approaches to stress seek

stressors in the organization of lives and in the

structure of experience rather than among unre-

lated “risk factors” [16]. Exclusion from full par-

ticipation in the social system and the kind of

participation that does not provide expected

returns are two major pathways that link social

structure with stress [11]. Another perspective in

this domain proposes that to the extent that socio-

economic class, race and ethnicity, gender, and

age are systems that embody the unequal distribu-

tion of resources and opportunities; a low status

within them may itself be a source of stress [16].

Considering the structural perspective on

social causation, stress is understood as a conse-

quence of location in the social system as well as

a determinant of the psychological “distress.”

There is a focal relationship between social posi-

tion and psychological distress – stressful life

experience is but one pathway linking structure

to emotional well-being. “Location in the social

system influences the risk of encountering

stressors, which in turn influences the chances of

becoming emotionally distressed” [11, p. 19, as

cited by 5].Another research approach emphasizes

the link between a person’s social and subjective

existence and challenges various dichotomies such

as mind/body, culture/nature, and society/biology

[55]. Supporters of this approach consider it useful

in understanding that why some social groups are

more prone to stress-induced physical illness

rather than to psychological distress [11]. Some

sociological researchers on stress have challenged

the view that people are passive respondents to

external circumstances [55] by highlighting that

people may learn new strategies from stressful

experiences which can be mobilized to meet the

demands of the situations [4].

Occupational Stress Perspective

Stress is an all prevailing phenomenon. The occu-

pational perspective on stress devotes researches

in finding the occupational or organizational

situations or structures acting as stressors.

Although, again like the psychological perspec-

tive, the role of certain individual specific factors

cannot be denied, the nature of stressors and the

nature of their resultant influences are somewhat

different in case of organizations. The occupa-

tional stress research paradigm primarily attempts

to explore the elements of job that cause terms of

job stress among employees, and efforts are

directed to optimize the organizational produc-

tivity by means of reducing employee stress. The

other occupational aspects that draw attention of

researchers include types of role, role overload,

role conflict, work-overload, sense of belonging-

ness and security, employee empowerment,

interpersonal conflicts, work–family interference

and balance, and managerial shortcomings.

Researchers with occupational perspective

demonstrate apt concern to the nature of
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stressors, most of which are controllable by orga-

nization level interventions rather than individual

coping efforts. At the target of the occupational

research outcomes are the mutually related

aspects of stress-free working environment and

satisfied employees, which in turn increase orga-

nizational productivity. Some of the researchers

are inclined to create socially harmonious

organizations by studying the factors that incul-

cate cohesiveness and generate drive to the

common organizational goals, whereas others

draw their researches on the lines of understand-

ing and promoting the factors that are individual

employee specific and which generate sense

of competition for higher relative achievements.

In general, though some of the variables studied

by occupational researchers are particular to

organizational settings, the occupational per-

spective utilizes a mixed of the psychological

and sociological approaches.

Conclusive Words

The concept of stress has long been the focus of

researches in various biological, physiological,

and behavioral science disciplines. Enormous

numbers of efforts have been devoted by the

scholars to explore and comprehend various

dynamics of stress. Even after around a century

long devoted innumerable research efforts, there

exist numerous crucial questions that still need

answer. New queries are emerging day by day

and so are the research paradigms. Today the

dedicated scientific and research community is

trying to not leave any stone unturned. Advanced

research methodologies are being applied.

Though the stress research has been utilizing

robust research designs and appropriate analyti-

cal methods, there has been a relative isolation as

far as application of more than one methodologi-

cal approach is concerned. Though it is well

evident that the existing researches have tried

to add to the epistemological understanding

of stress by means of using laboratory-based

experimental designs, multifactor comparative

factorial designs, and correlational designs,

different aspects of the stress domain have lesser

been subjected to more than one design. Simi-

larly, there have been substantial number of

cross-cultural studies; however, the list of the

aspects that have been explored across different

cultures remains relatively small. Though there

have been many longitudinal studies and plenty

of cross-sectional studies, the combination of the

two is yet to be seen. Majority of the existing

researches have used either of the two types of

data, that is, either quantitative or qualitative, and

there is a paucity of researches that support their

evidence by both kinds of data – qualitative as

well as quantitative. Though some of the earlier

researches have attempted to explore the

mediators and moderators of stress and its

reactions, future researches should go beyond to

explore the mediated-moderation and moderated

mediation. There exist different interdisci-

plinary explanations of various stress conceptua-

lizations, which, though may be adequate to the

respective disciplinary realm, keeps a lay reader

somewhat confused in his comprehension. As it

is evident that even after year-long research

efforts some aspects of the stress domain do not

reflect consensus among different researchers,

we call for more researches with combined meth-

odological approaches tested with multivariate

analytic methods. Future researches should fur-

ther simplify the understanding of the concept of

stress from a multidisciplinary perspective so

that all the underlying dynamics to face and

eliminate can become easily comprehendible.
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Therapeutic Potential of Intermittent
Hypoxia: Lessons from Respiratory
Motor Plasticity

A. Navarrete-Opazo, E.A. Dale, and Gordon S. Mitchell

Abstract

Intermittent hypoxia (IH) is a subject of considerable interest since it has

both beneficial and adverse effects. Unfortunately, a lack of consistency in

the use of the term “intermittent hypoxia” has led to considerable confu-

sion in the field. In reviewing available literature, the physiological and

pathological impact of IH appears to be highly associated with the effec-

tive IH “dose.” IH consisting of modest hypoxic episodes (�9 % inspired

O2) and lesser numbers of hypoxia/reoxygenation events per day

(�15 cycles/day) is generally associated with beneficial effects in multi-

ple body systems. In contrast, severe hypoxic episodes (<9 % inspired

oxygen) and more frequent hypoxic episodes per day (40–2,400 cycles/

day) shift the balance towards morbidity. In accordance, the impact of IH

on the neural system controlling breathing is critically dependent on

variables including the pattern of hypoxia (intermittent versus sustained),

the severity of hypoxia within episodes, and the overall duration of IH

exposure (minutes to years). A low IH “dose” (few episodes, moderate

hypoxia) elicits serotonin-dependent spinal, respiratory motor plasticity

that may be harnessed as a therapeutic approach to improve respiratory

function in clinical conditions that impair breathing, such as cervical

spinal injury. With a similar protocol but more severe hypoxic episodes,

a distinct adenosine-dependent mechanism of spinal respiratory motor

plasticity is observed. The cumulative effectives of repeated, low-dose

IH (metaplasticity) suggest that repetitive, acute IH may represent a

simple, safe, and effective treatment to promote meaningful therapeutic

benefit in a range of clinical conditions that compromise respiratory

(and nonrespiratory) somatic motor function.
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Introduction

Intermittent hypoxia (IH) consists of repeated

hypoxic episodes, interspersed with intervals of

normoxia. In recent years, considerable attention

has been paid to IH, in part because of its role in the

pathology experienced by individuals with sleep-

disordered breathing (e.g., hypertension, learning

deficits, metabolic syndrome, etc.) [1–5]. On the

other hand, considerable literature also suggests

that IH has beneficial effects. For example, “inter-

mittent hypoxia” increases aerobic athletic perfor-

mance [6] and promotes recovery of lost

respiratory and nonrespiratory somatic motor

function with traumatic [7–9] or neurodegenera-

tive spinal injury [10]. Here we consider

distinctions between the IH protocols giving rise

to pathology versus beneficial effects and then

consider the mechanisms and implications of

respiratory and nonrespiratory motor plasticity

elicited by modest protocols of IH. In specific,

the goals of this brief review are to (1) differentiate

between the experimental IH protocols giving rise

to beneficial versus pathological effects inmultiple

body systems, (2) review the impact of modest IH

protocols on respiratory and nonrespiratory motor

function, (3) review recent advances in our under-

standing of mechanisms giving rise to that IH-

induced motor plasticity, and (4) consider the clin-

ical implications of IH-induced motor plasticity.

A Diversity of Experimental IH
Protocols

The specific protocol or “dose” of IH differs appre-

ciably among research fields (and even groups),

leading to discrepancies in terminology and

making it difficult to make generalizations

concerning the beneficial versus pathological

effects of IH. For example, the inspired oxygen

(O2) during hypoxic episodes ranges from 2 to

16 %, causing large differences in the severity of

hypoxemia during each episode. The duration of

hypoxic episodes can be as brief as 15–30 s or as

much as 12 h. The number of hypoxia/reoxygena-

tion cycles varies from 3 to more than 2,400

(in aggressive protocols intended to simulate

obstructive sleep apnea). The overall duration of

the entire IH protocol can be less than 1 h to

between 2 and 90 days.

Moderate hypoxia (�9 % inspired O2) and

lower numbers of hypoxia/reoxygenation cycles

per day (�15 cycles/day) are generally

associated with reported beneficial and/or thera-

peutic IH effects [6–8, 11–24]. In contrast, severe

(<9 % inspired O2) and/or more frequent

(40–2,400 cycles) presentations of hypoxia/reox-

ygenation are generally used in studies reporting

deleterious/pathological effects [1, 2, 4, 5,

25–32]. In other words, the biological impact of

IH is a matter of “dose” [33].

Although cellular/molecular mechanisms

distinguishing IH protocols that differ in “dose”

are undoubtedly complex, and not completely

understood, some have hypothesized that recurrent

hypoxia/reoxygenation is similar to repetitive

ischemia-reperfusion injury caused by increased

reactive oxygen species (ROS) formation during

each reoxygenation event [34]. Accordingly, IH

protocols characterized by more frequent hypoxic

episodes are expected to elicit detrimental effects

from greater oxidative stress. Conversely, mild or

moderate IH protocols are less likely to cause

ROS-related injury, enabling the expression of

beneficial effects that may be harnessed for thera-

peutic advantage. Indeed, accumulating evidence

demonstrates that a moderate IH protocols repre-

sent a simple, safe, and effective means of promot-

ing meaningful therapeutic benefits in diverse

clinical disorders.

Multiple Body Systems Exhibit
Benefits and Pathology After IH

Moderate IH has been reported to induce

therapeutic benefits in clinical disorders

associated with immune, metabolic, learning,

cardiovascular, and neural (including respiratory

and nonrespiratory somatic motor systems)

pathology. Conversely, severe IH protocols are

more likely to cause/exacerbate morbidity/

pathology in these same systems.
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Cardiovascular Function

Intense protocols of chronic intermittent hypoxia

(CIH) are strongly associated with hypertension

and heart disease [1, 2, 25–27, 35]. On the other

hand, moderate IH has beneficial cardiovascular

effects in humans and animal models [14, 36]. For

example, abundant literature describes therapeutic

benefits of moderate IH in the treatment of sys-

temic hypertension; IH consisting of 10, 5-min

episodes per day (10–14 % O2; 5-min normoxic

intervals) reduced both systolic and diastolic blood

pressure, heart rate, and peripheral resistance in 56

patients with stages I–II hypertension [14].

Mechanisms postulated to explain these antihyper-

tensive effects of moderate IH include reduced

sympathetic nervous activity [37, 38], prevention

of calcium overload of vascular smooth muscle

[39], improved water and salt metabolism [40],

increased antioxidant enzyme activity [41], and

increased synthesis of the angiogenic growth

factors vascular endothelial growth factor

(VEGF) and fibroblast growth factor (FGF) [42].

Immune Function

Although CIH (severe IH) is associated with

systemic and central neural inflammation [31,

34], there is some evidence to support beneficial

effects and possible clinical utility of moderate IH

protocols in immunologically compromised

patients. For example, moderate IH enhances the

innate immune system, but also has anti-

inflammatory effects [19, 43, 44]. Exposure of

cultured human hematopoietic stem progenitor

cells to between 1 and 3 % O2 activates hemato-

poiesis [43, 44]. In healthy subjects, exposure to 4,

5-min episodes of 10%O2 interspersedwith 5-min

normoxic intervals for 14 days decreases

circulating hematopoietic stem progenitor cells,

activates complement, increases circulating

platelets, augments phagocytic and bactericidal

activities of neutrophils, and suppresses proinflam-

matory mediators such as TNF-α and IL-4 by

>90 % [19]. These responses, which persist at

least 7 days post-IH, may augment the body’s

immune defenseswhile suppressing inflammation.

Metabolic Function

Moderate IH protocols have beneficial effects on

metabolic functions, including effects on body

weight, cholesterol, blood sugar levels, and

insulin sensitivity. For example, IH (10–12 %

inspired O2, 3 times per week, 3–6 weeks) with

or without physical activity (20-min strength/

resistance exercise and 30-min high-intensity

aerobic exercise) is reported to be an efficient

way to lose weight and increase aerobic capacity

[6]. Such moderate IH may reduce body weight

by increasing leptin expression and release [45].

Although leptin is involved in body weight regu-

lation, it also plays key roles in inflammation,

immunity, tissue repair, and angiogenesis. Thus,

IH-induced leptin upregulation may improve

peripheral tissue repair [46]. Moreover, moderate

IH (12 h 14 % O2, 7 days/week, 4 weeks), with or

without training, improves glucose tolerance and

increases glucose transporter (GLUT4) expres-

sion in rats [11]. Increased GLUT4 levels and

activity may increase glucose removal from the

blood [11, 47–49].

Central Nervous System Function

Intense CIH causes cognitive impairment in

rodents, and this effect is greatest when CIH is

experienced early or late in life [4, 28, 50–52].

CIH is associated with cognitive impairment in

humans [5]. The pathological effects of CIH on

learning and memory are associated with neuro-

nal apoptosis and cytoarchitectural disorganiza-

tion in the hippocampal CA1 subfield as well as

the frontoparietal cortex [4]. In contrast to CIH,

moderate IH protocols do not elicit detectable

central nervous system pathology. For example,

in rats exposed to 10, 5-min episodes of 10.5 %

inspired O2 (5-min normoxic intervals) for seven

consecutive days [7, 53] or 3 days per week for

10 weeks [7, 53, 54], there are no signs of hippo-

campal apoptosis, reactive gliosis, or systemic

hypertension.

In contrast to CIH, moderate IH may increase

brain development in early life, leading to

increased learning capacity [12, 16, 55, 56]. For
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example, neonatal mice exposed to IH (10.8 %

inspired O2, 4 h/day) from birth to 4 weeks of age

exhibit enhanced Morris water maze and 8-arm

radial maze performance [12, 16]. In addition to

the beneficial/deleterious actions of IH on brain/

cognitive function, IH also triggers respiratory

and nonrespiratory motor plasticity [33]. This

topic will be the focus of the remainder of this

brief review.

Moderate Acute Intermittent Hypoxia
(AIH) Induces Respiratory Motor
Plasticity

In contrast to earlier views, the respiratory

motor control system exhibits considerable

plasticity [57]. One of the most extensively

studied forms of respiratory plasticity is phrenic

long-term facilitation (pLTF) induced by

acute intermittent hypoxia (AIH) [58]. In

anesthetized, paralyzed, and ventilated rats,

AIH (3, 5-min episodes of 10 % O2 separated

by 5 min of 50 % O2) elicits a progressive

and sustained increase in phrenic motor output

lasting more than 90 min post-hypoxia (i.e.,

pLTF; [59]). pLTF is pattern sensitive since

continuous hypoxia of an equal cumulative

duration does not elicit the response [60]. A

slightly longer AIH protocol (8–10, 5-min

episodes of 10.5 % O2, 5-min intervals) elicits

long-lasting increases in inspiratory EMG activ-

ity of the diaphragm, genioglossus [61–63], and

second external intercostal muscle [64].

Similar IH protocols also elicit ventilatory

long-term facilitation (vLTF) in multiple species

[59, 65]. Ventilatory LTF has been reported in

dogs [66], goats, [67], ducks [68], rabbits [69],

rats [70], and mice [71]. In humans, ventilatory

LTF is evident only if carbon dioxide is sustained

slightly above baseline levels during wakeful-

ness [72, 73], but can be observed during

normocapnic conditions when asleep [74].

AIH-induced LTF is a central neural mecha-

nism in normal animals. Indeed, phrenic LTF was

first reported in anesthetized cats while recording

phrenic nerve activity after episodic stimulation of

the cut, central end of the carotid sinus nerve

[75, 76]; this finding alone demonstrates that

pLTF can result exclusively from central neural

mechanisms. Although activation of the periph-

eral arterial chemoreceptors plays a clear role in at

least some forms of LTF in normal animals [59],

the plasticity itself arises in within individual

respiratory motor nuclei [77–79]. Although

AIH-induced pLTF is attenuated in rats with sur-

gical [80] or chemical carotid chemodenervation

[81], it is not eliminated, suggesting that at least

some pLTF can occur without functional carotid

body chemoreceptors. Plasticity within the carotid

body chemoreceptors per se does not normally

contribute to LTF since carotid chemosensory

LTF is not observed in rodents unless they

have been pretreated with chronic intermittent

hypoxia [82, 83].

In longer time domains, CIH or repetitive AIH

(rAIH) reveals an enhanced capacity to express

AIH-induced pLTF (i.e., metaplasticity; [57,

84]). In rats, enhanced AIH-induced pLTF is

observed after pretreatment with (1) cervical

dorsal rhizotomy [85], (2) CIH [86], and (3)

repetitive AIH (rAIH) [53, 87, 88]. For example,

CIH pretreatment (5-min episodes of 11–12 %

O2; 5-min normoxic intervals; 12 h/day, 7 days)

nearly doubles pLTF in anesthetized rats [86]

and ventilatory LTF in unanesthetized rats [89].

rAIH elicits similar pLTF metaplasticity (but

without detrimental effects associated with

CIH) [53, 87, 88]. Similarly, rats exposed to

rAIH (ten 5-min episodes/day, 3 days/week,

4 weeks) enhance subsequent AIH-induced

pLTF [87, 88] without signs of hippocampal

pathology [54]. Repetitive AIH appears to be a

safe and effective means of eliciting respiratory

motor plasticity; thus, rAIH may represent a

novel therapeutic approach in the treatment of

clinical disorders associated with respiratory

insufficiency [7, 33, 90].

Cellular Mechanisms of AIH-Induced
Respiratory Motor Plasticity

In recent years, we have made considerable

progress towards an understanding of cellular

mechanisms giving rise to respiratory motor

plasticity. Such an understanding is essential to

minimize pathology and maximize benefits as we
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test/develop IH as a viable therapeutic tool. What

we have come to realize is that the picture is

complex and that multiple, distinct cellular

mechanisms give rise to IH-induced respiratory

motor plasticity depending on the severity, pat-

tern, and duration of hypoxic exposure.

Multiple cellular mechanisms elicit phenoty-

pically similar respiratory motor plasticity

(Fig. 1) [33, 78, 79]. Brief AIH protocols with

mild to moderate hypoxic episodes (arterial

PO2 > 35 mmHg) trigger episodic release of

serotonin in or near the phrenic motor nucleus

[91, 92], thereby activating 5-HT2 receptors

[77, 93–95]. Episodic 5-HT2 receptor activation

subsequently activates phospholipase C/protein

kinase C theta [96], triggers new synthesis of

brain-derived neurotrophic factor (BDNF) [97],

and activates the high-affinity BDNF receptor

TrkB [97, 98] and then signals via ERK MAP

kinase activation [53, 99]. Although downstream

events are less clear, activated ERK may

strengthen excitatory glutamatergic synapses

Fig. 1 Diverse cellular mechanisms of phrenic motor

facilitation (Modified from Dale et al. [33]). In our work-

ing model, moderate acute intermittent hypoxia (AIH)

stimulates serotonin (5-HT) release from raphespinal

projections near phrenic motor neurons. Activation of

serotonin type 2 (5-HT2A and/or 2B) receptors (both Gq

protein coupled) increases PKC activity, thereby

stimulating new BDNF synthesis within phrenic motor

neurons. BDNF is released extracellularly, binding and

activating its high-affinity receptor, mature TrkB.

Activated TrkB phosphorylates and activates ERK/MAP

kinases (pERK), subsequently leading to functional

enhancement of glutamatergic synaptic inputs from

bulbospinal respiratory motor neurons through an uncer-

tain mechanism (possibly involving glutamate receptor

trafficking). This intracellular cascade is referred to as

the Q pathway to phrenic motor facilitation and is

responsible for phrenic LTF after moderate AIH protocols.

In contrast, severe hypoxia during AIH episodes triggers

greater ATP release from nearby glia, leading to extracel-

lular adenosine accumulation. By activating Gs protein-

coupled A2A receptors on phrenic motor neurons,

increased cyclic AMP formation triggers new synthesis

of an immature TrkB isoform; this immature isoform auto-

phosphorylates (without BDNF) and signals from the

(intracellular) Golgi apparatus via protein kinase B/Akt

activation (pAkt); Akt activity subsequently leads to func-

tional enhancement of glutamatergic synaptic inputs from

bulbospinal respiratory neurons by an uncertain mecha-

nism. This intracellular cascade is referred to as the S

pathway to phrenic motor facilitation and is responsible

for phrenic LTF with severe AIH protocols. These diverse

pathways confer flexibility in the phrenic response to IH

and may be harnessed for therapeutic advantage
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onto phrenic motor neurons [100]. For example,

N-methyl-D-aspartate (NMDA) receptors are

essential for the maintenance of pLTF since

application of an NMDA receptor antagonist

reverses established AIH-induced pLTF [101].

Collectively, this cellular cascade is referred to

as the “Q pathway” since the initiating receptor is

a Gq protein-coupled metabotropic receptor, and

multiple receptors signaling via Gq proteins

elicit a similar response [78].

A distinct cellular cascade to phrenic motor

facilitation is observed when metabotropic

receptors coupled to Gs proteins are activated

on or near phrenic motor neurons (Fig. 1) [78].

For example, adenosine 2A [102] or 5-HT7

receptor activation in the cervical spinal cord

[103] triggers new synthesis of an immature

TrkB isoform that auto-dimerizes, auto-

phosphorylates, and signals from within the cell

via protein kinase B (i.e., Akt). This cellular

cascade is referred to as the “S pathway” since

multiple Gs protein-coupled metabotropic

receptors elicit the response [78].

Although AIH with mild to moderate hypoxic

episodes (arterial PO2 > 35–40 mmHg) elicits

pLTF by the spinal, serotonin-dependent Q path-

way, phenotypically similar pLTF is observed

when severe hypoxic episodes (arterial PO2

< 30 mmHg) are used. However, in this case,

the facilitation arises from a different adenosine-

dependent (serotonin-independent) mechanism

[104]. Thus, pLTF results from completely dis-

tinct mechanisms, depending on the severity of

hypoxia within each episode of the AIH protocol

(Q pathway with moderate but S pathway with

severe hypoxia).

The Q and S pathways to phrenic motor

facilitation interact via cross-talk inhibition.

For example, with moderate AIH, either cervical

adenosine 2A [105] or 5-HT7 receptor inhibition

[106] enhances pLTF. Thus, subthreshold S

pathway activation inhibits the predominant Q

pathway-dependent pLTF, and this cross-talk inhi-

bition results from a PKA-dependent mechanism

[106]. By understanding interactions between cel-

lular cascades and phrenic motor facilitation, we

have come to realize that the diversity of potential

mechanisms confers flexibility to respondwhen IH

varies in severity and/or duration [33]. We have

also come to understand that these interactions

underlie emergent properties of pLTF, such as its

hallmark pattern sensitivity [79]. Finally, by

manipulating cross-talk interactions to advantage,

we may be able to enhance the impact of IH as we

harness its therapeutic potential.

Mechanisms giving rise to metaplasticity in

pLTF are not fully understood. Following CIH

preconditioning and cervical dorsal rhizotomy,

the enhanced pLTF is still serotonin dependent.

However, following CIH preconditioning, there

appears to be an increased role for novel seroto-

nin receptors, particularly 5-HT7 receptors

[86, 89]. Following CIH (5-min episodes of

11–12 % O2; 5-min normoxic intervals; 12 h/

day, 7 days), the nonselective serotonin receptor

antagonist methysergide blocks AIH-induced

pLTF, yet the more selective 5-HT2 receptor

antagonist ketanserin is no longer able to block

the response completely [86]. The “missing”

serotonin receptor appears to be of the 5-HT7

receptor subtype since antagonists that block

this receptor eliminate residual pLTF observed

after 5-HT2 receptor inhibition [86].

Following repetitive AIH (10, 5-min episodes/

day, 3 days/week, 4 weeks), 5-HT2A receptor

expression, BDNF, TrkB, and phospho-ERK

within the phrenic motor nucleus are all

increased [54]. In this case, the role of different

serotonin receptors in pLTF metaplasticity has

not been investigated. However, in addition to

these Q-pathway molecules, rAIH also increases

HIF-1α-regulated proteins capable of eliciting

phrenic motor facilitation within the phrenic

motor nucleus, such as VEGF [107] and erythro-

poietin [108]. One study attempting to define the

role of these proteins in enhanced pLTF follow-

ing rAIH was inconclusive [109]. Considerable

work must be done before we will understand the

significance and mechanistic basis of pLTF

metaplasticity following IH preconditioning.

However, the existence of metaplasticity in

pLTF suggests the possibility that IH effects

may accumulate, amplifying the efficacy of IH

with repetitive exposures.
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Therapeutic Potential of Moderate IH
After Spinal Cord Injuries

Although further studies are needed to assess the

therapeutic potential of moderate IH in individuals

with cardiovascular, immune, metabolic, and/or

neural (cognitive or motor) disorders, moderate

IH appears to be safe, simple to administer, and

effective, offering considerable promise for clini-

cal application. One promising area for therapeutic

application is the treatment of motor deficits

caused by traumatic spinal injury.

More than one half of all spinal injuries (56 %)

occur at the cervical level [110], interrupting

descending bulbospinal pathways to respiratory

motor neurons and causing respiratory and

nonrespiratory somatic muscle paresis/paralysis

below the injury. Although our understanding of

CNS regeneration continues to advance, we are

far from harnessing this knowledge to treat

persons with chronic spinal injuries. In the short

term, a more realistic approach is to develop

treatments that restore function based on the

intrinsic capacity for spinal plasticity in spared

neural pathways (most spinal injuries are incom-

plete). Moderate IH has considerable potential to

promote spinal motor plasticity after spinal injury,

thereby increasing respiratory (and nonres-

piratory) motor functions [17, 33, 78, 90].

Cervical (C2) hemisection (C2HS) from the

midline to lateral edge of the cervical spinal cord

has been used extensively as a model to study

respiratory plasticity after cervical injury

[111–115]. C2 hemisection interrupts descending

bulbospinal pathways from the medulla to ipsi-

lateral phrenic motor neurons, paralyzing the

ipsilateral hemidiaphragm. Slow, limited sponta-

neous recovery of phrenic/diaphragm activity

occurs below the hemisection, a well-studied

phenomenon known as the crossed phrenic phe-

nomenon [112]. However, with respect to overall

breathing capacity, compensation may also occur

in contralateral (i.e., intact) phrenic and intercos-

tal (or other accessory) motor pools [116–119].

Our approach is to harness moderate IH to induce

additional plasticity in intact neural pathways to

respiratory motor pools.

Plasticity in spared neural pathways can occur

through changes in (functional) synaptic

connections, such as the activation of previously

silent crossed-spinal synaptic pathways to phrenic

motor neurons [112, 120]. Other adaptations also

increase breathing capacity in the face of spinal

injury [57, 111, 119]. All of these adaptations are

susceptible to IH-induced plasticity, amplifying

the recovery of breathing capacity [7]. For exam-

ple, with chronic C2 hemisection, AIH increases

ipsilateral phrenic motor output (i.e., pLTF; [121])

and ipsilateral diaphragm activity (Navarrete and

Mitchell, unpublished observations). AIH also

increases contralateral hemidiaphragm activity,

further contributing towards restoring breathing

capacity (Navarrete and Mitchell, unpublished

observations).

Repetitive IH protocols, such as daily AIH

(dAIH), further enhance functional recovery

after spinal injuries, both in terms of the magni-

tude and duration of effects. Specifically, rats

with C2 hemisections increase respiratory capac-

ity after dAIH [7, 17], restoring much of the lost

capacity to increase tidal volume [7, 122]. Initial

trials suggest that AIH at least partially restores

lost breathing capacity in humans with chronic

cervical spinal injuries [123], suggesting that this

is a promising avenue for further research.

In addition to its effects on breathing capacity,

repetitive AIH also improves nonrespiratory

motor function after cervical spinal injury. For

example, dAIH elicits long-lasting improvement

in a skilled walking task in rats with limited

cervical hemisections; specifically, rats improve

performance on a horizontal ladder walking task

when daily AIH is paired with ladder walking

training for 7 days [7]. Similarly, AIH restores

ankle strength in humans with chronic, incom-

plete spinal injuries (American Spinal Cord

Injury Association Impairment Scale C or D); a

single AIH presentation (15, 1-min episodes of

9 % O2; 1-min normoxic intervals) increases

voluntary plantar flexion torque generation and

gastrocnemius EMG activity by more than 80 %

for more than 90 min post-AIH [8]. A recent

randomized, double-blind, placebo-controlled,

crossover study tested the effect of dAIH (15,

90-s episodes of 9 % inspired O2, 60-s intervals,

Therapeutic Potential of Intermittent Hypoxia: Lessons from Respiratory Motor Plasticity 37



5 consecutive days) combined with overground

walking in persons with chronic, incomplete spi-

nal injuries (>1 year post injury; AIS D) [9]. In

this study, dAIH alone improved walking speed,

but dAIH paired with walking training increased

both speed and endurance (37 %) for at least

several days post-training [9].

Although the mechanisms underlying AIH-

induced plasticity after spinal injuries have not

been completely elucidated, tantalizing (but

incomplete) evidence suggests that AIH may

induce functional recovery via different

mechanisms at different times post-injury (i.e.,

Q versus S pathway). Similarly, we have only a

rudimentary understanding of cellular

mechanisms giving rise to IH-induced recovery

of nonrespiratory somatic motor function. Our

working hypothesis is that it reflects the same

serotonin- and adenosine-dependent mechanisms

characteristic of IH-induced respiratory motor

plasticity (Fig. 1) [33].

Currently, there are no approved therapies for

respiratory or nonrespiratory somatic motor

function with chronic spinal injuries. Repetitive

AIH is a promising new strategy to enhance

function in these underserved individuals.

Although CIH elicits respiratory motor plasticity

after cervical injury [124], it also elicits signifi-

cant morbidity (e.g., hypertension, learning

deficits; see above). Repetitive “low-dose” AIH

may significantly improve function without the

morbidities attendant to CIH. The potential

application of low-dose IH to promote health

and/or restore function in multiple clinical

disorders is an intriguing area for future research.
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High-Altitude Research and Its Practical
Clinical Application
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Abstract

Upon arriving above 2,500 m, the organism compensates the diminished

inspired oxygen partial pressure by increasing ventilation and cardiac

output. The pneumodynamic pump moves more rarefied air into the

alveoli through an increase of the respiratory frequency and the tidal

volume. Likewise, the hemodynamic pump increases both the cardiac

frequency and the stroke volume, as if exercise were performed at sea

level. The two pumps, one for air and the other for blood, carry out the

essential role of supplying sufficient oxygen to the tissues and increasing

the energy consumption until the red blood cells take over. The acid–base

status, adequately interpreted at high altitude through the titratable hydro-

gen ion difference, along with the adaptation formula and multiple cellular

changes, gives rise to adaptation. The tolerance to hypoxia formula

reflects and explains the paradoxical concept that resistance to hypoxia

grows as one goes higher. The possibility that man can adapt to live in the

hypoxic environment of the summit of Mt. Everest is exposed. Further-

more, the knowledge of life at high altitude is proposed as an alternative to

the environment of space travel. Herein, we describe our 43 years of

experience and discoveries with fundamental concepts that change the

way disease is treated in the hypoxic environment of high altitude.

Introduction

The Earth is surrounded by an atmosphere that

has an altitude of approximately 20 km. The air

composition is the same at any altitude: 20.95 %

oxygen, 78.09 % nitrogen, 0.93 % argon, and

0.039 % carbon dioxide. Small amounts of

other gases are also present which are released

upon industrial combustion and other natural

events such as volcanic gas eruptions. It is actu-

ally the partial pressure of gases that decrease

upon going higher. Nitrogen is an inert gas and

its importance in respiration is transcendental,

although currently lacking awareness. If the

atmosphere was hypothetically only composed

of oxygen (i.e., 100 %), the incidence of alveolar

collapse, medically known as atelectasis, would
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greatly increase. Nitrogen and the lung surfactant

aid in preventing this.

Adaptation to high altitude has three stages:

(1) the acute altitude adaptation stage lasting 1 or

2 days, (2) the gradual subacute stage, and (3) the
final chronic altitude adaptation stage [17]. In the

acute and subacute stages, the immediate

response to a diminished inspired oxygen tension

(PIO2) is an increase in the pneumodynamic and

hemodynamic pumps (Fig. 1).

Both require a high energy demand that gradu-

ally decreases over time. Subsequently if the sub-

ject remains at the same altitude, the final optimal

adaptation is achieved over a fixed amount of

time. This time is directly proportional to the

altitude. The adaptation formula described below

is derived from these observations. In the second

and third stages, molecular changes with a gradual

increase in the number of red blood cells and

hemoglobin occur. Concomitantly, the steroids

and other biochemical metabolic changes play a

secondary role. Chronic adaptation is achieved by

reducing the expenditure of energy [18]. Hemo-

globin increases but to a mean level suitable for

the majority of the high-altitude residents, in the

absence of illness. However, in some subjects

with pulmonary shunts or uneven ventilation

(sequel of pulmonary disease), the hemoglobin

levels are higher. This has been previously

referred to as “excessive polycythemia,” a term

we are not in agreement with. As a consequence

of these pulmonary alterations, blood flows

through the organism with a lower oxygen ten-

sion. Upon reaching the kidney, erythropoietin

production is stimulated which in turn induces

an increase of red blood cells in the bone marrow.

Medicine is changing with time. Historically,

we observed a much higher incidence of

increased hemoglobin, which resulted from

untreated and frequent bacterial pneumonias.

The pulmonary alveoli were damaged, but the

vessels and pulmonary capillary circulation

remained unaffected. This resulted in shunts

and subsequent low oxygen partial pressures in

the blood. This has changed fundamentally due

to the use of antibiotics. Currently, pneumococ-

cus is treatable; however, new emerging diseases

caused by virus that may not be as dramatic play

a role not yet fully identified. Consequently,

there are now fewer cases of what we call

polyerythrocythemia formerly called polycythe-

mia, increased polycythemia, erythrocythemia,

or excessive erythrocytosis. The most appropri-

ate term that we now use, based on the Greek

terminology, is polyerythrocythemia: poly

(many), erythrocyte (red blood cells), and

hemia (in the blood).

Cardiorespiratory diseases at high altitude

along with others have changed pathologically.

For example, syphilis that affected a large num-

ber of people no longer exists. It turned out that

Treponema pallidum was very sensitive to peni-

cillin and was literally wiped out.

Much has been said about chronic mountain

sickness. In this regard, we have had many

discussions with world-renowned experts that

still accept the term. We have stated that there

is no such a thing as “chronic mountain sickness”

at high altitude [5]. Diseases are the same, as at

sea level, but they have been confused as chronic

mountain sickness at altitude. These are mostly

lung diseases of different etiopathogenesis,

Mechanisms of adaptation

Hb
FC Vs

FR VT
V
.

Q
.

RESPIRATION

CIRCULATION

NEUMO-DYNAMIC
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HEMO-DYNAMIC
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Fig. 1 The mechanisms of adaptation showing in the first

stage: the increase of V ¼ ventilation per minute com-

posed of both the FR ¼ respiratory frequency and Vt ¼
tidal volume of the pneumodynamic pump and the Q ¼
cardiac output, composed of both the FC ¼ cardiac fre-

quency and Vs ¼ stroke volume of the hemodynamic

pump. In the second stage: the increase in Hb ¼ hemo-

globin in the middle plays the fundamental role in the

adaptation to high altitude
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fundamentally with shunt production. The

increase of hemoglobin above the normal at

high altitude is due to respiratory insufficiency.

Polyerythrocythemia has also been observed in

cardiac arrhythmias, and after a pacemaker

implantation, the number of red blood cells

returned to normal values for that specific

altitude.

Naturally, there may be very rare hematologic

diseases, some yet undiscovered, but these would

be exceptions. The carotid body disease can pres-

ent with polyerythrocythemia. There is evidence

of an increased incidence of carotid glomus at

high altitude. Also, mistakenly it was thought

that there was a relationship between age and

polyerythrocythemia, but it has widely been

disregarded. Some kidney diseases with renal

artery narrowing also produce increased hemato-

crit. Some authors have sought other alterations

in the gonads with hypoventilation, which led

them to attempt treatments with progesterone.

This only resulted in feminization of men with-

out an effective and practical decrease in the

number of red blood cells.

Others attempted to physically remove the

RBCs. They even used cytotoxic drugs such as

phenylhydrazine [19, 25]. Many died (and unfor-

tunately continue to do so) due to this iatrogenic

disease instead of the polyerythrocythemia. In

Bolivia, one of the authors had to fight against

the use of this internationally banned drug. He

was initially misunderstood creating a social

whirl but eventually won, resulting in the recog-

nition and comprehension that the use of this

drug is obviously prohibited by the World Health

Organization.

Phlebotomy is still used as a treatment in these

patients in order to physically reduce the number

of RBCs. Our institute, IPPA, has never

supported phlebotomy and because the funda-

mental concept is not to alter the perfect

(energy-efficient) physiological balance of

chronic adaptation [11]. When a phlebotomy is

performed, with a consequent reduction of the

optimal number of RBCs, it induces a condition

similar to acute adaptation in the high-altitude

patient, as if the high-altitude resident had gone

to a higher altitude. The resulting increase in

heart rate and ventilation is misinterpreted as an

improvement. Patients with polyerythrocythemia

have been found to hypoventilate. This was erro-

neously misinterpreted as the cause instead of an

energy-efficient mechanism of oxygen transport

[18]. After phlebotomy, there is an extra energy

expenditure that is gradually reduced by again

increasing the RBCs.

The high viscosity of blood is often feared as a

possible cause of cerebrovascular accidents. Yet,

an increase of RBCs does not necessarily lead to

the formation of thrombus. This is somewhat

conflicting with our studies. There are reports of

hypercoagulability in other latitudes and

longitudes, but we have not seen this phenome-

non in Bolivia. It may partly be due to dehydra-

tion in newcomers to high altitude or the

presence of some sort of undetected infection or

even genetic tendencies.

The result of many years of study on

polyerythrocythemia has led to a better under-

standing and hence improved therapy significantly

reducing the concept of this previously considered

evil disease. This was achieved in the laboratory,

jumping to a practical and pragmatic use for health

improvement of the inhabitants of high altitude.

The essential concepts of our interpretation of

hypoxia follow in the following paragraphs.

Chronic Mountain Sickness (CMS)

We consider that the increase of the hematocrit

(above that of the normal residents) found in

some high-altitude residents is not a disease in

itself but rather a sign, i.e., a hematologic

response to disease in the hypoxic environment

of hypobaria at high altitude [21, 23]. What was

previously known as chronic mountain sickness

(CMS), a condition in which the hematocrit is

increased above the normal level in residents at

high altitude, is now referred to as polyerythro-

cythemia (PECH) from the Greek poly ¼
increase, erythro ¼ red, cyt ¼ cells, and hemia

¼ in the blood. Consequently, where the abbre-

viation PECH is used throughout, it refers to

what was previously named CMS [18].
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Chronic mountain sickness can occur in some

long-term residents of altitudes above 2,500 m –

the Andes and elsewhere. The number of red cells

in the blood (Polyerythrocythemia) and the hemat-

ocrit develops to exceptionally high values. The

high hematocrit and viscosity of the blood do not

necessarily lead toward the formation of emboli,

which occurs when there is concurrent phlebitis or

other vascular disease. In patients with lung dis-

ease, pulmonary vasoconstriction maintained over

the years can lead to pulmonary hypertension

and enlargement of the right ventricle, resulting

eventually in right-sided congestive heart failure –

Latin: cor pulmonale. A large fraction of the

cardiac output is shunted through vessels with

hypoventilated alveoli, so the patient is cyanotic

with congested ear lobes and some with finger

clubbing. CMS is an inadequate denomination

for pulmonary disease at high altitude, associated

frequently to pulmonary shunts with increased

erythropoietin and polyerythrocythemia.

In the article “Consensus Statement on

Chronic and Subacute High Altitude Diseases”

in 2005, we as coauthors held a minority point of

view [5]. Our work of over 50 years in the city of

La Paz located between 4,100 and 3,100 m gave

us a lens through which we observed accurately

and inquisitively, high-altitude pathology, on a

daily basis.

In the aforementioned article, two essential

points were a source of discussion:

1. The use of a questionnaire to evaluate the

symptoms of CMS.

2. The use of the term “loss of adaptation” as

opposed to “adaptation to disease in the hyp-

oxic environment.” The concept “loss of

adaptation” was incorrect since it was a mere

attempt to avoid the explanation of the

etiopathophysiology of the disease.

We opine that CMS is rather an adaptive

reaction to an underlying malfunction of some

organs and no specific symptoms could be

quantified. To substantiate our line of reasoning,

we reviewed 240 CMS cases seen at the High

Altitude Pathology Institute in La Paz. Patients

who had a high hematocrit (>58 %) underwent

pulmonary function studies in search for the

cause of hypoxia: hypoventilation, diffusion

alteration, shunts, and uneven ventilation–-

perfusion. The tests included arterial blood gas

tests, chest x-rays, spirometry, hyperoxic tests,

flow–volume curves, ventilation studies at rest

and during exercise, ECG, exercise testing, and

Doppler color echocardiography to assess heart

structure and function. When correlated with

clinical history, these results revealed that CMS

is practically always secondary to some type of

anomaly in cardiorespiratory or renal function

and very rarely other hematologic disease.

Therefore, a questionnaire that tried to catalog

symptoms common to many types of diseases

that lead to hypoxia is flawed because it leads

to incomplete diagnosis and inappropriate treat-

ment. CMS, once again, was shown to be an

adaptation of the blood transport system to a

deficient organs’ function due to diverse disease

processes, the adaptation aimed at sustaining

normoxia at the cellular level in the hypoxic

environment at high altitude.

Quoting Prof. Zubieta-Castillo (Sr): “The

organic systems of human beings and all other

species tend to adapt to any environmental

change and circumstance, and never tend

towards regression which would inevitably lead

to death.”

The Triple Hypoxia Syndrome

Many patients with PECH at high altitude in the

city of La Paz (3,600 m), with hematocrit greater

than 55 % but not greater that 70 %, apparently

can function normally. They work, play soccer,

develop intellectual activities, and frequently per-

form better than sedentary normal people. They

request medical attention, only when they present

symptoms similar to those of acute mountain

sickness (AMS), such as headache, dyspnea, nau-

sea, lassitude, and indigestion. Without going

higher, they have been said to experience “soro

jchi (soroche) AMS in bed.” Their arterial blood

gases may show extreme hypoxia with an oxygen

arterial tension (PaO2) near 20 mmHg, with

or without hypercapnia and a normal or acidotic

pH. We have previously named this complication

of PECH (formerly referred to as chronic
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mountain sickness (CMS)) triple hypoxia

syndrome (THS). It is due to the addition of

three hypoxias: (1) normal high-altitude adapta-

tion to hypoxia, (2) PECH hypoxia (CMS), and

(3) an acute additional hypoxia that can be

reversed by oxygen. This is similar to “surviving”

in the summit of Mt. Everest at a much lower

altitude. It may be caused by viral infections

(gripe) or some other acute respiratory disease,

with malaise that lasts several days without treat-

ment and typically is reversed by 24 h of oxygen

to PaO2 baseline values of their chronic condition

with polyerythrocythemia. The diagnosis is

important, since THS is an acute transitory con-

dition that when not recognized and treated with

oxygen can possibly lead to cardiac, pulmonary,

or cerebral complications and even death [22, 26].

The Increase in Hematocrit During
the High-Altitude Adaptation Process

High-altitude adaptation is altitude and time

dependent following the simplified equation:

Adaptation ¼ Time

Altitude

where each concept stands for:

High-altitude adaptation = Time at altitude

(days) / Altitude in kilometers (km) [17].

For a fixed altitude, the only variable that

changes is time. Immediately upon ascent, the

organism senses the lowering of the oxygen par-

tial pressure due to a diminished barometric pres-

sure. The initial acute phase usually lasts between

1 and 2 days, varying according to the health

conditions of the subject and if he or she has

previously been exposed to high altitude and

learned how to “handle” it in complex

macrosystemic and microsystemic mechanisms.

The former implies cardiorespiratory compensa-

tion and the latter adaptation processes at the

cellular and molecular level. The macrosystemic

mechanisms attempt to raise the PaO2 to “sea

level values” through increased ventilation and

higher cardiac frequency, never being able to

achieve it, thereby reducing the PaCO2 resulting

in respiratory alkalosis, a negative action at the

cellular level. The microsystemic mechanisms

return the pH to normal, through kidney function,

reducing the negative symptoms of acute moun-

tain sickness through adequate cellular function.

However, a permanent and stable adaptation is

only achieved at around 4 weeks when the hemat-

ocrit reaches the optimal level for the altitude

(3600 m). Consequently, high-altitude adaptation

is defined as having three stages:

(A) Acute, first 72 h, where acute mountain sick-

ness (or high-altitude pulmonary edema,

HAPE, and high-altitude cerebral edema,

HACE) can occur.

(B) Subacute, from 72 h until the slope of

increase of the hematocrit rise with time is

zero; here high-altitude subacute heart dis-

ease can occur, if excessive exercise is

performed.

(C) Chronic, where the hematocrit level is con-

stant and the healthy high-altitude residents

achieve their optimal hematocrit.

We have measured hematocrit changes in one

high-altitude resident traveling several times

between La Paz (3,510 m) and Copenhagen

(35 m above sea level) for 3 years. We have

also studied the fall in hematocrit values in

three lowlanders traveling once from La Paz to

Copenhagen [17].

A complete and optimal hematocrit adapta-

tion is only achieved at around 40 days for a

subject going from sea level to 3,510 m in La

Paz as shown in Fig. 2. The time in days

required to achieve full adaptation to any

altitude, ascending from sea level, can be

estimated by multiplying the adaptation factor

of 11.4 by the altitude in km. Subjects with

different cardiopulmonary deficiencies increase

the hematocrit to levels above those of normal

individuals.

Conversely, descending from high altitude in

La Paz to sea level in Copenhagen, the hemato-

crit response is a linear fall over 18–23 days as

shown in Fig. 3.
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Hypoventilation in Chronic Mountain
Sickness

Patients diagnosed with chronic mountain sick-

ness or rather PECH have repeatedly been found

to hypoventilate. Low saturation in PECH is

attributed to hypoventilation. Although this

observation seems logical, a further understand-

ing of the exact mechanism of hypoxia is manda-

tory. An exercise study using the Bruce Protocol

in PECH subjects (n ¼ 13) compared with

normals N (n ¼ 17), measuring ventilation

(VE), pulse (P), and saturation by pulse oximetry

(SaO2) was performed. Ventilation at rest while

standing, prior to exercise in a treadmill, was

indeed lower in PECH subjects (8.37 l/min

compared with 9.54 l/min in N). However,

during exercise at stages one (30) through four

(120), ventilation and cardiac frequency both

remained higher than in N. In spite of this,

SaO2 gradually decreased. Although PECH

subjects increased ventilation and heart rate

more than N, saturation was not sustained,

suggesting respiratory insufficiency. The degree

of venoarterial shunting of blood is obviously

higher in the PECH patients both at rest and

during exercise as judged from the SaO2 values.

The higher shunt fraction is probably due to a
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larger degree of trapped air in the lungs with

uneven ventilation of the PECH patients.

One can infer that hypoventilation at rest is an

energy-saving mechanism of the

pneumodynamic and hemodynamic pumps [18].

Increased ventilation would cause an unneces-

sary high SaO2 at rest (low metabolism). This is

particularly true during sleep.

A Biological and Mechanical Energy-
Efficient Space Travel Alternative:
Hypobaric Cabin Pressure

Astronauts in the microgravity environment of

space suffer with conditions such as anemia

[10]. Thus far unexplained, neocytolysis has

been described as the possible underlying mech-

anism [2, 9]. The adaptation to space capsules

involves less use of muscles and changes in

ventilation–perfusion at lung level so that the

organism finds it convenient to reduce the hemat-

ocrit following the least energy expenditure con-

cept [18]. The knowledge and understanding of

polycythemia and anemia resulting from altitude

shifts [17] allows for a logical proposal to blood-

letting of high-altitude residents on travel to sea

level for periods longer than 20 days (an out-

standing humanitarian blood resource) and simi-

larly in astronauts when going into space. The

logic is that they would economize energy,

avoiding the destructive phase of adaptation.

However, in astronauts, upon return to sea

level, reinfusion of the phlebotomized blood

could return the hematocrit to normal levels.

Erythropoietin administration is also an option

but not favored due to associated complications.

Original space flights were in a pure oxygen

environment and one-third the sea level pressure

until serious fire accidents were encountered.

Currently, the cabin pressure is normal sea level

pressure at 760 Torr with 20 % oxygen and 80 %

nitrogen (NASA) [6].

An alternative to the complication of anemia

would be to reduce the ambient oxygen tension

within space vehicles, down to 2/3 the sea level

pressure (similar to the altitude of the city of La

Paz with over 1.5 million inhabitants), in order to

maintain a hypoxic stimulus and sustain the

number of red blood cells for re-entry to Earth.

Furthermore, the weightlessness space conditions

require less oxygen consumption as there is less

muscular use and hence tolerance to hypoxia can

be increased. Likewise, the Extravehicular Mobil-
ity Unit could benefit from a lower oxygen

tension, less pressure difference between outside

and within the space capsule, a speedier prepara-

tion, and additionally more autonomy. Long space

flights in the near future would require less wasted

resources in excess oxygen production. The return

to the normal (relative hyperoxic) environment of

sea level would ease adaptation, as there would

presumably be no reduction of the hematocrit

during space flight [15].

Man may undertake space travel in the future

where oxygen tensions will be a crucial life-

saving variable, and this proposal provides a phys-

iological and physical energy-efficient alternative.

Adaptation to Life at the Extreme
Altitude of Mt. Everest

Short permanence of humans, under acute

conditions, with partial and incomplete adapta-

tion with eminent risk of death demonstrates that

even at the highest places of the planet Earth,

enough mechanisms of tissue oxygenation are

still present. The only objective of the ascent is

the conquest of the summit, even for just a few

minutes, demonstrating the extraordinary physi-

cal capacity of human beings. This is done even

under adverse climatic conditions like extreme

cold and storms.

As knowledge and technology improve, man

is able to accomplish the most difficult

challenges previously considered impossible.

The conquest of the summit of Mt. Everest

(8,848 m), the highest point of the planet, for

example, was originally thought to be impossi-

ble. Careful preparation of the expeditions, expe-

rience, persistence, and extraordinary stamina

allowed Sir Edmund Hillary and Tenzing to

stand on top of the mountain. Up to the year

2006, hundreds have reached such extreme alti-

tude and, after Messner and Habeler, some of
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them without supplementary oxygen. But the

question remains: What is the highest possible

point of permanent residence?

Based on the observation of man’s highest

habitats, most scientists believe 5,000 m above

sea level is the limit for adaptation to hypoxia.

Likewise, it is well known that acute exposure of

humans to this altitude and above, without any

kind of adaptation for tissue oxygenation, can

result in loss of conscience and even death.

In the study entitled “A consideration of the

Possibility of Ascending Mt. Everest,” Kellas

proposes that the “limits of permanent

acclimatization to high altitudes,” based on his

own experience, was 6,096 m. Curiously, several

decades later, most physiologists believed it was

much lower. In the north of Chile, the

Aucanquilcha mine is at 5,950 m. The Indian

Armed Forces have set up military posts in the

border with Pakistan at around 6,000 m, residing

there for long periods up to 6 months or more.

Inder Anand reported that several soldiers suffered

subacute heart disease. This can now be attributed

to a fast ascent and inadequate time of adaptation

(not disregarding possible previous cardiac

pathologies not adequately diagnosed prior to the

ascent, in some)

The hypothesis “man can adapt to the altitude

of the summit of Mt. Everest” was conceived

based on experience gained over 36 years (at

the time of publication). Ever since its creation,

in 1970, the High Altitude Pathology Institute,

Clinica IPPA (3,510 m), has studied and treated

patients (permanent residents and newcomers) in

the cities of La Paz and El Alto (3,100–4,100 m)

and the surrounding areas in Bolivia (4). It was

estimated that in Bolivia, more than 5,000,000

people (2/3 of the total population) live above

2,000 m. Additionally, the proposed hypothesis

was also based on a study of the history of high

life and exponentially growing scientific litera-

ture on high altitude around the world.

With adequate and gradual adaptation, life is

possible even at the hypoxic levels of the summit

of Mt. Everest [20, 24, 27]. We describe some

further examples that provide proof of such a

statement:

1. Life at high altitude in the city of La Paz

between 3,100 and 4,100 m where people

sustain variable degrees of tissue hypoxia

having a very low arterial oxygen tension

(PaO2 ¼ 37 mmHg) due to respiratory and/

or cardiac disease.

2. It is possible to perform maximal work at

extreme altitudes, as evidenced by a soccer

match played at 6,542 m on the summit of

Mount Sajama.

3. Severe high-altitude pulmonary edema

(HAPE) occurred in a rugby player within

72 h at 3,600 m (PaO2 of 27 mmHg and a

SaO2 of 45 %) upon arrival from Portugal.

4. In the triple hypoxia syndrome (THS) where

polyerythrocythemic (CMS) patients with

gradual adaptation to hypoxia, with a high

hematocrit, can occasionally tolerate a PaO2

of 30 mmHg for a week or longer, a severe

hypoxic condition similar to that on the sum-

mit of Mt. Everest [22].

5. Human fetus under normal conditions develop

at oxygen tension values equal to the altitude of

Mt. Everest until delivery (PaO2 ¼ 28mmHg).

They are naturally capable of living in hypoxic

environmental conditions present on our planet.

Consequently, normal subjects with full

capacity for adaptation will show that life is

possible at any existing altitude on planet Earth,

provided that the following conditions are met:

adequate environmental temperatures, heated

lodging, adequate food, and slow and progressive

adaptation to increasing altitudes. This seems

possible in only one generation in a young per-

fectly healthy individual, as the human organism

is provided with the adequate compensation

mechanisms. Once adapted, the capacity for

reproduction on site seems feasible.

Pregnancy and delivery, at the highest altitude

on planet Earth, occurred in the city of La Paz.

A young girl had an unwanted pregnancy at the

city of El Alto (4,100 m), and consequently, she

moved to an isolated place inChacaltaya at 5,300m

for the rest of her pregnancy. Sheworked at a refuge

there until the time of delivery that was carried

out uneventfully (precariously at the resourceless

refuge) giving birth to a healthy female.
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Extreme Hypoxia in Newcomers
to High Altitude: How Can It Be
Tolerated?

Patients suffering from the acute effects of

hypobaric hypoxia can have extremely low arte-

rial oxygen tensions (PaO2), which are quite well

tolerated. They can come to consultation with a

PaO2 between 30 and 40 mmHg. Their recovery

after a few days is uneventful following the effi-

cient treatment of the underlying cause.

At sea level, these very low oxygen tensions

are not tolerable. A patient presenting a PaO2 of

60 mmHg can be sent to an intensive care unit, as

his or her life could be at risk. However at high

altitude in the city of La Paz of 3,600 m, the

normal acid–base values are as follows: PaO2

¼ 60 � 2 mmHg, PaCO2 ¼ 30 � 2 mmHg and

pH ¼ 7.40 � 0.02, and SpO2 ¼ 91 % � 1 %.

The latter oscillates with irregular breathing and

deep breaths can achieve even 98 % as has been

previously described [12].

One out of four subjects, arriving to La Paz,

has some form of acute mountain sickness. This

implies headaches, shortness of breath, loss of

appetite, malaise, nausea that can evolve to

vomiting, and more severe neurological

alterations in HACE or pulmonary alterations in

HAPE.

Some can present extreme hypoxia. The

pathologies that we have recently seen associated

with this extreme hypoxia are pneumonia upon

ascent, pulmonary thromboembolism, high-

altitude pulmonary or cerebral edema, and sev-

eral others.

For example, a 25-year-old Frenchman

climbed Huayna Potosi at 6,000 m 2 days after

arriving to La Paz 3,600 m from Paris. On the

way down, he felt shortness of breath and was

unable to sleep over the night. He came to con-

sultation walking. A blood gas analyses reported

a PaO2 ¼ 35 mmHg, PaCO2 ¼ 29 mmHg, and a

pH ¼ 7.53. This was diagnosed as severe hyp-

oxia and respiratory alkalosis in high-altitude

pulmonary edema. Would he have been alive if

at sea level? What is the explanation for this

extreme hypoxia tolerance?

The alkaline pH during acute high-altitude

exposure shifts the oxygen dissociation curve to

the left, allowing more capture and transport of

oxygen. The other variable that can allow for the

tolerance to extremely low PaO2 values is the

normal low (relative to sea level) PaCO2. The

acid–base balance in the human body is calcu-

lated by the Van Slyke equation based on sea

level measurements. The maintenance of blood

pH within a fairly strict range at/around pH 7.4,

with due consideration of the effect of hyperven-

tilation, is essential for cellular function at any

altitude. This is because various chemical pro-

cesses occurring in the body, e.g., those involv-

ing proteins and enzymes, are pH dependent. As

is well known, oxygen and carbon dioxide partial

pressures get lower as the altitude gets higher. At

permanent low levels of the arterial carbon diox-

ide partial pressure (PaCO2), the acid–base bal-

ance begins to change. Mountaineering

physiologists, unfortunately, assumed that the

sea level equation for A–B balance would be

equally applicable, without any critical thought,

and never thought of appropriate equations valid

for high-altitude calculations [14]. The pH

effects are inextricably linked critically with

hemoglobin and oxygen status that can be crucial

at high altitudes. Therefore, for a more precise

recalculation of the “titratable hydrogen ion dif-

ference,” that should use a Hb and HCO3
� values

for a particular altitude, we have derived

our modified Van Slyke equation [8]. An

adequate acid–base balance is probably the

fundamental metabolic adaptation that allows

for mountaineers to tolerate extreme hypoxia

and even reach the summit of Mt. Everest.

The Tolerance to Hypoxia Formula

People living at high altitude in the city of La Paz

(3,600 m), with diverse types of lung disease,

exhibit extremely low arterial oxygen tensions

(PaO2). Their arterial oxygen partial pressure of

oxygen (PaO2) can range between 30 and

40 mmHg (normal values—PaO2 ¼ 60 � 2

mmHg, arterial carbon dioxide tension (PaCO2)

¼ 30 � 2 mmHg, and pH ¼ 7.40 � 0.02;
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oxyhemoglobin saturation by pulse oximetry

(SpO2) is 91 % � 1 %). The SpO2 oscillates

with irregular breathing and taking a deep breath

can result in even 98 % (like at sea level)

provided there is a normal pulmonary function,

as previously described [12]. This results from a

decrease in the ratio between pulmonary dead

space and alveolar ventilation. When the medical

reports from people in La Paz were shown to

physicians at sea level, they often asked, “Were

these people conscious?” This clearly shows that

people at sea level cannot tolerate such low arte-

rial PO2. A patient presenting a PaO2 below

60 mmHg at the sea level is usually sent to an

intensive care unit, as his life could be in peril.

Importance of Arterial PCO2: The First
Factor

The other variable that can allow for the toler-

ance to extremely low PaO2 values is the low

PaCO2 values at high altitude relative to sea

level. As is well known, oxygen and carbon

dioxide partial pressures descend as the altitude

increases. The distribution of PaCO2 in arterial

blood gases at the city of La Paz (3,510 m) shows

clearly that the average is around 30 mmHg.

Furthermore, it is evident that the highest

PaCO2 reached is 72 mmHg in an isolated criti-

cally terminally ill patient. The great majority

hardly reach a PaCO2 above 53 mmHg. At high

altitude, high PaCO2 levels as those seen at sea

level are not compatible with life.

Hypocapnia and the ensuing alkaline pH dur-

ing high-altitude exposure shift the oxygen dis-

sociation curve to the left, in an attempt to

increase the efficiency of the capture and trans-

port of oxygen. In reality, the curve’s P-50 is

dynamic moving to the left at the pulmonary

capillaries and to the right at the tissue level.

The acid–base balance in the human body is

calculated by the Van Slyke equation based on

sea level measurements. The maintenance of

blood pH within a fairly strict range at around

pH 7.4, with due consideration of the effect of

hyperventilation, is essential for cellular function

at any altitude. This is because various chemical

processes occurring in the body, e.g., those

involving proteins and enzymes, are pH depen-

dent. With chronic low levels of the arterial car-

bon dioxide partial pressure (PaCO2), the

acid–base balance begins to change. Mountain-

eering physiologists employed the sea level

equation for estimations of acid–base balance in

high-altitude subjects without critical appraisal

of its validity. The pH effects are inextricably

linked critically with hemoglobin and oxygen

status that can be crucial at high altitudes.

Therefore, for a more precise recalculation

of the “titratable hydrogen ion difference” (THID)

that should use Hb and HCO3
�values for

a particular altitude, we have derived our modified

Van Slyke equation: THID in eECF ¼ (1 � [Hb]/

43) � (Δ[HCO3
�] + ßB) � (pH-7.4) [8].An ade-

quate acid–base balance is probably the fundamen-

tal metabolic adaptation that allows for

mountaineers to tolerate extreme hypoxia and

even reach the summit of Mt. Everest [14].

Hemoglobin: The Other Factor

Hemoglobin (Hb) increases with altitude as

shown in Fig. 4. This data is from permanent

residents at different altitude cities or towns.

From the trend curve, one can attempt to estimate

the optimal hemoglobin value upon the summit

of Mt. Everest, if complete adaptation could be

achieved.

It becomes evident from the observation of a

longer breath holding time at high altitude in

polyerythrocythemia (PECH) patients with low

PaO2, compared with normal-high altitude

subjects, that they are more tolerant to hypoxia

[13]. The greater oxygen content of blood in

PECH, as a result of the increase in Hb, allows

for a better tolerance to hypoxia. This is also

demonstrated by plotting the oxygen consump-

tion of yeast cells against time after full satura-

tion with 100 % oxygen [7]. The resulting

oxygen dissociation curve of PECH patients has

a much broader oxygen content area when

exposed to 100 % oxygen [16].

The above observations on PaCO2 and Hb

prompted us to propose the hypothesis [16] that

52 G. Zubieta-Castillo Sr. and G. Zubieta-Calleja Jr.



the tolerance to hypoxia (TH) formula can be

defined as

TH ¼ Hb

PaCO2

� 3:01

The constant factor is obtained by using the

Hb and PaCO2 normal sea level values and

equating to 1. This way, the tolerance to hypoxia

for comparison purposes becomes 1 at sea level.

From then on, the values at different altitudes are

calculated as shown in Table 1. In this table, the

Mt. Everest value is obtained from the paper by

Grocott et al. [3] taken on the Cauldwell Expedi-

tion to Mt. Everest. Blood gases were measured

at 8,400 m, and the Hb values were obtained

from four subjects averaging the measurements

at 5,300 m before and after the climb to the

summit. This value should have been measured

at higher altitudes and without averaging before

and after climb as it reduces the true value. Only

the value obtained after the ascent could be a

more appropriate measure. However since the

subjects were climbing and changing altitudes

and the body has a fixed production of red

blood cells, there was not enough time for full

hematologic adaptation [17]. An optimal hemo-

globin value for the summit of Mt. Everest is not

known. However, based on Fig. 4, it is estimated

that the optimal hemoglobin for oxygen transport

at the summit of Mt. Everest would be around

26 g%. This roughly corresponds to a hematocrit

of 78 %. In our medical practice, we have seen

patients with PECH even above 80 % [12, 18,

19]. Hence, although it seems that these are

surprising high values, they are within biological

limits for humans. It is noteworthy that the max-

imum possible increase of Hb is double the sea

Fig. 4 Hemoglobin values found at different altitudes in

resident populations. The red dot is the calculated Hb from

the trend equation: Hb ¼ 2E-07x2 - 0.0003x + 14.45 with

an R ¼ 0.9718. The Hb values for residents at 2,500,

3,600, and 4,100 m for the Bolivia cities of Cochabamba,

La Paz, and El Alto, respectively, are the normal values in

our labs. The Hb values of residents at 4,355, 4,660, and

5,500 m were obtained from bibliographic data [4]

Table 1 Tolerance to hypoxia calculated at different altitudes from the hypoxia tolerance formula. The values of Hb

and PaCO2 are obtained from [3, 17]

Altitude in m Hb/PaCO2 HT

Sea level 0 13/40 * 3.01 1

La Paz, Bolivia 3,510 16.6/30 * 3.01 1.7

Mt. Everest 8,842 21/13 * 3.01 4.86
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level value, hence the tolerance to hypoxia for-

mula is also is ruled by this.

Our formula links Hb with PaCO2, the hema-

tologic and respiratory (including acid–base

parameter) responses to hypoxia, respectively.

These biological responses to hypoxia in humans

will also apply to animals. This is clearly

demonstrated when a normal average sea level

Hb in males of 13.3 g% rises to an average of

16.6 g% in the city of La Paz, Bolivia, at 3,510 m

of altitude, for example. The formula also

includes the PaCO2 where it is showing the

hyperventilatory response to hypoxia. For exam-

ple, a sea level normal PaCO2 of 40 mmHg upon

arrival to high altitude immediately is decreased

to a PaCO2 of 30 mmHg, again, in the city of La

Paz (3,510 m). Although this is a tolerance to

hypoxia formula, the PIO2 is not included in the

formula as it is directly related to the barometric

pressure, as originally described by Paul Bert in

1878 [1]. The barometric pressure, a physical

atmospheric parameter, is indirectly included

with the PaCO2 which is equal to the

FaCO2 * PB � PH20.

Other factors of adaptation to hypoxia, such as

HIF, VEGF, increase in the density of the

mitochondria, increase in capillary density,

increase in pulmonary artery pressure, and

increase in heart rate and ventilatory rate, are not

included in this formula, as they are linked to the

two biological factors included. Adaptation to

hypoxia is complex, but this formula uses only

two essential variables sufficient for the adequate

interpretation of the concept in our criteria.

Conclusion

Adaptation to life at high altitude is possible, even

at extreme environments such as the summit of

Mt. Everest. The practice of medicine and obser-

vation over 44 years has taught us much about

hypoxia. During a congress in Lhasa, Tibet, sev-

eral physicians visited an intensive care unit

where there was a subject suffering from pulmo-

nary edema. He was in bed and receiving oxygen

by mask. We wanted to see what his SpO2 would

be when breathing ambient air. After a few

minutes, the SPO2 started decreasing, and much

to our surprise, one of the physicians who never

had any experience in dealing with patients living

in high altitude panicked and immediately ordered

that the oxygen be restored. He was terribly

alarmed by the ensuing hypoxia. This is

understandable at sea level. A normal PaO2 of

the city of La Paz, 60 mmHg if seen at sea level,

would produce tremendous alarm and possibly

immediate hospitalization and intensive care. Par-

adoxically, the higher one goes, the more tolerant

the subject is to hypoxia. Please don’t misunder-

stand us, as we are talking of chronic adapted

individuals and not acute exposure that can cer-

tainly produce symptomatology and even progress

to high-altitude pulmonary edema or high-altitude

cerebral edema. Life under chronic hypoxia is

normal as at sea level. Diseases at high altitude,

particularly in the cardiorespiratory areas, behave

differently because the organism adapts to chronic

hypoxia, even deviating from the normal and opti-

mal status of good health.
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Nanomaterials in Healthcare

Thomas Tumillo, Avijit Roy, Sahana Pentyala, Pooja Mysore,
and Srinivas N. Pentyala

Abstract

The strength of a nation invariably depends upon the strength of every

individual. Healthy citizens make a healthy and strong society. As a

society, we started looking at expensive macroscopic high-tech solutions

to solve many of our problems. With growing interests in the field of

nanotechnology, looking microscopically at the problem to come up with

solutions has generated a paradigm shift. Nanomaterials are currently

being used in every branch of science, and particularly their use in

healthcare opened up a new horizon to provide quality care to patients.

The tools and therapies for diagnosis and prognosis of diseases and

symptoms revolve around three important aspects – diagnostics, devices

and drugs. Nanomaterial applications are now found in all these three

aspects and are being effectively used in health care. New discoveries and

inventions in the field of nanohealth care point to a bright future for the

wellbeing of mankind. An introduction to nanomaterials in healthcare has

been presented in this review.

Introduction

Nanotechnology-based applications are now

being widely used in the field of healthcare.

Drugs, devices, and diagnostics are the three

key components that help a healthcare provider

deliver quality care to the patient. Nanomaterials

are being used in all these three aspects of

providing healthcare to prevent morbidity and

mortality. Many new potential nanomaterials

are being discovered and developed, and novel

applications are being designed for the use of

these nanomaterials in modern healthcare. In

this review, we present a synopsis of different

nanomaterial-based technologies in healthcare

with emphasis on therapeutics, medical devices,

and diagnostics.

What Are Nanomaterials?

Nanomaterial is a term used to define all

nanosized materials which include human-

engineered nanomaterials and incidental
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nanomaterials, the ones found in nature. A

material with at least one external and internal

structure in the range of 0–200 nm (nm) is con-

sidered a nanomaterial. They may be in the form

of tubes, rods, particles, or fibers and contain

devices or systems made by manipulating indi-

vidual atoms or molecules. In healthcare,

nanomaterials have a lot of potential because

they are particles which can directly interact

with or influence living cells. Because the

physical and chemical properties differ at the

nanoscale from bulk material, we observe

increased chemical activity and the ability to

cross tissue barriers leading to new drug

targeting and delivery systems [1]. The physical

and chemical properties of nanomaterials differ

from bulk materials, and hence nanomaterials

call for special risk assessment before being

used in healthcare settings. Reversible recoveries

of the damages caused by mechanical and irradi-

ation exposure have been demonstrated [2]. Cur-

rently in vitro and in vivo assays are being

performed to assess the short-term effects of

nanoparticles in the body, but no substantial evi-

dence or tests exist yet to determine the long-

term effects of nanomaterials. Nanotechnology is

making it possible to stimulate the body’s own

mechanisms like never before to detect and

repair diseased or damaged tissues, which may

replace the need for transplants or bioengineered

organs. Potentially nanoparticles can be used to

search and destroy a single malignant cell, taking

us closer to ultimate disease prevention.

Nanoparticles are effectively being used in dis-

ease diagnosis and prognosis in many different

formats. Nanomedicine is now a key branch of

nanotechnology that includes the development of

nanostructures and nanoanalytical systems for

various medical applications [3].

Nanomaterials and Drugs

Nanotechnology has facilitated the surge of new

techniques that are more effective in treating

various diseases. Nanomedicine is likely to

enable delivery of pharmaceuticals through dif-

ferent routes of administration with safety and

efficacy compared to the conventional methods

used today. In recent years, there has been a lot of

emphasis on the utilization of nanotechnology in

oncology, which raises new possibilities in can-

cer diagnosis and treatment. These nanomedicine

formulations improve the treatment of systemi-

cally applied chemotherapeutic drugs. To

improve the biodistribution of cancer drugs,

nanoparticles have been designed with optimal

size and surface characteristics to increase their

circulation time in the bloodstream [4]. Doped

nanomaterial might be a promising therapy

owing to its high specific surface area, low

resistances, high catalytic activity, and attractive

electrochemical and optical properties [5]. The

use of such materials has helped deliver drugs

across the blood-brain barrier, alleviate allergy

symptoms, specifically target cancer or HIV

cells, and more [6]. Nanomaterials come in a

variety of materials, shapes, and sizes, which

causes various effects on different systems in

the body. These effects are currently being

investigated to help improve the efficiency [7].

Common effects of nanomaterial use are inflam-

matory responses and an increased production of

reactive oxygen species (ROS) [6].

Nanomedicine is already being practiced.

Nanometer-sized carrier materials are used to

increase the drug tissue bioavailability [8].

Doxil®, a PEGylated liposomal doxorubicin for-

mulation, was the first nanosized therapeutic

introduced in 1995 in the market and was used

as an effective treatment for metastatic breast

cancer and recurrent ovarian cancer [7, 9].

There are many other nanomaterial-based

therapies that are in various stages of clinical

trials. For example, a targeted therapeutic nano-

particle, named BIND-014, accumulates in

tumors while avoiding uptake by the healthy

cells [7, 10]. It is foreseen that nanomedicine

will facilitate the development of personalized

medicine and will have a major impact on

healthcare [11]. Also, the availability of ligand-

functionalized therapeutic nanomaterial will

have an impact on the individualized treatment

of diseases [7]. The impact of these nanofor-

mulations will depend upon the degree of toxicity

reduction. The passive targeting approach takes
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advantage of the inherent bio-physicochemical

properties of the nanoparticles [7]. Nanoparticles

are being investigated as a means to provide

personalized treatment for a variety of diseases,

most commonly cancer. If tumor accumulation is

found to correlate with the patient’s susceptibility

to treatment, a passive targeting approach could

be used to identify individuals with lesions

possessing leaky vasculature who would benefit

the most from nanosized formulation [7].

However, there are growing concerns about

potential health hazards that may arise due to

nanoparticles’ unique physical and chemical

properties. Nanomaterials have dimensions simi-

lar to those of cell organelles and, thus, can poten-

tially interfere with vital cell functions [7].

Because of their metallic nature and long half-

life, it is possible that some nanoparticles would

not be cleared from the body for several years,

which could result in toxicity. For example,

titanium dioxide can cause toxicity because of its

crystalline structure [7]. At present, nanomaterials

have significant advantages due to their unique

nanoscale properties, but there are still significant

challenges in the improvement and development

of nanoformulations with composites and other

materials. Efforts are being made toward improv-

ing the balance between the efficacy and the tox-

icity of therapeutic interventions through different

routes of administration and by designing safer

and efficacious nanomedicine [8].

Drug Delivery

Metallic particles on the nanoscale such as fer-

rous oxide, gold, or silver are being used for

hyperthermia, cancer treatment, magnetic

bioseparations, membrane transport studies, and

cell-specific antigen studies. Modified hollow

gold nanoparticles such as tubes and boxes have

promising applications in the fields of drug deliv-

ery and therapy in oncology due to their unique

optical and photothermal properties and their

ability to modify the surface and conjugate

drugs [5]. These metallic particles are especially

useful in drug delivery due to their DNA-binding

properties. The bound DNA acts as a bridge

between the gold nanotube and drugs such as

chemotherapy drugs. When the gold nanotubes

are injected into the cancerous area and light is

applied, the light is absorbed by the gold

nanotube generating heat which releases the

chemotherapeutic drug on site, making it much

more effective. Gold shell nanoparticles are

found to improve the solubility of drugs and

permit further conjugation of those drugs when

in the body [12].

Nanoparticle delivery systems act specifically

on cancerous cells to combat cancer. As drug

carriers, they are able to efficiently protect the

therapeutic agent and allow for sustained drug

release. In addition, their surface can be easily

manipulated with the addition of special ligands,

which are responsible for enhancing tumor-

specific nanoparticle permeability [13]. Chemo-

therapy drugs such as camptothecin along with

the Herceptin antibody can be attached to

nanoparticles to target breast cancer cells.

Camptothecin use has been limited by poor

water solubility and the instability of the lactone

moiety despite its strong antitumor activity.

Formulating the drug into nanocarrier systems

can directly combat these problems associated

with drug delivery [14]. Nanoparticles have also

helped protect surrounding areas from radiation

damage. It was found that siRNA-mediated gene

knockdown of proapoptotic mediators can

reduce cellular apoptosis in salivary glands

in vitro. Nanoparticles that are pH responsive

electrostatically interact with the siRNAs and

under osmolytic conditions release siRNA into

the salivary glands, thereby protecting the target

genes from nuclease attack [15].

Carbon nanomaterials such as fullerenes and

carbon nanotubes are now being made into

structures called “buckyballs.” Buckyballs are

football-shaped structure made of 60 carbon

atoms. They are used in drug delivery systems

for optimal transport and release of the drugs to

the right target. Nanoparticles coat the vaccine

and drugs in many cases and protect them,

eliciting a stronger immune response. The carbon

nanotubes are now being used to coat prosthetics

and surgical implants. These coatings improve

the function of implants such as vascular stents
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and help with the delivery. The effects of

the electrosensitive transdermal drug delivery

system were enhanced by the carbon nano-

tubes [16]. The carbon nanotubes are also used

for gene therapy as a strand of DNA can be

bonded to a carbon nanotube. This opens up

many genetic applications with carbon

nanotubes. Through techniques such as electro-

poration, nanoholes can be made in the plasma

membrane of cells which carbon nanotubes can

fit and deliver drugs [17]. These carbon

nanomaterials can also help with drugs being

targeted through the lymphatic system. It plays

a role in transporting extracellular fluid to main-

tain homeostasis and is able to avoid first-pass

metabolism, thus acting as a bypass route for

compounds with lower bioavailability [18].

Nanocapsules are also being developed to

combat insulin-dependent diseases such as dia-

betes. A new method to release insulin uses a

spongelike matrix that contains insulin and

nanocapsules containing an enzyme. When the

glucose level rises in the body, the nanocapsule

releases hydrogen ions which bind to the fibers of

the sponge matrix [19]. The hydrogen ions end

turning the sponge into a cation, all positively

charged. They repel each other creating openings

in the matrix allowing insulin to be released

through.

Dendrimers are polymerized macromolecules

which are highly branched structures with interior

nanocavities or channels with different properties

on the interior and exterior. These channels can be

used in the body as a carrier for a variety of drugs

with the capacity to improve solubility and deliv-

ery of poor biomolecules which interact with

many other compounds. Used in these dendrimers

are new nanoparticles called ceramic nano-

particles. These ceramic particles are inorganic

systems used as drug vehicles and are often used

in cosmetic applications [20].

Quantum dots are nanocrystals made up of

semiconductive materials and are now being

used to tag multiple biomolecules to monitor cel-

lular changes and events associated with disease.

Because of the conductive properties, quantum

dots allow electrical waves and patterns to be

generated and used in the body as an indicator of

activity. These quantum dots are also being devel-

oped for optics technology and disease screening

tests [21]. However, due to toxicity in the human

body, quantum dots are now being made with

silicon instead of cadmium. Silver nanoparticles

have been found to be very strong antimicrobial

agents and are now being incorporated into a wide

range of medical devices, bone cement, surgical

instruments, and masks.

Researchers are currently looking into the use

of nanoparticles as a means of delivering thera-

peutic drugs to the brain. Many therapeutic drugs

cannot cross the blood-brain barrier. The devel-

opment of new strategies using nanoparticles

could be of great benefit to those with central

nervous system diseases [22].

Therapy Techniques

Food is also a form of therapy as specific drugs

can be incorporated in food and targeted to larger

populations. Nanoliposome technology is the lat-

est technique in nutraceutical nanotechnology.

Nanoliposomes are microscopic vesicles made

of phospholipid bilayers entrapping one or more

aqueous compartments. They can provide con-

trolled release of biochemical agents including

ingredients in food and nutraceuticals at the right

place and time. They increase efficacy and cellu-

lar uptake of the encapsulated material. Nanolip-

osome technology presents opportunities in areas

such as encapsulation and controlled release of

food materials, as well as enhanced bioavailabil-

ity, stability, and shelf-life of sensitive

ingredients [23].

Researchers are intrigued by the use of

nanoparticles composed of polyethylene glycol

hydrophilic carbon clusters (PEG-HCC) which

have been shown to absorb free radicals at a

much higher rate than the proteins and

antioxidants the body uses for this very purpose.

After a brain injury, a plethora of free radicals are

released, and the use of the PEG-HCCs may

reduce the harm caused to the body after a trau-

matic brain injury. Photo-based nanoparticles

have come into prominence because of their abil-

ity to act as nanocarriers to deliver fluorescent
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dyes or photosensitizers for photoimaging and

therapeutic applications. They can be used for

MRI tests, photothermal therapy, and chemother-

apy. Materials used range from gold, silver, and

silica nanoparticles to polymer-based PEGs.

Researchers have developed a polyethylene glycol

shell-sheddable magnetic nanomicelle as the car-

rier of doxorubicin (Dox). Due to the detachment

of PEG shell in the presence of dithiothreitol

(DTT), the magnetic nanomicelles showed

accelerated in vitro release of the Dox and

enhanced cellular uptake ability. Compared with

free Dox, the Dox-loaded magnetic nanomicelles

showed decreased cytotoxicity against Bel-7402

cell line [24]. The nanocarrier’s ability to target

cells using specific ligands and improving drug

delivery makes it a promising application for the

future.

Nanomaterials and Devices

Nanoparticles are being used to treat cases where

infected wounds do not respond to standard antimi-

crobial treatment and care. The number of these

incidences has been rapidly increasing. In order

to address this issue, a novel antimicrobial

magnetic thermotherapy platform has been devel-

oped where a high-amplitude, high-frequency,

alternating magnetic field is used to rapidly heat

magnetic nanoparticles that are bound to Staphylo-
coccus aureus. An antibody-targeted magnetic

nanoparticle bound to S. aureus was found to be

effective at thermally inactivating S. aureus and

achieving accelerated wound healing without caus-

ing tissue injury. This procedure has been proven

successful in in vitro culture models of S. aureus
biofilm as well as in mouse models of cutaneous S.

aureus infection [25]. Nanofibers are created by

electrospinning and have unique characters in

terms of morphology, scaffold composition, func-

tional groups, and hydrophilicity. The combination

of a functional nanofibrous scaffold seeded with

stem cells and composed of natural polymers and

cross-linked with a natural cross-linking agent,

phytic acid, may prove to be a novel therapeutic

device for the treatment of myocardial infarction.

This functional scaffold assists in the regeneration

of the ischemic myocardium [26]. The active

targeting approach requires modification of the

drug carriers with ligands that specifically bind

to the tissue of interest. The cell, through

receptor-mediated interactions, can internalize the

drug. This nanoparticle platform holds particular

promise for treatments of targeted blood vessel

walls such as catheter- or stent-induced cardiovas-

cular injuries [7]. Biosensors are increasingly

becoming an essential part of modern healthcare

as personalized medicine becomes the forefront

of the industry. Carbon nanotubes (CNTs) are

promising building blocks for biosensors due

to their unique electronic and optical properties.

Carbon nanotubes are rolled-up cylinders of carbon

monolayers (graphene) that can be altered in

such a way that biologically relevant molecules

can be detected with high sensitive and selectivity

[27]. CNTs have been designed specifically for

each of the major analytes of blood, glucose, cho-

lesterol, triglyceride, and Hb1AC [28]. CNTs

enhance the signals derived from the interaction

of the enzymes with different analytes in the

blood [28].

Nanomaterials are also being used now for

therapy techniques on patients to ease pain and

improve quality of life in healthcare. Scientists

have developed nanosponges which are polymer

nanoparticles coated with a red blood cell mem-

brane. The red blood cell membranes lets the

nanosponges travel undetected and freely in the

bloodstream and attract the desired toxins from

the body [29]. The same team has also been

developing a method to be used for noninvasive

surgery. A lens coated with carbon nanotubes is

used which converts light from a laser to focused

sound waves. This method will be able to blast

tumors or diseases tissue without damaging the

healthy tissue around it.

Nanomaterials and Diagnostics

Early detection of cancer cells is a developing

field in nanotechnology. Researchers are also

developing a diagnostic sensor which can detect

3–5 cancer cells in a one milliliter blood sample.

The sensor uses graphene oxide which is an
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allotrope of carbon nanoparticles. An antibody

with fluorescent markers is attached to the

graphene oxide which can then attach to cancer

cells [30]. So when attached, the fluorescence

indicates the presence of cancer cells. Another

nanoparticle is being developed to release

biomarkers after being attached to cancer cells.

These biomarkers contain peptides, so observing

an unusually high concentration of peptides

indicated early detection of the cancer disease.

An early detection method of brain cancer is

using magnetic nanoparticles and NMR technol-

ogy. The magnetic nanoparticles can attach to

microvesicles in the bloodstream which develop

in brain cancer cells. They are then detected

much easier in NMR imaging, which is used for

the early detection of brain cancer.

Nanoparticles are increasingly being used to

overcome some of the limitations that plague the

current diagnostic tests. Some studies have begun

using super-paramagnetic nanoparticles in place

of the conventional gold bead standard [31].

Surface-enhanced Raman scattering (SERS)

nanoparticles are being used as molecular imaging

contrast agents by offering physicians biochemi-

cal information that they normally wouldn’t have

access to with the conventional diagnostics. Endo-

scopic imaging, for example, only provides struc-

tural information about the tissues deep within the

body [32]. An accessory, noncontact, fiber-optic-

based Raman spectroscopy device was designed

to be inserted through a clinical endoscope and

was created with the potential to provide real-

time, multiplexed functional information during

routine endoscopy. Using this endoscope as a

key part of a multiplexed detection approach

could allow endoscopists to distinguish between

normal and precancerous tissues rapidly and to

identify flat lesions that are otherwise missed [32].

Biomarkers are becoming increasingly impor-

tant in the management of diseases; however, our

ability to discover new biomarkers remains lim-

ited by our dependence on endogenous

molecules. “Synthetic biomarkers” composed of

mass-encoded peptides conjugated to

nanoparticles have been developed to leverage

intrinsic features of human disease and physiol-

ogy for noninvasive urinary monitoring. These

agents target the sites of disease, sample

dysregulated protease activities, and emit mass-

encoded reporters into host urine for multiplexed

detection by mass spectrometry. They have been

shown to noninvasively monitor liver fibrosis

and resolution without the need for invasive

core biopsies, and they can also improve early

detection of cancer [33].

Another class of nanomaterials currently being

used for theranostic application is lanthanide-

doped hollow nanomaterials (LDHNs).

Theranostics fuses diagnostic and therapeutic

functions, empowering early diagnosis, targeted

drug delivery, and real-time monitoring of treat-

ment effect into one step [34]. Theranostic

nanoparticles can serve as useful tools to explore

the fundamental process of drug release after

cellular internalization of nanoparticles, which

could provide key insights into the rational design

of targeted nanocarriers for personalized treat-

ment [7]. The LDHNs present outstanding fluo-

rescent and paramagnetic properties, which allow

them to be used as bioimaging agents. In addition,

LDHNs have huge interior cavities that are able to

store and deliver therapeutic agents [34].

Rapid Diagnostics

Biomarkers are important tools for disease

detection and monitoring. They serve as

hallmarks for the physiological status during the

disease process [35, 36]. A highly effective, clin-

ically useful biomarker for a specific disease

should be measurable in a readily accessible

body fluid, such as serum, urine, or saliva [37].

The search for biomarkers for early disease

detection has included proteins, metabolites,

and other biological molecules that are altered

and secreted as a consequence of the disease

process and are shed into body fluids. After

collecting these body fluids, the next step is to

isolate and identify the marker that will give an

indication of the disease process. Unfortunately,

this approach is laborious and time-consuming,

as specific candidate biomarker(s) must be

identified from among the thousands of intact

and altered molecules in the collected body
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fluids. In many disease manifestations, a marker

can occur in trace amounts, yet large volumes of

fluids are collected (e.g., blood and urine) [35,

38, 39]. It is very difficult and time-consuming to

process these samples to concentrate and identify

specific markers for diagnosis or disease status.

Biological fluid collection to identify and ana-

lyze different markers of diseases and symptoms is

a routine procedure in healthcare settings. The

fluids are as varied as urine, blood, mucus, cere-

brospinal fluid, mucus, tears, semen, etc. The

volumes of the collected biological fluids range

from microliters (e.g. tears, CSF) to tens and

hundreds of milliliters (blood, urine, etc.). Many

of the disease markers and profiles of essential

molecules are identified by collecting body fluids

[40].With the discovery thatmarkers for abnormal

symptoms and diseases are found to be in trace

amounts in large volumes of biological fluids, it is

very difficult and time-consuming to process these

samples to concentrate and identify specific

markers for diagnosis as well as prognosis. Many

methods and devices using nanomaterials were

developed to rapidly capture, concentrate, and

identify biomarkers in body fluids.

Any disease or deleterious symptom in the

body may result in changes in the expression of

protein biomarkers. Sometimes, biomarker levels

can increase or decrease; other times, specific

markers are expressed and can be detected in

body fluids, particularly in the blood and urine

[37]. Identifying these biomarkers can lead to

determining whether a person has a disease, dis-

order, or symptom. Body fluid collection to iden-

tify and analyze different biomarkers of diseases

and symptoms became a routine procedure. The

volumes of the collected biological fluids range

from microliters (e.g., tears, CSF) to tens and

hundreds of milliliters (blood, urine, etc.). Iden-

tification of trace markers in large volumes of

body fluids may require long times, skilled

professionals, and often sophisticated instru-

ments. A widely used diagnostic method and

device is a lateral flow format device using

nanobeads to capture biomarkers in body fluids.

These lateral flow point-of-care devices using

nanobeads are being widely used in different

areas of healthcare as bedside devices.

The use of nanomaterials in rapid diagnostics

is becoming more prevalent because quicker and

more precise diagnosis may save the lives of

patients who don’t have much time. Researchers

at MIT have developed a sensor system using

carbon nanotubes embedded in gel. This gel can

be injected under the skin to monitor the level or

nitric oxides in the blood through interactions

with carbon nanotube. The level of nitric oxide

is important in diagnosis because it is an indica-

tor for the inflammatory response which can con-

firm an inflammatory disease. Nanoparticles are

also being used in the diagnosis of kidney dam-

age using gold nanorod particles. Levels of

amyloids in the blood indicate amyloidosis.

This is caused by the buildup of beta-2-

microglobulin in the blood, which is released by

the kidney after damage. The gold nanorods can

attach to these proteins, when the protein

accumulates the color of the gold changes,

indicating kidney damage. The presence of

nanomaterials can offer either an inhibitory

effect or promotion of amyloid fibrillation,

depending on the structural architectures of

carbon nanomaterials and the starting amyloid

proteins/peptides considered [41].

Nanomaterials have been found to attach to

certain drugs which have proapoptotic factors,

thus delivering drugs to malignant cancer cells

to induce apoptosis when it could not before.

Nanomaterials can also be used as biomarkers

to attach to cells in the focused area of radiation

and chemotherapy. They have been shown to

mask surrounding tissue from the disease defense

drugs and protect the tissue from damage due to

proximity of the treatment.

In the field of diagnostics, nanomaterials are

becoming increasingly important in personal-

izing patient care. Diagnostics has advanced to

have short turnaround time and minimal interfer-

ence, which allows quick clinical management

decisions. In some diseases, early diagnosis and

rapid initiation of treatment are crucial to the

success of the patient, for example, in cases

regarding cardiovascular and infectious diseases

[42]. Advances in nanotechnology have led to the

development of functionalized nanoparticles

(NPs) that are covalently linked to biological
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molecules such as antibodies, peptides, proteins,

and nucleic acids. These functionalized NPs

allow for the development of novel diagnostic

tools and methods, particularly for pathogens,

as rapid and sensitive diagnostics are essential

for defining the emergence of infection, for

determining the period that preventive measures

should be applied, for evaluating drug and vac-

cine efficacy, and for controlling epidemics [43].

A method has been developed that allows for

rapid and simple single-cell lysis and analysis.

The technique lyses individual cells on silicon

nanowire and nanoribbon biological field effect

transistors. This method is to be applied in medi-

cal diagnostics, proteome analysis, and develop-

mental biology studies; however, the extent to

which these applications will be utilized is still

uncertain. Analysis of cell-to-cell variation can

further the understanding of intracellular pro-

cesses and the role of individual cell function

within a larger cell population [8].

The ability to effectively detect disease-

related DNA biomarkers and drug delivery

nanoparticles directly in blood is a major chal-

lenge for diagnostic and therapy monitoring [44].

A dielectrophoretic (DEP) method has been

developed that makes detection of biomarkers

and nanoparticles directly from human and rat

blood possible. The DNA biomarkers and

nanoparticles were concentrated into a high-

voltage field region by positive DEP while the

blood cells were concentrated into a low-voltage

field by negative DEP. After a fluidic wash,

which removes the blood cells, the DNA

biomarkers and nanoparticles are detectable

through fluorescence. The ability to rapidly iso-

late and detect DNA biomarkers and

nanoparticles from undiluted whole blood will

benefit many diagnostic applications by signifi-

cantly reducing sample preparation time and

complexity [44].

One of the critical challenges in the fields of

disease diagnostics and environmental monitor-

ing is to concentrate extracellular DNA from a

sample mixture rapidly. Researchers were able to

concentrate extracellular DNA onto a

nanostructured tip using the DEP method in con-

junction with capillary action [45]. Captured

DNA is investigated by fluorescence micros-

copy, scanning electron microscopy (SEM), and

X-ray analysis. Unlike genomic DNA in normal

cells, extracellular DNA dissolved in a biological

sample can potentially offer crucial information

about pathogens and toxins.

Multiplex Rapid Diagnostic Devices Using
Nanomaterials
Quick turnaround time and minimal manual

interference are some of the key qualities of

effective rapid diagnostic devices because they

allow for expedited decisions by physicians.

Fluorescent microspheres conjugated to

biomarkers (nucleic acids, proteins, lipids,

carbohydrates) and analyzed on flow cytometer

instruments offer a new approach for multiplexed

detection platform in a suspension format. Quan-

tum dots encoded into synthetic microspheres

have the potentials to improve current screening

bioassays and specifically suspension array tech-

nology [46]. A reproducible method was devel-

oped for the detection of single-stranded DNA

with quantum dot-encoded microspheres. In 1 h,

the developers were able to conjugate approxi-

mately ten thousand microspheres to short

amino-modified DNA sequences [46]. Devices

such as these are continuing to develop in the

field of fluorescent probe technology and molec-

ular diagnostics.

Quantum dots (QDs) have been applied for

simultaneous detection of multiple analytes

because of the wide range of properties they

can exhibit. A single QD-based nanosensor was

developed for the detection of HIV-1 and HIV-2.

In this single QD-based nanosensor, the QD

functions not only as a fluorescence pair for

coincidence detection and as a fluorescence res-

onance energy transfer (FRET) donor for FRET

detection but also as a local nanoconcentrator

which significantly amplifies the coincidence-

related fluorescence signals and the FRET

signals. This single QD-based nanosensor takes

advantage of a simple “mix and detection” assay

with extremely low sample consumption, high

sensitivity, and short analysis time and has the

potential to be applied for rapid point-of-care
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testing, gene expression studies, high-throughput

screening, and clinical diagnostics [7].

The ability to differentiate each agent by visi-

ble color enables multiplexing and simplifies test

interpretation. By using lanthanides, elements

with atomic numbers 57–71 in the periodic

table, brightly colored probes can be generated.

Lanthanides can be employed to create unique

emission spectra. Trivalent lanthanide ions

(LnIII)-based optical probes possess excellent

luminescence properties with potential

applications in biological science [47–49]. The

use of europium (Eu) nanoparticles has already

been established as a way to enhance the sensi-

tivity of capture assays for biowarfare agents,

improving sensitivity by 100-fold [50].

The resulting specific multiplexed capture

assay will require only visible light. Even in

low or no light, only a flashlight will be needed

to enable identification and distinction among

different biomarkers. The multiplex devices

will be useful under virtually any condition,

from the battlefield or primitive field site to the

clinic, emergency room, or hospital, providing a

highly innovative low-tech solution to a critical

need and the rapid identification of disease,

symptoms, or even harmful toxins and biological

agents. Also, multiplex devices will be simple

enough to be used by even untrained personnel.

Future of Diagnostics
A device like “tricorder” will be the natural

extension of point-of-care devices. Star Trek’s

Dr. Leonard “Bones” McCoy’s famous “medical

tricorder” scans patients and immediately

diagnoses their ailments. Tricorder is a multipur-

pose device used primarily to scan unfamiliar

areas, make detailed examination, and record

and review technical data [51]. Medical

tricorders should have four characters: noncon-

tact, noncooperative, nonsampling, and noninva-

sive. In pursuit of life beyond planet Earth, the

human race has embarked on a journey to

explore outer space and succeeded in sending

machines beyond the realm of our solar system

[52]. Plans are now underway to send humans to

Mars [53]. Parallel development of technologies

such as spacecraft and lifesaving and sustenance

instruments like the “tricorder” to accompany

space travelers will make the dream of traveling

into space a reality. Many tricorders based on

nanomaterials are in different stages of develop-

ment. On May 10, 2011, the X PRIZE Founda-

tion and Qualcomm Incorporated announced the

Tricorder X Prize, a $10 million incentive to

develop a mobile device that can diagnose

patients as well as or better than a panel of

board-certified physicians [54]. An early entrant

to the competition is “Scanadu,” which was

introduced in 2011. Scanadu is a small handheld

sensor put next to a patient’s forehead to detect

vital signs such as heart rate, breathing rate,

blood oxygenation, pulse transmit time, and tem-

perature. The unit works in conjunction with a

mobile app [55]. While this tricorder is missing

some of the features of its science fiction coun-

terpart—namely, the ability to make internal

scans and complex diagnoses—it still can be a

handy device for medical checkups on the go.

There are already “diagnostic medical apps” via

tablet computers and smartphones which can be

considered as tricorders [56]. US Department of

Homeland Security is testing a laser-based

“Standoff Patient Triage Tool” to help medics

evaluate patients’ vital signs wirelessly from

40 ft (12 m) away. The US Air Force is currently

testing a handheld medical tricorder to improve

situational awareness of directed energy. This

device measures laser exposure, enhances laser

detection/response, supports night vision, and

provides ease of use to detect threats, thereby

enhancing combat medicine [57]. There is hope

that medical tricorders, based on the principle of

nanomaterial-based rapid diagnostics, are going

to become a reality. In the future, one can

proudly state, “To Boldly Go Where No Medical

Response Has Gone Before.”

Questions for the Future

Health concerns are associated with nanoparticles

because the interactions of the chemicals on the

nanoscale are different than the macro scale.

Under normal conditions, nanomaterials may

form aggregates which are larger than 100 nm.
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These aggregates have the same properties as the

individual nanoparticles but sometime release

nanoparticles which may be dangerous when

introduced in the respiratory system and lung

fluid. After nanomaterials are exposed in the

body, they could be subjected to absorption, dis-

tribution, or metabolism. Many scientists pose

questions concerning the bioaccumulation of

nanoparticles and elimination mechanisms from

the cells. They also believe that while nano-

materials may not be dangerous, a more toxic

material may attach itself to the nanoparticle and

gain entry into the body.

In the body, nanomaterials circulate through

the entire body by moving in and out of blood

vessels due to their size. They enter cells and

interact with biomolecules both on the cell sur-

face and inside the cells. Nanoparticles can enter

the body in many ways which cause health

hazards. Inhalation is the most common form of

exposure to airborne nanoparticles. They can

deposit in the respiratory tract and the lungs or

cross the epithelium and enter the blood stream

to organs. Inhaled nanoparticles have also been

found in the brain through the olfactory nerve

route. Ingestion of nanoparticles can occur from

hand to mouth transfer from contaminated

surfaces or food/water. There is also speculation

of dermal penetration of nanomaterials because

intact skin is a good barrier, but damaged skin

may be an opening for nanomaterials [58].

Conclusion

The main benefits of using nanomaterials in

healthcare are the solubility of nanomaterials.

Many drugs now have the potential to become

soluble in the body on the nanoscale when

attached to nanoparticles due to the changing

chemical properties on the nanoscale [59]. Bio-

compatible nanomaterials have been used as

biological markers, contrast agents for imaging,

healthcare products, pharmaceuticals, and drug

delivery systems and in detection, diagnosis, and

treatment of various types of diseases [60]. In

drugs, the focus is on the use of nanoparticulate

compositions comprising agents that are useful

for a variety of diseases. In diagnostic kits,

nanostructures have been patented that are capa-

ble of detecting target analytes. In medical

devices, methods have been developed with

nanocapsules and incorporated into the function-

ality of the devices to control the release of

various chemical agents. Many innovative

technologies and methods are being developed

using nanomaterials in healthcare. The field of

nanomedicine holds a promising future in taking

care of the sick and needy.
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Nanotoxicity and Cellular Stress
Response: Physical and Chemical
Properties and Their Link to
Translational Research

Nicole M. Schaeublin, Kristen K. Comfort, John J. Schlager,
Shashi Bala Singh, and Saber M. Hussain

Abstract

The incorporation of nanomaterials (NMs) in applications and consumer

products has grown exponentially over the past 5 years. The distinctive

physical and chemical properties of NMs make them ideal candidates for

integration into countless products and for application into novel technical

approaches for translational research, including advanced electronics,

sensors, in situ cellular and tissue imaging, targeted drug delivery, and

energetic/reactive systems. NMs can significantly differ in their chemical/

physical properties compared to bulk-produced materials. These material

property differences produce difficulties in creating a logical prediction of

effect/response from exposure at the organism, organ, cellular, and sub-

cellular level. Due to many NMs being stable, solid-phase materials in

aqueous systems, their unique surface physical and chemical properties

produce many novel activities that disrupt cellular behavior and function.

NM may change the cell membrane’s ability to serve as a barrier, block a

receptor’s capability to become stimulated, or disrupt a critical subcellular

physiological pathway necessary for proper cell function. As such, it is

important to explore the resultant system toxicity and, in turn, determine

the key attributes of a nanomaterial’s deleterious effects and those that

create true biocompatibility before material introduction to public use.

The focus of this chapter is to review and demonstrate the importance of

evaluating the biocompatibility of these materials. Data and arguments

presented here focus to link material physical and chemical characteristics

to specific cellular responses. It will be only through careful material

synthesis and building strong fundamental understanding of materials in

complex and dynamic bioeffects that NMs will be safely incorporated into

broad target applications.
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Introduction

Nanomaterials (NMs) have structural featureswith

at least one dimension of 100 nm or less. These

materials possess unique physicochemical and

biological properties that distinguish them from

their bulk counterparts making them ideal for

novel advanced science studies and use in

advanced engineered systems focused to enhance

human health and performance. Currently, NMs

are used to make UV-resistant packaging and are

incorporated into paint and textiles to inhibit bac-

terial and fungal growth [1]. NMs have been added

to surfaces to make them scratch resistant and

provide optically transparent protection from UV

radiation [2], and many applications are now in

cosmetics, sunscreen, and other skin care products

[1]. Several military applications for NMs exist

including addition to body armor to enhance resis-

tance to stab impacts [3], bandages containing

nanosilver as antibiotic, and negatively charged

NMs particles lined in bandages to trigger and

augment rapid blood clotting [4]. In basic protein

biochemistry and function, NM particles are used

to track complex molecular events such as protein

interactions, aggregation, and folding elucidated

by their colorimetric sensor properties [5, 6].

Nanoparticles (NPs) are advancing cell biology

allowing detailed assessment of cellular structures

when covalently conjugated to antibodies for cel-

lular microscopy, and these same NP

characteristics are exploited for precise in situ

imaging for cancer diagnosis [7]. Although the

range of applications of synthetically derived NM

is growing, there is a lack of information

concerning their impact on human health and

effects to the environment following bulk distribu-

tion and purposeful or untoward material release.

Limited studies exist for toxicity risk assessment

and for defining the mechanism of response in

mammalian systems, their cells, tissues, and

organs. Due to their small dimensional size and

unique chemical properties, NMs have the poten-

tial to affect mammalian physiology at the molec-

ular level affecting cellular response and in turn

disrupting and transforming cellular functions

through blocking and initiating compensatory

pathways associated with their presence or

imparting novel physicochemical activity. In this

way, the same properties that make NM beneficial

in numerous applications may also be responsible

for adverse effects in the cell.

NM physiochemical properties linked to cellu-

lar responses can be broken down into four main

material groups that include size, shape, nanopar-

ticle chemical composition, and surface chemistry

(Fig. 1). Furthermore, within each of these groups,

Fig. 1 Four main

classification groups of

nanomaterial

physicochemical properties

and their subcategories
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multiple classifications occur, introducing more

specialized characteristics for examination of

NM properties. For example, when addressing

material size, both primary particle dimension

and material agglomeration propensity play very

specific roles in how eukaryotic cells interact with

NM. The surface area-to-volume (SA/V) ratio is

important for standoff detection based upon NM

optical properties. Nanosized particle engineering

produces tremendously large SA/V ratios that

affect particle diffusion and material chemistry

producing increases in bioexposure to solid-

phase material and chemistry dosimetry. The

shape of the NM also plays a major role in inter-

particle forces, behavior in solution, and

interactions with a cellular environment. This

especially comes into play with noble metallic

NM made of gold and silver, which possess

unique plasmon-resonance properties, producing

distinctive spectral signatures that are applied in

construction of sensors, optics, and electronics [8,

9]. NM size, shape, and aspect ratio (AR)

designed and synthesized precisely have been

tuned to provide a particular optical signature

specified by targeted application. Examples

include targeting for photothermal ablation of

tumors and sensor development that enhances

bio-imaging techniques [10].

The third main NM property is the elemental

and molecular chemical composition. This

includes the core composition as well as the crys-

tal matrix surface structure created during NM

solid-phase synthesis. Some NMs are inherently

more toxic than others simply based on their

chemical core composition. Evidence now shows

that this effect is partly due to the dissociation

of ions from once thought insoluble materials

following particle disbursement in aqueous

solutions. Ionization characteristics of these

materials change depending on solutes in solution

such as complex solutions made for cell culture

[11]. As with all material, purity affects NM

behavior. Depending on the synthetic method

used for preparation, NM may include catalysts

and residual impurities, which even at very

small molar amounts can alter biocharac-

teristics that lead to differences in cellular/NM

interaction [12]. An example of this is the metal

catalysts used to initiate condensation of carbon in

nanotube production, where the trace iron catalyst

dominates toxicity by oxygen free radical

generation.

The last group of physicochemical properties

that can play a major role in cellular/NM

interactions is surface chemistry including reactiv-

ity and catalysis. For example, surfactants are used

in synthesis of certain NMs to control dispersion

essentially stabilizing the particles to obtain a

desired dimensional size. These surface treatments

modify the physicochemical characteristics such

as solubility and stability of the NMs in both aque-

ous and organic solution [13, 14]. However, the

surfactants can impart their own chemical toxicity

to the cells. Many new approaches for creating

coatings masking the core of the chemicals only

permit NM biostabilities for a short time after

biological dosing. For toxicity studies, procedures

should address the combined assessment of both

surfactant and NM and approaches to remove the

surfactant for determining the NM’s toxicity for its

overall biocompatibility [15, 16]. Additionally, the

NM surfaces can be chemically functionalized

with countless covalent, chelated, or polymeric

chemical and/or biological surface features

making their surface extremely functionally

diverse. Synthetic engineering can attach site-

directed targets for particular tissues, cells, or

suborganelles in the body, frequently using

specific biopolymer molecules such as RNA,

DNA, or proteins [7]. The addition of ligands

changes the overall and regional NM surface

charge, producing modulation of material and

chemical affinities with differing propensities of

chemical interactive behavior. In summary, all of

these aforementioned physicochemical properties

have the potential to dictate the means, mecha-

nism, and strength of the interactions between

NMs and biological systems. With small

modifications to NM properties, dramatic changes

in bioresponses have been discovered. It remains

imperative to study NM properties and effects

prior to their incorporation into translational

research, in order to first understand NM-cellular

interactions and toxicological responses.
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Primary Particle Size

As one can imagine, size is by far the most

significant factor when examining the unique

physicochemical properties of NMs and their

biological interactions [17]. The size of a mate-

rial at the nano-level creates an SA/V ratio which

greatly alters a material’s optical properties and

provides a tremendous driving force for particle

diffusion [18]. Additionally, NM size can affect

the extent and mechanism of NM uptake, which

traditionally occurs through a combination of

endocytic mechanisms [19, 20]. Silver and gold

are two of the most abundantly employed NMs

used to study size effects for numerous reasons,

including ease of in-lab synthesis, the ability to

control precise particle size, and their unique

plasmonic properties. These reasons contribute

to the fact that both gold and silver are the two

NMs most used in translational research and are

the focus of this Chapter.

Silver Size Studies

Silver nanoparticles (Ag NPs) are of particular

interest as they possess antimicrobial properties

and as such are the most abundant NM used in

the biomedical fields and consumer products

today [21–23]. AgNPs are incorporated into

numerous medical devices such as catheters,

wound dressings, and antiseptic creams and con-

sumer products including socks, T-shirts, hand

sanitizer, cosmetics, and toothpaste [24–26].

AgNPs also possess unique plasmon-resonance

optical scattering properties that make them ideal

for use in sensors, optics, and electronics [8, 9].

However, despite their widespread use, the

chemical and bio-behavior of nanosilver material

in a biological system have yet to be fully eluci-

dated. Numerous published studies indicate that

primary particle size is a predominant factor in

the dependent effects of silver NMs. For exam-

ple, in a study by Braydich-Stolle et al., small-

sized silver spheres (15 nm) were reported to be

extremely toxic to the germ line stem cell [27].

Size-dependent toxicity of silver nanospheres

was also demonstrated in studies by Hussain

et al. and Carlson et al. that found smaller

particles were the most toxic and generated

higher amounts of reactive oxygen species

(ROS), which was most likely the cause of cell

death [28, 29]. However, as stated earlier,

nanoparticles with the same chemical makeup

are not equal in toxicity. One study revealed

that 20-nm Ag-lysozyme-linked particles were

antimicrobial at a dose that was not toxic to a

cultured keratinocyte cell model [23]. Addition-

ally, Speshock et al. found that 10-nm Ag NPs

were able to inhibit host cell replication of arena

virus at concentrations that were not toxic to the

host cells [30]. These results along with other

emerging findings in key studies may provide

strong cross meta-analyses to determine the

many factors affecting Ag NP toxicity.

Gold Size Studies

Like silver, gold is a noble metal that possesses

unique optical properties that are tunable, based

on size and shape. These distinctive properties

have led to their inclusion in extensive biological

applications including sensors, drug and gene deliv-

ery, photothermal therapy, and contrast agents for

imaging [31–35]. Because gold (Au) NPs are rela-

tively biochemically inert compared to silver, Au

has been used in many biological and medical

applications with the assumptions that no signifi-

cant negative bioeffects occur when used. How-

ever, one must definitively study the potential

untoward effects on biological systems such as

those coming from repeated, long-term, or long

resident time material exposure. Currently,

conflicting data are available in the literature

regarding the cytotoxicity of Au NPs. A number

of studies have demonstrated the biocompatibility

of these materials and suggest that exposure to

tested levels used is not a concern. For example,

Shukla et al. showed that 3.5-nm Au NPs were not

toxic to cultured macrophages, and exposure did

not initiate stress-induced secretions of the

proinflammatory cytokines TNFα or IL-1β [36].

The biocompatibility of Au NPs is explored and

annotated in great detail in a recent review by

Murphy et al. [37]. In contrast, a more recent
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publication by Abdelhalim and Jarrar found

size-dependent toxicity in rat liver tissue after expo-

sure to different-sized AuNPs. The authors

determined that this size-dependent toxicity was

caused by an increase in sinusoidal Kupffer cells

and an increase in fat deposition in the hepatocytes,

producing necrosis of parenchymal cells [38].

Moreover, several studies have revealed size-

dependent toxicity ofAuNPs using several different

cultured cell phenotypes with smaller particles

being the most toxic [39–41].

Agglomerate Size

Recently our laboratory examined the size-

dependent effects of three different silver particles

(20, 40, and 80 nm) on human keratinocytes

(unpublished data). Conflicting from past results,

the smallest primary size silver (20 nm) particles

were less toxic to cells than the larger NPs were.

The 40-nm particles caused the most cell death,

generated significant amounts of ROS, and

changed the expression of more genes involved

in stress and toxicity. However, upon further

investigation, dynamic light scattering (DLS)

data revealed that the 40-nm particles

agglomerated the least in the media, making the

final complex the smallest size material presented

to cultured cells as an NM dose (Table 1). When

accounting for stable agglomerated Ag NPs in the

toxicology analysis, the solution agglomerates

again exhibited size-dependent toxicity with the

smallest agglomerate generating the most ROS

and thereby being the most toxic to cells. Another

study by Moulton et al. prepared Ag NPs through

green chemical synthesis, which created a primary

particle size of ~10 nm. Those 10-nm Ag NPs

were nontoxic to human keratinocytes, despite

numerous past studies using other AgNP synthesis

methods that produced 10-nm NP that were

extremely cytotoxic to cells [27–29, 42]. Again,

different agglomeration states were determined to

be the reason for the differences. The green

synthesized Ag NPs agglomerated to compara-

tively large micron-sized particles in media and

were consequently excluded from the cells.

In another study, Braydich-Stolle found that two

different-sized TiO2 particles, 10 and 100 nm, both

agglomerated to the same size of approximately

1,800 nm in cell culture media [43]. This similar

agglomeration caused an analogous same decrease

in cell proliferation at 10 and 25 μg/ml doses.

However, this cytotoxic effect disappeared at

concentrations at or higher than 50 μg/ml dose,

which produced exposure concentration levels of

varied agglomeration sizes. Therefore, this report

was one of the first to suggest that NMs primary

and agglomerated sizes combine for toxicity and

require consideration when performing size-

dependent NM studies.

Nanomaterial Shape

Several studies show that the shape of the NM

has an effect on cellular interactions. A study

comparing Au nanosphere (NS) and Au

(nanorod) NR with similar diameters (20 nm)

revealed that Au NR reduced cellular viability

by ~45 % at 25 μg/mL, whereas treatment with

Au NS did not have any effect on cell viability,

even at the highest dose of 100 μg/mL [44].

Additionally, the Au NR generated a significant

increase in ROS and caused a depolarization of

the mitochondrial membrane potential, while the

Au NS did not produce similar deleterious

effects. Furthermore, the AuNR demonstrated

Table 1 Summary of silver characterization. The 40-nm particles agglomerated the least in the media as compared to

the 20 and 80 nm

Nanomaterial Diameter size (mu) Actual diameter size by TEM (nm)

Z-average particle diameter (nm)

Dispersed in water

Dispersed in serum free

media

Silver spheres 20 20.3 � 1.9 27.0 � 10.8 1,130 � 451

40 42.0 � 3.5 42.0 � 5.0 278 � 169

80 79.8 � 5.1 79.0 � 25.2 881 � 453
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considerable upregulation of genes involved in

cellular damage and stress (Fig. 2). A recent

in vivo study by George et al. found that silver

nanoplates were more toxic to fish gill epithelial

cells and zebrafish embryos when compared to

Ag spheres and Ag wires [45]. Additionally, a

separate study found that while Ag nanowires

were not toxic to a lung coculture model at low

doses, they did cause a disruption to the mito-

chondrial membrane potential and an inflamma-

tory response in test system [46]. Taken together,

these data suggest that nanomaterial shape plays

another key role in material NP-cell interactions.

Core Composition

As the importance of NM size emerged in toxicity

responses and significant advancement occurred in

the area of reproducible NM synthesis, researchers

began to compare different NMs with the same

sizes but different core compositions. Several

studies have demonstrated that several NMs pos-

sess a strong cytotoxic potential, based solely on

their core composition. A review by Schrand et al.

provides a summary of the studies that explored

core composition in the toxicity of NMs [47]. For

example, a study by Hussain et al. demonstrated

that AgNPs were more toxic to BRL 3A cells than

MoO3, Al, Fe3O4, and TiO2, while Wang et al.

determined that Cu and Mn NPs were more toxic

than Al to PC12 cells [28, 48]. Jeng and Swanson

revealed that ZnONPs were more toxic to N2A

cells than TiO2, Fe3O4, Al2O3, and CrO3, and

Sayes et al. showed that ZnO NPs were the most

toxic to rat epithelial cells, rat primary alveolar

macrophages, and cocultures of both, compared

to equal dose amounts of Fe and SiO2 NPs [49,

50]. These studies provide evidence that silver,

copper, zinc, manganese, aluminum, iron, and

chromium NPs as metal or their oxide forms are

toxic to various cell types. More recent studies

Fig. 2 Evaluation of mitochondrial membrane potential
(MMP) following gold nanomaterial exposure. This

assay uses the dye JC-1, which enters healthy

mitochondria, aggregates, and fluoresces red. Upon dis-

ruption of the mitochondrial membrane, the dye

disperses and fluoresces green throughout the cell,

indicating apoptotic cells. (a) Control cells (untreated),
(b) AuNS-MPS, (c) AuNR-PEG. There was significant

amount of MMP lost after exposure to the AuNR-PEG.

(d) Graph depicting the data shown in the images

(*denotes significance in comparison to control values

p < 0.05)
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revealed that the higher toxic NPs are frequently

those with the greater kinetic rate of ionic dissoci-

ation in solution, resulting in a strong induction of

metal ion ROS induction and cellular distress

[28, 48–52].

Surface Chemistry

NM surface chemistry is extremely important in

predicting and dictating how a cell will respond

to NM exposure. Several very general classes

of surface moieties exist, including surf-

actants, biomolecules, chemical agents, and

ligands to modify surface charge. For example,

cetyltrimethylammonium bromide (CTAB) is a

cationic surfactant used in the synthesis of

AuNRs, which acts as a capping agent to control

the size and the shape of AuNRs during solution

synthesis. Several studies have found that direct

use of CTAB caused significant cytotoxicity, and

its removal resulted in a destabilization of AuNR

suspension [13–16]. Chemical modification by

direct functionalizing of the AuNR surface to

create a thiol bond or exchanging the CTAB

with a less toxic ligand such as polyethylene gly-

col (PEG) can eliminate CTAB as a toxic surface

coating [13–16, 53–60]. Moreover, Grabinski

et al. showed that both gold nanorod (GNR)-

PEG and GNR-mercaptohexadecanoic acid

(MHDA) exhibited minimal effects on cell prolif-

eration and that the GNR-PEG induced less

significant and unique changes in gene expression

related to stress and toxicity than GNR-MHDA

induced [60]. This study demonstrated that while

AuNRs are not toxic, NM coating has a profound

effect on cellular responses.

Another key component that falls under the

surface chemistry category is surface charge.

Recent studies suggest that the surface charge of

the NP plays a critical role in the initial binding to

the cell membrane and subsequent internalization

into cells that provides a strong link to this physi-

cochemical state to the resultant cytotoxicity.

For example, according to Orr and colleagues,

positively charged particles bind to cytoskeletal

structures within the actin machinery, traveling

along filopodia and microvilli-like structures on

the cell body, but the same particles bearing an

overall net negative charge did not bind to these

cellular structures [61]. Gratton et al. showed that

positively charged cylindrical nanoparticles were

taken up intoHeLa cells after 1 h to amuch greater

extent than their corresponding anionic particles

[62]. Conversely, Wilhelm et al. showed that

anionic maghemite nanoparticles demonstrated a

high level of internalization by interacting strongly

and nonspecifically with the cell membrane [63].

Goodman et al. discovered that the electrical

charge of the nanoparticle plays a key role in

determining toxicity, with cationic Au NPs

displaying moderate toxicity, while their anionic

counterparts exhibit no toxic effects [64].

Interestingly, another study demonstrated that

surface charge of Au NPs mediates the mecha-

nism of toxicity [65] finding that 1.5-nm Au NPs

with different surface charges (positive, nega-

tive, and neutral) disrupted cell morphology and

a dose-dependent toxicity found in charged Au

NPs displayed low-dose (10 μg/ml) toxicity com-

pared to neutral Au NPs (25 μg/ml). Significant

mitochondrial stress (decreases in MMP and

intracellular Ca++ levels) was found following

charged Au NP exposure, but not with neutral

Au NPs. Lastly, differences in regulation of DNA

damage-related gene expression suggested a

differential cell death mechanism found based

on whether or not Au NPs were charged or

neutral (Fig. 3).

Surface Functionalization

Several studies have shown that altering the sur-

face chemistry of nanoparticles has been effec-

tive in preventing toxicity from the core NM

chemicals [44, 54, 66–69]. However, some stud-

ies suggest that the stability of these coatings

may degrade and fluctuate, depending upon

time of composition and residency media and

cell or tissue regional residency. For example,

spermatogonial stem cells treated with Ag NPs

containing hydrocarbon (HC) and polysaccha-

ride (PS) surface coatings initially demonstrated

differential biocompatibility, with HC-coated Ag

being toxic to the cells and the PS-coated Ag
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Fig. 3 Evaluation of
mitochondrial stress
following gold
nanoparticle exposure.
(a) The AuNPs generated
significant amounts of

ROS, regardless of charge

(*denotes significance in

comparison to control

values p < 0.05). (b–e)
Loss of mitochondrial

membrane potential after

exposure to 25 μg/ml

AuNPs. (b) Control (c)
MEEE (0), (d) TMAT (+),

(e) MES (�). There was

significant amount of MMP

lost after exposure to both

the charged AuNPs.

(f) Release of calcium ions

into cytosol after exposure

to 25 μg/ml AuNPs. There

was a significant amount of

Ca++ ions released into the

cytosol after exposure to

both the charged particles

but not the neutral particles
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being nontoxic [70]. However, after 3 days of

exposure, the PS Ag biocompatibility was lost

and cell viability lowered to the same levels as

cells treated with the HC Ag. Similarly, Schrand

et al. demonstrated that the same PS-coated Ag

was more biocompatible in neuroblastoma cells.

However, after treatment with nerve growth fac-

tor to induce proliferation of the cells, both types

of Ag prevented the NGF from inducing a growth

response. Although the mechanism is yet to be

discovered, this result may likely be an NP mem-

brane receptor blocking effect, where the highest

NP concentrations are found [9]. Studies by

Freese et al. and Uboldi et al. showed that sodium

citrate AuNPs were toxic to alveolar type II-like

human epithelial cells, A549, NCIH441, and

endothelial cells and that increased amounts of

sodium citrate on the AuNP surface increased

uptake levels in endothelial cells [71, 72].

These studies demonstrate the need for additional

research on the role NM surface coatings play in

cellular response and on the importance of NM

surface composition and chemistries that can

change over time of exposure. When engineering

biocompatibility NMs, one must consider the

surface chemistry, the coating, and the desorp-

tion dynamics to best investigate and understand

a likely plethora of biological effects.

Current Challenges

So far, this chapter has presented some original

data and topics from the literature involving dif-

ferent physical and chemical properties of NM

and that NP exposure can produce diverse affects

to a biocellular environment. One of the major

challenges that nanotoxicology faces today is

that many of these original biocompatibility tests

were performed under very high, unrealistic expo-

sure NM doses. Current investigations are now

exploring lower, more realistic dosages of NMs,

which are equivalent to an individual daily expo-

sure use based upon work or an operation basis.

Some of these studies have demonstrated that the

lack of frank cell death does not automatically

imply that exposure is completely without affect.

A recent study demonstrated that although

aluminum and aluminum oxide nanoparticles

were not toxic to a lung coculture model, the

aluminum NPs prevented this culture from

generating a normal immune response when

infected with bacteria. This apparent nontoxic

NM exposure produced the diminution or loss of

immune cell function requiring further explora-

tion [73]. Another study showed that low-level,

nontoxic exposures to gold, silver, and iron oxide

caused a disruption in the EGF signaling, though

each NP type appeared to act through independent

mechanisms [74]. Li et al. showed that while

20-nm Au NPs were not cytotoxic to lung

fibroblasts, they did produce significant amounts

of oxidative DNA damage and downregulated

the expression of DNA damage and cell

cycle genes [75]. Additionally, other studies

have demonstrated that NM can induce immune

responses and can cause inflammation without

causing significant cell death [76, 77]. Lastly,

recent investigations have explored the combina-

torial bioeffects of NMs at low dosages in con-

junction with a magnetic field and demonstrated

that co-exposure scenarios [78] influence the

resultant bioeffects. Continued exploration into

new bioeffects research remains critical for

providing realistic exposure evaluation for

human use exposure scenarios. Only after further

significant study will data allow establishment of

regulatory exposure limits and ascertain the safety

levels for NM inclusion into consumer and mili-

tary applications.

Conclusions

Nanotechnology has emerged as one of the fastest-

growing interdisciplinary fields in science today

and promises to continue to revolutionize industry,

medicine, and consumer products with its transla-

tion into additional areas such as information tech-

nology, food safety, agriculture, and energy.

However, the very distinctive and exceptionally

novel physicochemical properties found with

NMs may also cause some unwanted and unin-

tended side effects. Therefore, it is critical to

address the potential environmental, health, and

safety impacts of these innovativematerials before
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their full incorporation into any technology, prod-

uct, or application. Scientists are starting to

address the most critical issues. However, because

NMs are being incorporated into new products

daily, difficulties remain to match the pace of this

exponential growth and deployment of new

products. The preliminary studies described in

this chapter are provided as an initial primer to

understand and address the complexity of the prob-

lem. The current data provided shows this diver-

sity of toxicity responses and potential untoward

effects imparted by NM exposure. We hope that

this information will excite interest in others and

show that there is still muchmore work required to

understand how emerging designs of synthesized

NMs can and will influence cellular responses.
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HIF-1 and EGLN1 Under Hypobaric
Hypoxia: Regulation of Master
Regulator Paradigm

Aastha Mishra and M.A. Qadar Pasha

Abstract

High-altitude (HA) populations living for several thousands of years at

elevations up to 5,000 m present many adaptive phenotypic changes; con-

versely, the lowland populations respond differentially like acclimatizing to

the environment or predisposing to HA disorders. Hypobaric hypoxia envi-

ronment at HA results into reduced blood arterial O2 saturation in the body.

It stimulates an array of physiological responses enabling the body to

function optimally under this environment. Several of the physiological

responses are regulated by hypoxia inducible factor-1 (HIF-1), a master

transcription factor of O2-sensing pathway. It regulates transcription of

those genes that are required for either increasing O2 availability or

mediating responses to O2 deprivation such as reduction of ATP turnover

rate of the body. Under normoxic state, however, HIF-I is repressed by HIF-

prolyl hydroxylase 2 (EGLN1), which in actuality hydroxylates HIF1α to

facilitate its degradation. Furthermore, the adaptive phenotypes are the result

of natural selection of genetic traits that counteract the effects of environ-

mentally induced changes. Identification of variants in these genes may help

in elucidating molecular mechanisms by which these two molecules func-

tion under hypobaric hypoxia. These elucidated mechanisms can be

translated for practical applications to enhance the health management

at HA. It may also help in designing new therapeutic targets, thereby

transforming the basic knowledge into practical applications.

Introduction

High-altitude (HA), characterized by decreased

atmospheric pressure (hypobaria) resulting in

low partial pressure of oxygen (hypoxia),

represents one of the extreme environments on

Earth. Increase in altitude proportionately

reduces the number of oxygen (O2) molecules

per breath, which in turn reduces the amount of

O2 availability to the blood and tissues in the

body [1]. Thus, the hypobaric hypoxia environ-

ment at HA results into reduced blood arterial O2

saturation (SaO2) in the body [2]. SaO2 is a

percentage of the amount of hemoglobin
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molecules which are oxygenated (oxyhemoglo-

bin) in arterial blood [3]. Alleviated SaO2 level

directly affects O2 transport cascade of the body

and is used as a measure of stress to the underly-

ing HA environment [4], which stimulates an

array of physiological responses that enable the

body to function optimally in the low O2 envi-

ronment [5]. In addition, variation in the percent

of SaO2 is an evidence of interindividual

variations in ventilation and transfer of O2 from

air to the blood [4]. Hence, among the several

characteristic features of the HA environment

like extreme cold, low humidity, and solar and

ionizing radiations, it is the hypobaric hypoxia

that has the main effect on human beings and is

the chief driving force for major acclimatization

and adaptive processes at HA.

Oxygen-sensing pathway plays a cardinal role

in maintaining the adaptive homeostasis by tran-

scribing those genes that are required for either

increasing O2 availability of the body ormediating

responses to O2 deprivation such as reduction of

ATP turnover rate [6]. Transcription of these genes

is carried out by hypoxia-inducible factor-1 (HIF-

1), a master transcription factor (TF) of hypoxia.

HIF-1 induces several genes, to name few, glucose

transporter-1, lactate dehydrogenase A, erythro-

poietin, transferrin, vascular endothelial growth

factor, insulin-like growth factor-2, endothelin-1,

and endothelial nitric oxide synthase [7, 8]. These

HIF-1-regulated genes belong to pathways like

glycolysis, red blood cell formation and matura-

tion, angiogenesis, vascular homeostasis, and cell

proliferation and survival that promote cellular

adaptation to low O2 availability (Fig. 1). Hence,

HIF-1 becomes the central regulatory molecule

affecting the physiology at HA. However, HIF-1

itself is regulated by yet another molecule EGLN1

(HIF prolyl hydroxylase 2) of O2-sensing pathway

[9]. EGLN1 translates change in O2 signals and

regulates the protein stability of HIF1α subunit of

HIF-1. During normal O2 supplies, it hydroxylates

HIF1α to facilitate its degradation [10]. Con-

versely, the condition of low O2 supply results in

the loss of EGLN1 activity. This prevents hydrox-

ylation reaction of HIF1α subunit and gives HIF-1

an opportunity to accumulate and function opti-

mally under this environment [11]. Elucidation of

Fig. 1 Transcriptional activation of genes bearing

hypoxia response element (HRE) by HIF-1 transcription

factor. HIF-1 induces activation of all those genes that

bear HRE in their promoters. Hence, HRE-bearing

genes are also known as HIF-1-regulated genes. The

HIF-1-regulated genes belong to the pathways like

erythropoiesis, angiogenesis, glycolysis, extracellular

matrix remodeling, and cell survival and proliferation

to maintain vascular and adaptive homeostasis at HA
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the molecular mechanisms by which these two

molecules, HIF-1 and EGLN1, function under

hypobaric hypoxia can be translated for practical

applications to enhance the health management at

HA. It will also help in devising new therapeutic

targets, thereby transforming the basic knowledge

into practical applications.

Adaptive and Maladaptive Responses
to Hypobaric Hypoxia

HA has always fascinated humans. As a result,

around 140 millions are permanently settled.

More than 40 million lowlanders are traveling

to altitudes for various reasons like professional

commitments, recreation, and adventure. In

recent times, HA has also been utilized for train-

ing athletes and sports personnel to increase their

hyperventilation capacity and endurance [12].

Moreover, the numerous clinical, physiological,

and experimental lessons learned from altitude

studies can be applicable to cardiovascular and

respiratory diseases in which hypoxia is explic-

itly involved and that share pathophysiological

features similar to HA disorders. We have, in

recent times, witnessed several evidences of

adaptation in HA natives [13–20]. This HA adap-

tation is responsible for incorporation of many

characteristic features like blunted hypoxic pul-

monary vasoconstriction response, thin-walled

pulmonary vascular structure, increased blood

flow, higher O2 saturation during exercise, and

elevated vasodilatation [21–25]. HA, thus, offers

a natural laboratory set up to study fitness-

enhancing traits that have conferred biological

advantages to the organisms at HA.

Compared to the HA natives, the lowland

population when exposed to a similar environ-

ment reacts differentially. There are subjects who

perform physical activities without showing

signs of discomfort; on the contrary there are

subjects who experience various levels of physi-

cal exertion and develop HA-related disorders

[26]. These interindividual variations in

lowlanders depend on the extent of acclima-

tization to HA, which enables the body to func-

tion optimally in the low O2 environment [27].

Both adaptation and acclimatization allow

organisms to cope up with the environmental

stress. While adaptation refers to the changes at

genetic level acquired over a very long period of

time by the process of natural selection,

acclimatization generally refers to the physiolog-

ical changes [28]. However, often many

individuals due to the absence of the beneficial

alleles in them remain unacclimatized and thus

remain susceptible to various HA maladaptations

[29, 30]. These maladaptations represent a num-

ber of severe life-threatening disorders [31]. The

major disorders that inflict humans at HA are

acute mountain sickness (AMS) [32], subacute

mountain sickness (SAMS) [33], high-altitude

pulmonary edema (HAPE) [34], high-altitude

cerebral edema (HACE) [35], high-altitude pul-

monary hypertension (HAPH) [36], and Monge’s

disease or chronic mountain sickness (CMS)

[37]. While AMS, SAMS, HACE, and HAPE

affect sojourners, the HAPH and CMS affect

HA natives [26].

Adaptation and acclimatization to HA are

driven by the alterations in the O2-sensing path-

way. Therefore, HIF-1 and EGLN1, the central

regulatory molecules of O2-sensing pathway, are

implicated in the manifestation of these

disorders, and elucidation of alterations in these

molecules will help in our understanding of the

pathophysiological mechanisms. Hence, the

description of these two cardinal molecules,

HIF-1 and EGLN1, finds relevance under

hypobaric hypoxic stress.

HIF-1

HIF-1 is made up of two differentially regulated

subunits, the alpha subunit (HIF1α, HIF2α, and
HIF3α) and aryl hydrocarbon receptor nuclear

translocator (ARNT) or β subunit. All the three

isoforms of alpha subunits are O2 regulated but

differ in their expression pattern [7]. HIF1α is the

most predominant and ubiquitously expressed

form. HIF2α, also termed as endothelial PAS

domain protein 1 (EPAS1), shares a number of

similarities with HIF1α but is predominantly

expressed in endothelium, carotid bodies, liver
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parenchyma, lung type II pneumocytes, and

kidney epithelial cells [7]. The third isoform,

HIF3α or inhibitory PAS domain protein

(IPAS), is expressed at high levels in the thymus,

cerebellar Purkinje cells, and corneal epithelium

of the eye [7]. As the name suggests, inhibitory

PAS domain protein acts as a dominant negative

regulator of transcription mediated by other two

α subunits, HIF1α and HIF2α [7]. HIF1β or

ARNT is expressed constitutively and is insensi-

tive to changes in O2 levels. It dimerizes

with HIF1α to form functional HIF-1, which is

primarily responsible for the hypoxic responses

of the body [7, 38].

Both the binding partners of HIF-1 dimerize

through their basic-helix-loop-helix–Per-ARNT-

Sim (bHLH–PAS) domain present in each sub-

unit [8]. This domain is responsible for all the

DNA-protein interactions of HIF-1 [8]. In fact,

the discovery of HIF-1 is attributed to the binding

of bHLH–PAS domain to the hypoxia response

element (HRE; 50-TACGTGCT-30) present in

the erythropoietin (EPO) gene [7]. EPO is

recognized as a hypoxia-inducible gene that

encodes for the hormone responsible for red

blood cell proliferation [39]. More red blood

cells ensure better oxygenation of the body dur-

ing O2 deprivation. Only after the discovery of

HRE element, it was realized that the HIF-1 is

responsible for the induction of HRE-bearing

genes following the hypoxic stimulus (Fig. 2)

[5]. Besides the bHLH–PAS domain, the HIF1α
subunit contains several other regulatory

domains like C-terminal O2-dependent degrada-

tion (ODD) domain and transactivation domain

(CTAD). The ODD domain of HIF1α is respon-

sible for the protein stability, whereas the CTAD

mediates its transcriptional response [6]. In

normoxic condition, the proline residues at

positions 402 and 564 of ODD domain of

HIF1α are hydroxylated by EGLN1 [10]. This

post-translational modification of ODD domain

helps in polyubiquitination and proteasomal deg-

radation of HIF1α (Fig. 2) [11]. CTAD interacts

with CBP/p300, the functional coactivators that

are required for transcriptional response of HIF-

1. HIF1α subunit inhibitor (HIF1AN), another

hydroxylase belonging to the same family of

EGLN1, hydroxylates asparagine residue at posi-

tion 803 of CTAD of HIF1α. This modification

blocks the interaction of CTAD with CBP/p300,

thereby obstructing the transcriptional activity of

HIF-signaling pathway (Fig. 2). Hence, the pro-

tein stability and the activity of α subunits

depend on the post-translational modifications

and respond to changes in O2 tension. These

responses allow cells to adapt to the decreased

O2 availability. Several studies have suggested

and shown that increase in HIF-1 protein levels

associates with adaptation in all living beings

including humans and animals living perma-

nently at these mighty mountains [40–43].

HIF-1 Under Hypobaric Hypoxia

The physiological changes that include hemato-

logical, respiratory, and cardiovascular responses

towards environmental hypoxia are mediated by

HIF-1 [5]. Induction of HIF-1-regulated genes

followed by hypobaric hypoxia stimulus helps

the cells in maintaining adaptive homeostasis

and in fulfilling the energy demands of the body

[6]. Sojourns at HA lead to a series of physiolog-

ical adaptations, which are critical for

overcoming the deleterious effects of hypoxia.

One such adaptation is the ventilatory

acclimatization to hypoxia (VAH). VAH is

characterized by a progressive increase in base-

line ventilation, which ensures adequate oxygen

supply [44]. Carotid bodies are the principle sen-

sory organs for detecting arterial blood O2 levels

and a substantial body of evidence suggests that

carotid body chemosensory reflex is critical for

VAH [45–47]. Reduced VAH is accountable to

various HA-related disorders [48]. The erythro-

poietic response of HIF-1 is yet another environ-

mentally induced response to increase red blood

cell mass for enhancing O2 delivery to the tissues

and cells of the body [39]. Pulmonary vascular

homeostasis is the third and extremely important

function of HIF-1 [5]. Hypoxia constricts the

human pulmonary vasculature and increases the

pulmonary arterial pressure.

Nevertheless, the functions of HIF-1 have

their negative aspects too. For example, AHVR
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marks the beginning of vascular remodeling that

shunts the blood from poorly aerated regions of

lungs to better ventilated region [49]. Although

this helps in improving the ventilation to perfu-

sion ratio during the process, it leads to structural

changes in the lungs, hypoxic pulmonary vaso-

constriction (HPV), and pulmonary hypertension

(PH) due to vascular remodeling [50]. The latter

is the hallmark of a number of HA-related

disorders and becomes the major cause of mor-

bidity at HA. It worsens the condition of CMS

and HAPH in HA natives and HAPE in

sojourners. PH, thus, becomes the major cause

of deaths at HA [34, 36, 37]. Similarly, increase

in red blood cell mass is undesirable and results

in CMS in HA natives, a neuropsychological

disorder with symptoms like memory loss, men-

tal confusion, sleep disturbance, headache,

anorexia, and fatigue [37]. Hence, HIF-1

mediates physiological responses to sustain

hypobaric hypoxia but is also responsible for

various environmentally induced maladaptive

changes.

HA populations living for several thousands

of years at elevations up to 5,000 m present many

adaptive phenotypic changes. These phenotypes

are the result of natural selection on genetically

based trait variations that counteracts the effects

of environmentally induced changes. For exam-

ple, HA natives of Tibet (3,000–5,000 m) have

hematological profile similar to what would be

expected at sea level and are particularly resis-

tant to developing CMS [21]. On the other hand

Andeans (3,000–5,000 m) have better O2 satura-

tion in their body [22]. Likewise, Ethiopians, the

indigenous human population residing on East

African plateau (1,500–3,500 m), have Hb con-

centration and SaO2 levels similar to the levels

Fig. 2 HIF1α, the oxygen-controlled subunit, under

hypobaric hypoxic and normoxic conditions. Under

hypobaric hypoxia, EGLN1 and HIF1AN are inhibited

to allow proper functioning of HIF-1 for maintenance of

O2 and cellular homeostasis. However, in the normoxic

condition, the protein levels of HIF1α as well as its

transactivational activity are inhibited by EGLN1 and

HIF1AN, respectively. ARNT, aryl hydrocarbon

nuclear receptor translocator; Asn, asparagine;

EGLN1, HIF prolyl hydroxylase 2; HIF1α, hypoxia-
inducible factor-1α; HIF-1AN, HIF1α subunit inhibitor;

HRE, hypoxia response element; O2, oxygen;

OH, hydroxyl group; ub, ubiquitin proteins; VHL, von

Hippel–Lindau tumor-suppressor protein; CBP/p300,

CREB-binding protein/E1A binding protein p300; Pro,

proline
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found at sea level [21]. The other HA native

populations like Daghestani of the Republic of

Daghestan (Russia, 1,500–2,200 m) and

Eurasians of Caucasian mountains on the border

between Asia and Europe (�2,500 m) have also

shown evidences of adaptation [17, 18]. Interest-

ingly, all the HA populations have demonstrated

the role of HIF pathway in O2 pressure adapta-

tion over a wider range of altitudes than previ-

ously recognized [18]. Thus, it appears that the

genes pertaining to HIF pathway are undergoing

the continuous process of HA adaptation and are

conferring beneficial phenotype in HA natives

[13–18]. HIF2α or EPAS1 has shown natural

selection in Tibetans, and the major alleles of

these identified signals were also found to be

associated with lower hemoglobin (Hb) level

[14]. Yi X et al. [15] demonstrated an SNP of

EPAS1 showing 78 % of difference in its distri-

bution in Tibetan highlanders and Han Chinese

as a representation of the fastest allele frequency

change observed at any human gene to date [15].

Association of these signals with Hb

concentrations further suggests that these loci

have functional importance in genetic adaptation

to HA [14]. Similarly, ARNT2 gave the signal for

natural selection in Ethiopian highlanders when

compared to their lowland counterparts, and the

SNPs belonging to this gene were also associated

with the Hb levels [20]. Studies using candidate

gene approach reported the selection of wild-type

alleles of exonic SNPs C1772T (rs11549465)

and G1790A (rs11549467) of HIF1α in Tibetans

[51]. Similarly, another study found a novel

dinucleotide polymorphism in intron 13 of this

gene being more frequent in Sherpas as com-

pared with Japanese lowlanders [52].

EGLN1

The O2-controlled HIFα isoforms are regulated

by the members of ubiquitous Fe(II) and

2-oxoglutarate-dependent oxygenase superfam-

ily [10]. The three alpha subunits of HIF-1 are

regulated by O2 through the enzymatic hydrox-

ylation of specific amino acid residues in these

proteins [11]. In mammals, three isoforms of

prolyl hydroxylases have been identified that

catalyze the post-translational modification of

proline residues of α subunits of HIF-1 [53].

These hydroxylases are HIF prolyl hydroxylase

1 (HPH1 or EGLN3, PHD3), HIF prolyl hydrox-

ylase 2 (HPH2 or EGLN1 or PHD2), and HIF

prolyl hydroxylase 3 (HPH3 or EGLN2 or

PHD1). Several studies on RNA interference of

the three prolyl hydroxylases have established

EGLN1 as the main cellular O2 sensor and the

one responsible for proline hydroxylation of

HIF1α subunit [53]. The degradation of HIF-1

in normoxic condition is credited to the binding

of von Hippel–Lindau tumor-suppressor protein

(VHL) to the HIF1α subunit that directs the

multiprotein ubiquitin ligase complex for

polyubiquitination and proteasomal degradation

[10]. The binding of VHL to HIF1α requires its

post-translational hydroxylation by EGLN1,

which requires O2 along with iron, ascorbate,

and 2-oxoglutarate as obligate cofactors [53].

The hydroxylation process transfers one O2

atom from O2 to the proline residue and the

other reacts with 2-oxoglutarate. Fe(II) bound

by two histidine residues and one aspartic

acid forms the active site of the EGLN1, and

ascorbate helps to maintain Fe(II) state of Fe

required for maintaining full activity of the

enzyme [53]. Hence, under low O2 condition,

the activity of hydroxylases is hampered

resulting in stabilization and accumulation of

HIF-1 complex.

EGLN1 Under Hypobaric Hypoxia

EGLN1 has emerged as the only molecule, whose

signals have been found in the genome-wide asso-

ciation studies of almost every population of HA

around the world [16–20]. The positively selected

haplotypes ofEGLN1 in HA populations have also

been associated with decreased Hb phenotypes

[16]. The selection of EGLN1 in Tibetans,

Andeans, Eurasians, and Daghestanis suggests

the common pathways of adaptation to HA indif-

ferent populations [15–20]. Through candidate

gene approach, Aastha Mishra et al. [26] has also

shown selection of rs1538664, rs479200,
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rs2486729, rs2790879, rs480902, rs2486736, and

rs973252 from the intronic region of this genewith

respect to adaptation in Ladakhi highlanders and

maladaptation due to HAPE in sojourners [26].

Ladakhi population belonging to Tibetan origin

resides at �3,500 m of Ladakh region of India.

The assessment of EGLN1 expression in this study

was equally pertinent. It has revealed more than 4-

fold upregulation of EGLN1 in HAPE, which

causes instability to HIF1α that in turn prohibits

the downstream genes frommaintaining the cellu-

lar O2 homeostasis. Furthermore, the risk variants

rs1538664A, rs479200T, rs2486729A,

rs2790879G, rs480902C, rs2486736A, and

rs973252G, which were over-represented in

HAPE correlated with increased EGLN1 expres-

sion and decreased SaO2 level. These association

studies suggested the role of these polymorphisms

in regulating the phenotypic differences. The team

had also conducted TFSEARCH analysis that

identified the alterations in TF binding sites due

to the presence of variants in it (Fig. 3). The analy-

sis observed that the protective alleles of these

polymorphisms had binding sites for TFs like

CREB, VBP, NIT2, and AP-1 that ensured normal

functioning ofHIF and thereby cellular O2 homeo-

stasis. Contrary to protective alleles, the

appearances of risk alleles in these TF binding

sites created sites for TFs like C-MYB, GATA-1,

GATA-3, DELTA E, and BCD that are associated

with tumor growth, proto-oncogenicity, and

inflammatory and oxidative stress response.

Thus, these analyses indicated that the signifi-

cantly associated SNPs belonging to intron 1 of

the genemight be involved in the regulation of this

gene. Another candidate gene approach study has

identified a causal non-synonymousmutation after

re-sequencing the entire gene [54]. This non-

synonymous mutation (rs186996510) showed sig-

nificant difference between Tibetans and lowland

population and was also associated with low

Hb levels. This exonic SNP, highly prevalent

in Tibetans but extremely rare in lowland popula-

tion, may be contributing to HA hypoxic

adaptation.

It hence may be concluded that genes like

EPAS1 and EGLN1 show strong signals of nat-

ural selections that correlate well with the rele-

vant clinical and bimolecular levels at HA.

Moreover, the investigation of HA disorders

elucidated the contributions of risk variants of

these genes in maladaptations. Identification of

the genetic variants associating with HA

adaptations and maladaptations and exploration

of their functionality through various correla-

tion studies, thus, have helped in understanding

of the molecular mechanisms working towards

hypoxia tolerance in the body.

Future Perspectives

HIF-1–EGLN1–VHL complex controls the

responses of mammalian cells to O2 depriva-

tion. This complex has immense potential for

pharmacological manipulations in HA-related

disorders. Exploitation of HIF-1 in tumor biol-

ogy has been highly rewarding and the same

could be expected in HA biology too. However,

the journey of translational research of O2-sens-

ing pathway in the environmental stress such as

hypobaric hypoxia cannot be realized until all

the mechanisms of these pathways at HA are

transparent to us. A lot of functions of HIF-1 are

still obscure and require detailed investigation.

Along with them, the potential of selected ben-

eficial alleles of EGLN1 and HIF-1 at HA can be

exploited in gene therapy and through

pharmacogenomics.
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Fig. 3 Schematic representation of polymorphisms of

EGLN1 lying in the TF binding sites. (a) EGLN1 struc-

ture with the 30 polymorphisms, (b) The protective alleles

of above mentioned seven polymorphisms lying in the TF

binding sites of the respective TFs, (c) The risk alleles

lying in the TF binding sites of the respective TFs and

(d) the affinity score and function of the TFs that bind to

the TF binding sites falling in the vicinity of the EGLN1

polymorphisms (Reproduced with permission, from

Mishra et al. [26]. # The Biochemical Society)
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PouysseÂgur J (2003) HIF prolyl-hydroxylase 2 is the

key oxygen sensor setting low steady-state levels of

HIF-1a in normoxia. EMBO J 22:4082–4090

11. To KKW, Huang LE (2005) Suppression of HIF-1α
transcriptional activity by the HIF prolyl hydroxylase

EGLN1. J Biol Chem 280:38102–38107

12. Saunders PU, Pyne DB, Gore CJ (2009) Endurance

training at altitude. High Alt Med Biol 10:135–148

13. Bigham A, Bauchet M, Pinto D, Mao X, Akey JM,

Mei R, Scherer SW, Julian CG, Wilson MJ,
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Electrochemical Biosensors for Hypoxia
Markers

C. Karunakaran, T. Madasamy, M. Pandiaraj, Niroj K. Sethy,
and Kalpana Bhargava

Abstract

An inadequate oxygen supply to cells/tissues causes hypoxia at high altitude,

resulting in alteration in the levels of nitric oxide (NO) and its metabolites,

viz. nitrite (NO2
�) and nitrate (NO3

�) and simultaneous increase in the

formation of peroxynitrite which triggers the cell death by releasing cyto-

chrome c (cyt c) from mitochondria. Therefore, measurements of these

biologically important hypoxia biomarkers are imperative in human physiol-

ogy as it provides valuable information regarding the personnel at high

altitude. So, we have developed a cost-effective and portable electrochemical

biosensor assay for the measurement of various hypoxia biomarkers in

volumeminiaturized samples using screen-printed electrodes (SPE). Modifi-

cation of SPE surface with nanocomposites of polypyrrole and carbon

nanotube/self-assembled layer on gold nanoparticle for biofunctionalization

of specific biorecognization (enzymes/antibody) elements provides a selec-

tive and sensitive determination of various hypoxia biomarkers. Copper, zinc

superoxide dismutase, and nitrate reductase-functionalized electrodes were

used as biosensors for the determination of NO, NO2
�, and NO3

�. Supple-
mentation of NO3

� rich beetroot juice to human and several animal models

enhanced the NO-like bioactivity. So, we have measured the total NO2
� and

NO3
� levels in beetroot supplements and in human plasma before and after

beetroot intake. Further, novel cyt c biosensor based on cyt c reductase was
employed to measure cyt c release from the hypoxic-induced cell death

and the results agreed well with the standard assay methods.

Introduction

Hypoxia is a pathological condition in which the

entire human body or some parts of the body are

deprived or suffer from lack of oxygen supply [1].

It results in a mismatch between oxygen supply

and its demand at the cellular level [2]. This

shortage of oxygen leads to cancer, cardiovascular
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dysfunction, and neurodegenerative diseases

[3, 4]. Nitric oxide (NO) is a ubiquitous signaling

molecule produced through the metabolism of

L-arginine by nitric oxide synthases (NOS) [5].

Its availability is probably reduced at high altitude

since its enzymatic production depends on the

availability of oxygen, and exposure to hypoxia

results in a paradoxical increase in the production

of reactive oxygen species leading to NO inactiva-

tion [6]. Further, nitrite (NO2
�) and nitrate (NO3

�)
are the stable end oxidative metabolites of NO and

their concentrations are also altered in blood during

hypoxia [7]. Subsequently, the concentration of

peroxynitrite will be increased which triggers the

cell death by releasing cytochrome c (cyt c) from

mitochondria [8]. NO2
� reduction to NO during

hypoxia appears to contribute to physiological hyp-

oxic signaling, vasodilation, modulation of mito-

chondrial respiration, and the cellular response to

ischemic stress [9]. Therefore, NO, NO2
�, NO3

�,
and cyt c are the important biomarkers of hypoxia

and their measurements are aid in monitoring

subjects at high altitude (Fig. 1).

Numerous strategies have been developed for

the determination of NO, NO2
�, and NO3

�

including Griess colorimetric assay [10, 11],

fluorometry [12], and chemiluminescence

methods [13]. Separation-based methods, viz.
GC-MS [14, 15] and HPLC [16, 17], with variety

of detection system have also been reported.

Most of these techniques are indirect, are not

suitable for in vivo measurement, and require

sophisticated instruments. Enzyme-linked

immunosorbent assay (ELISA), western blot,

flow cytometry, and spectrophotometry are the

commonly available biochemical techniques for

the quantification of cyt c release [18–21].

Although these methods have high sensitivity,

unfortunately, they are multi-step and time-

consuming processes, require large, expensive

instrument, require extensive pretreatment of

the sample, and are also not suitable for rapid

routine use. Recently, electrochemical biosensor

techniques are proved to be powerful tools for the

measurement of markers by providing practical

advantages, such as operation simplicity, low

expense of fabrication, and suitability for real-

time detection. In addition, it provides fast

response and more sensitive (particularly with

the use of modified electrodes) and selective

determination. Therefore, we developed electro-

chemical biosensor assays for these clinically

important hypoxia biomarkers.

Further, the research has been extended to

increase the NO bioavailability during hypoxia,

possibly by administration of NO3
� rich beetroot

juice [22]. It promotes NO-like bioactivity and

regulates biological activities like reduction of

blood pressure, vasodilation, cytoprotection,

cardioprotection, and protection from

ischemia–reperfusion injury and promotes exer-

cise capacity [7, 23]. Interestingly, vegetables

like beetroot, spinach, and lettuce along with

cured meat in our everyday diet are a major

source of inorganic NO3
� [24]. Recent

investigations have also shown that higher intake

Fig. 1 Role of ROS/RNS

and cytochrome c in

hypoxia-induced cell death
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of nitrate-rich fruits and vegetables is associated

with reduced risk of coronary and ischemic heart

diseases [25]. In this exertion, we have also

investigated the promotion of NO and its

metabolites concentrations in blood using the

developed electrochemical biosensors.

Copper, Zinc Superoxide Dismutase,
and Nitrate Reductase-Based
Biosensors for Nitric Oxide
and Its Metabolites

Based on the nitric oxide and nitrite oxidase

activities of copper, zinc superoxide dismutase

(SOD1), an electrochemical biosensor for NO

and NO2
� was developed [26, 27]. Further,

NO3
� biosensor was developed by using nitrate

reductase (NaR)-immobilized electrode [28].

Nitric Oxide Biosensor

Nitric oxide biosensor was developed by

immobilizing SOD1 onto the carbon nanotubes

(CNT)–polypyrrole (PPy) nanocomposite-

modified Pt electrode. Scheme 1 represents the

various steps involved in the construction of NO

biosensor and the mechanism of measurement.

The electrochemical response of the constructed

NO biosensor for NO measurement was investi-

gated using cyclic voltammetry (CV). Figure 2

shows the electrochemical responses obtained for

the SOD1–PPy–Pt and SOD1–CNT–PPy–Pt

electrodes in the absence (curves a and b) and

presence (curves c and d) of 100 μMNO at a scan

rate of 50 mV s�1 in 0.1 M PBS (pH 7.0). In the

absence of NO, a quasi-reversible peak at +0.06 V,

characteristic of SOD1, was observed. However,

after the addition of NO, SOD1–PPy–Pt and

SOD1–CNT–PPy–Pt electrodes exhibited a new

peak at +0.8 V and the current response increased

anodically as the concentration raised. The

observed anodic peak at +0.8 V is attributed to

the oxidation of NO via a cyclic redox reaction of

SOD1 active site Cu (I/II) moiety. It is clearly seen

that the SOD1–CNT–PPy–Pt electrode (curve d)

shows higher current than SOD1–PPy–Pt (curve c).

It is perhaps due to the additional surface area

provided by the CNT–PPy nanocomposite enhanc-

ing the immobilization of SOD1, as well as

accelerating electron transfer between the underly-

ing electrode and active site of SOD1.

Further, the electrochemical responses of the

SOD1–CNT–PPy–Pt electrode in 0.1 M PBS

containing various NO concentrations were

investigated. The calibration curve was obtained

by plotting the observed anodic peak currents vs.

NO concentrations exhibiting a linear range of

response over the concentration of NO from

0.1 μM to 1 mM (r2 ¼ 0.999, n ¼ 3) with a

detection limit of 100 nM and sensitivity of

1.1 μA μM�1.

Virtual Instrumentation Based
NO Analyzer
Commercially available NO analyzers are

mainly based on the chemical reaction of NO

with ozone (O3) and the concentration of NO is

measured with respect to the luminescent
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intensity [29]. These analyzers involve corrosive

chemicals, high cost and also not a selective

method for the determination of NO. Because

of these limitations, we have developed here

virtual electrochemical NO biosensor. Earlier,

we have used the standard cyclic voltammetry

(CV) instrument for the measurement of NO.

However, this physical instrument involves high

cost and the instrumentation systems are made up

of predefined hardware components that are

completely specific to their measurement func-

tion. So, in an effort to diminish the cost of the

measuring unit, make it environment and user

friendly, and also to achieve the specific determi-

nation of NO, we have demonstrated here a com-

pact, flexible, and low-cost electrochemical NO

analyzer. It was developed by integrating home-

made potentiostat with data acquisition system

(MyDAQ) and the control program was devel-

oped using graphical user interface software

LabVIEW (Laboratory Virtual Instrumentation

Engineering Workbench). Figure 3 illustrates

the overall electrochemical setup (Panel A) and

front panel of the measurement (Panel B). Fur-

ther, the linear range, sensitivity, and detection

limit of the NO biosensor were investigated

using the virtual electrochemical analyzer and

are comparable with those obtained using stan-

dard CV instrument. Using this NO analyzer, the

concentrations of NO present in the exhaled

breath and also from hydrogen peroxide-

stimulated endothelial cells were estimated.

Nitrite Biosensor

In the literature, several reports described the

measurement of NO2
� based on its electrochemi-

cal reduction. However, these electroreductive

reactions involved in the above reported methods

gave NO as a product causing interference by its

reaction with oxygen. Hence, the researchers

focused on the electrocatalytic oxidation of

NO2
� for its selective measurement without any

interference. Therefore, we have used here the

nitrite oxidase activity of SOD1 [27]. Further,

the active channel of SOD1 is narrow to pass

NO2
� [30]. So, SOD1 was used as a specific

biorecognition element for the determination of

NO2
�. The electrochemical biosensor

(SOD1–CNT–PPy–Pt) for the measurement of

NO2
� was fabricated as described in the section

“Nitric Oxide Biosensor.”

The electrochemical responses of the

SOD1–CNT–PPy–Pt and CNT–PPy–Pt

electrodes before and after the addition of

250 μM NO2
� in 0.1 M PBS are displayed in

Fig. 4. Upon addition of NO2
�, SOD1

Fig. 2 Typical CV

responses obtained for the

SOD1–PPy–Pt and

SOD1–CNT–PPy–Pt in the

absence (curve a and b) and
presence (curve c and d) of
100 μM NO solution in

0.1 M PBS (pH 7.0) at scan

rate: 50 mV s�1 vs. Ag/

AgCl
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functionalized CNT–PPy nanocomposite elec-

trode exhibited a new irreversible anodic oxida-

tion peak at +0.68 V (curve b) attributed to the

anodic oxidation of NO2
� to NO3

�. This result
clearly demonstrates the electrocatalytic anodic

oxidation of NO2
� mediated by SOD1

functionalized on CNT–PPy–Pt. The present

NO2
� biosensor shows the linear range of

response over the concentration of NO2
� from

0.1 μM to 750 μM and the sensitivity of

0.9 � 0.003 μA μM�1 cm�2 with the detection

limit of 0.1 � 0.03 μM. Using this biosensor, the

concentrations NO2
� released from LPS-treated

MCF-7 cells were estimated.

Nitrate Biosensor

Earlier, several enzymatic [31, 32] and nonenzy-

matic [33, 34] electrochemical biosensors have

been reported for the determination of NO3
�.

Among these, the enzymatic biosensor method

has been widely performed using NaR. NaR is a

multidomain enzyme containing flavin adenine

dinucleotide (FAD), two heme-Fe, and

molybdopterin, which catalyzes the two electron

reduction of NO3
� to NO2

� [35].

NO3
� þ β‐NAD Pð ÞH !NaR NO2

� þ H2O

þ β‐NAD Pð Þ ð1Þ
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Therefore, we have developed here an electro-

chemical biosensor for NO3
� by covalently cou-

pling NaR, a multidomain enzyme, to the SAM

of cysteine on GNP in PPy matrix. This NaR

modified electrode exhibited high sensitivity

because of the facilitated electron transfer and

enhanced loading of NaR at the

SAM–GNP–PPy–Pt electrode.

Figure 5 shows the electrochemical response

of the bare Pt, NaR–PPy–Pt, and

NaR–SAM–GNP–PPy–Pt electrodes in the

absence (a, b, and d) and presence (c and e) of

500 μM NO3
� in 0.1 M PBS (pH 7.0) measured

at the scan rate of 50 mV s�1 vs. Ag/AgCl.

Before the addition of NO3
�, no current changes

were observed. Further, the current response at

the bare Pt electrode is the same as without NO3
�

(data not shown). However, after the addition of

NO3
�, the current responses were significantly

increased in both the NaR–PPy–Pt (curve c) and

NaR–SAM–GNP–PPy–Pt (curve e) electrodes

cathodically at the potential �0.76 V. It is due

to the intrinsic specificity of the NaR which

catalyzes the reduction of NO3
� to NO2

� via a

cyclic redox reaction of its Mo (IV/VI) complex

moiety. This biosensor showed the 1 μM to 1 mM

linear range with a detection limit of 0.5 μM
NO3

� and sensitivity of 84.5 nA μM�1 cm�2.

Further, using the present NO3
� biosensor, the

concentration of NO3
� present in the beetroot

juice was estimated and validated with the stan-

dard Griess method. The observed results are

shown in Table 1.

Simultaneous Determination of Nitrite
and Nitrate Using SOD1 and NaR
Coimmobilized Bienzymatic Biosensor

Measurement of various analytes using

multienzymatic biosensor in a single experiment

is a challenging research area. Therefore, we

developed a novel bienzymatic biosensor for

the simultaneous determination of NO2
� and

NO3
� ions using SOD1 and NaR coimmobilized

on CNT–PPy nanocomposite-modified platinum

electrode (Scheme 2). Figure 6 shows the CVs

obtained for the bienzymatic biosensor by

increasing the concentration of NO2
� from

500 nM to 300 μM and NO3
� from 700 nM to

400 μM using scan rate of 50 mV s�1 in 0.1 M

PBS (pH 7.0). The observed results exhibit the

increase of well-distinguished anodic peak at

+0.8 V ascribed to the electrochemical oxidation

of NO2
� catalyzed by SOD1 and the cathodic

peak at�0.76 V attributed to the NO3
� reduction

catalyzed by NaR. These results indicate that the

NaR–SOD1–CNT–PPy–Pt electrode can be suc-

cessfully used for the simultaneous measurement

of NO2
� and NO3

�. Further, the utility of the

proposed bienzymatic biosensor for the

biological samples was explored by using it for

the simultaneous determination of NO2
� and

NO3
� in human plasma [28].

The simultaneous measured values of NO2
�

and NO3
� in plasma samples are given in Table 2.

The mean � standard deviation (SD) values of

510.3 � 3.9 nM for NO2
� and 16.76 � 1.2 μM

of NO3
� were obtained.

Electrochemical Assay for NO and Its
Metabolites Using Screen-Printed
Modified Electrodes

In the previous sections, we have described the

determinations of NO, NO2
� using SOD1, and

Fig. 4 Typical CV response of SOD1–CNT–PPy–Pt (a
and b) and CNT–PPy–Pt electrodes (c and d) in the absence
of (a) and (c) and (solid) in the presence of (b) and (d) of
250 μM NO2

� solution in 0.1 M PBS (pH 7.0) containing

100 μM DTPA; scan rate: 50 mV s�1 vs. Ag/AgCl
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NO3
� using NaR modified Pt electrodes. For all

the measurements, 1–2 mL of the sample is

required making it difficult to prepare the sample

(blood plasma, serum, and cell cultures) for

measurements. Therefore, in order to reduce the

sample volume, we have developed an electro-

chemical assay for the collective measurement of

NO and its metabolites in a single drop of the

sample using SOD1 immobilized on CNT

integrated screen-printed carbon electrode

(SPCE) as shown in Scheme 3. It allows the

mass production of electrochemical biosensors

at low cost in comparison to other usual

electrodes. The measurement is based on the

electrochemical oxidation of NO and NO2
�

mediated by SOD1 via a cyclic redox reaction

of its Cu (I/II) complex moiety (vide supra). The

intrinsic concentrations of NO and NO2
� were

Fig. 5 Electrochemical

response of bare Pt,

NaR–PPy–Pt, and

NaR–SAM–GNP–PPy–Pt

electrodes in the absence

(a, b, and d) and presence

(c and e) of 500 μM NO3
�

in 0.1 M PBS at scan rate:

50 mV s�1 vs. Ag/AgCl

Table 1 Measurement of nitrate in beetroot juice using nitrate biosensor and validation with Griess method

No. of experiments Nitrate conc. by biosensor (μM � SD) Nitrate conc. by Griess method (μM � SD)

01 593 � 13.5 590 � 11.8

02 612 � 15.3 610 � 12.2

03 601 � 15.0 600 � 12.0
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measured in the sample, whereas NO3
� was

measured after its enzymatic conversion into

NO2
� using NaR and subtracting the [NO2

�]
from the total NOx [NO3

� + NO2
�]. The possi-

ble interferences present in the biological

samples were eliminated by coating with nafion

(selective for NO) and cellulose acetate

membranes (selective for NO2
� and NO3

�) [36].

Electrochemical Response
to NO and NO2

�

Figure 7 illustrates the electrochemical responses

obtained for the SOD1–CNT–SPCE coated with

nafion membrane in the presence of various

NO concentrations at the scan rate of 50 mV S�1.

The observed anodic peak currents vs. NO

concentrations were plotted as shown in inset

Fig. 6 Typical CV

responses obtained for the

NaR–SOD1–CNT–PPy–Pt

electrode in (a) 500 nM

NO2
� + 700 nM NO3

�,
(b) 10 μM NO2

� + 30 μM
NO3

�, (c) 30 μM
NO2

� + 50 μM NO3
�,

(d) 50 μMNO2
� + 100 μM

NO3
�, (e) 100 μM

NO2
� + 200 μM NO3

�,
and (f) 300 μM
NO2

� + 400 μM NO3
�

solution at scan rate:

50 mV s�1 vs. Ag/AgCl

Table 2 Simultaneous

measurement of NO2
�

and NO3
� in human

plasma using the

bienzymatic biosensor

Sample no. Conc. of NO2
� (nM mL�1) Conc. of NO3

� (μM mL�1)

1 492 � 3.0 20.80 � 1.1

2 594 � 3.0 19.75 � 1.3

3 583 � 5.0 19.26 � 1.0

4 518 � 4.3 14.40 � 1.2

5 390 � 2.4 9.40 � 1.4

6 485 � 6.0 16.95 � 1.1

Scheme 3 Representation of the construction of SOD1–CNT–SPCE and the electrochemical mechanism for the

determinations of NO and NO2
�
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of Fig. 7. The calibration curve thus obtained

exhibits a linear range of response over the con-

centration of NO from 200 nM to 500 μM, but for

clarity here we have shown from 50 μM to 500 μM
(r2 ¼ 0.9953, n ¼ 3) with a detection limit of

100 nM and sensitivity of 85.4 nA μM�1. Further,

the electrochemical responses of the same elec-

trode coated with cellulose acetate membrane at

the various concentrations of NO2
� are shown in

Fig. 8. The calibration curve obtained here also

exhibits a linear range of response over the con-

centration of NO2
� from 100 nM to 1 mM

(r2 ¼ 0.9973, n ¼ 3) with a detection limit of

100 nM and sensitivity of 96.4 nA μM�1.

Measurement of Total NO2
� and NO3

�

Levels in Human Plasma
The concentration of blood nitrite is reportedly

altered in high-altitude subjects at hypoxia con-

dition [37]. Recent study reported that the admin-

istration of NO3
�-rich beetroot juice to human

and several animal models promotes NO-like

bioactivity and regulates biological activities

like reduction of blood pressure, vasodilation,

cytoprotection, cardioprotection, and protection

from ischemia–reperfusion injury [22, 23, 38].

Therefore, we have attempted to measure the

total NO2
� and NO3

� levels in human plasma

of four subjects before and after beetroot supple-

mentation. The concentrations of NO2
� were

measured before and after enzymatic reduction

of NO3
� into NO2

�. Further, the concentration of
NO3

� was deduced by subsequent subtraction of

[NO2
�] from the total [NO2

� + NO3
�]:

[NO3
�] ¼ [NO2

� + NO3
�] � [NO2

�]

One drop of the plasma sample was placed

on the cellulose acetate membrane-coated

SOD1–CNT–SPCE to measure total NOx. The

corresponding current response was observed at

+0.83 V. Further, another aliquot of the plasma

sample was taken to measure total NOx present in

the sample using colorimetric assay kit

(Griess method), and the obtained results were

tabulated as shown in Table 3. The obtained

values using biosensor and Griess methods

were critically compared and found to be in

agreement with each other. It could be con-

cluded from Table 3 that the administration of

exogenous NO3
� possibly increases the total

Fig. 7 Electrochemical responses obtained for the

SOD1–CNT–SPCE in 0.1 M PBS containing (a) control,
(b) 50 μM, (c) 100 μM, (d) 150 μM, (e) 200 μM, (f)

300 μM, and (g) 500 μM of NO solution at scan rate:

50 mV s�1 vs. Ag/AgCl. Linear calibration curve (inset of

Fig. 7) y ¼ �0.0981 � �10.096, r2 ¼ 0.9953
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NO2
� and NO3

� concentrations in blood, thereby

enhancing the NO–NO2
�–NO3

� pathway.

Cytochrome c Biosensor

Cyt c is a heme protein located in the mitochon-

drial intermembrane space. It plays a key role in

biological respiratory chain, whose function is to

transfer electrons between cytochrome c reduc-

tase (CcR) (complex III) and cytochrome c oxi-

dase (CcO) (complex IV) [39, 40]. Mitochondria,

besides their primary physiological function to

generate ATP through oxidative phosphoryla-

tion, are also important source for the production

of cellular ROS. Recent findings have shown that

hypoxia can cause mitochondrial dysfunction,

protein oxidation, and excessive cellular damage,

all of which ultimately lead to the release of cyt c

from mitochondria to cytoplasm [41]. This trans-

location of mitochondrial cyt c to cytosol is a

critical event in the activation of intracellular

signaling; it results in a cascade of caspase acti-

vation and leads to programmed cell death (apo-

ptosis) [42]. Thus, the absolute quantification of

cyt c release as a biomarker of apoptosis is of

Fig. 8 Electrochemical responses obtained for the

SOD1–CNT–SPCE in 0.1 M PBS containing (a) control,
(b) 100 μM, (c) 300 μM, (d) 400 μM, (e) 500 μM, (f)

600 μM, and (g) 1,000 μM of NO2
� solution at scan rate:

50 mV s�1 vs. Ag/AgCl. Linear calibration curve (inset of
Fig. 8) y ¼ �0.0953 � �10.91, r2 ¼ 0.9973

Table 3 Measurement of total NO2
� + NO3

� levels in human plasma before and after beetroot supplementation

Individual

Total NO2
� + NO3

� conc. by Griess method

(μM � SD)

Total NO2
� + NO3

� conc. by Sensor

(μM � SD)

Before beetroot juice After beetroot juice Before beetroot juice After beetroot juice

01 28.4 � 1.8 29.7 � 1.7 27.0 � 0.9 28.8 � 0.7

02 24.5 � 1.1 32.1 � 2.0 23.9 � 1.3 31.7 � 1.4

03 21.9 � 1.3 26.1 � 1.8 22.5 � 0.8 24.8 � 1.3

04 24.7 � 1.4 28.9 � 1.5 24.8 � 1.1 29.2 � 1.4
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great importance in clinical diagnosis and thera-

peutic research.

Recently, amperometric biosensors for the

direct determination of cyt c have been reported

with good detection limits [43, 44]. However,

they suffer from lack of selectivity in the mea-

surement, especially in cells or biological

samples, due to the fact that the interaction of

the recognition elements (negative charge) with

cyt c (positive charge) is purely based on electro-

static interactions. So, these methods are prone to

interferences by other positively charged species

present in the samples and hence are not applica-

ble for the quantification of cyt c release in

biological systems. Enzymatic biosensors for

the determination of cyt c have also been

investigated by incorporating cytochrome c oxi-

dase (CcO) [45, 46]. However, the CcO-based

biosensors are capable of determining only the

reduced form of cyt c (Fe2+) by mediating elec-

tron transfer between the cyt c (Fe2+) and the

electrode. But in apoptotic cells, only the

oxidized form of cyt c (Fe3+) triggers the time-

dependent caspase activation and serves as a

proapoptotic molecule [47]. Moreover, in

permeabilized cell models, the cytosolic cyt c

(Fe2+) is rapidly oxidized (Fe3+) by the mito-

chondrial CcO [48], thus making the CcO-based

biosensors difficult to quantify the apoptotic

form of cyt c (Fe3+). Further, during immobiliza-

tion, it is reported that the electron transfer is

blocked in the active centers of CcO [49]. Con-

sequently, the analytical applications of CcO-

based biosensors are also limited.

Thus, there is a real need for simple, rapid,

selective, and inexpensive methods for cyt c
(Fe3+) measurement for point-of-care and research

applications. So, we developed an alternatemethod

for the detection of mitochondrial cyt c release

using CcR functionalized with nanocomposites

decorated electrodes [50]. Two kinds of

nanomaterial-based biosensor platforms were

used: (a) CNT incorporated PPy matrix on Pt

electrode and (b) SAM-functionalized GNP in

PPy–Pt. The coupling of oxidation–reduction and

deprotonation–protonation of ubiquinone (QH2)

with the CcR is the central mechanism in cyt c

reduction [51]. So, we have used hydroquinone

(HQ) as a mediator for the reduction of cyt c by

CcR. The current responses for the

CcR–CNT–PPy–Pt biosensor were studied in

0.1 M PBS (pH 7.0) containing 100 μM cyt c in

different concentrations of HQ. The current

increased sharply with increasing HQ

concentrations to a maximal response at 0.5 mM

and then became steadywith the further increase in

HQ concentrations. Thus, the optimized 0.5 mM

HQ was used for our experiments.

Figure 9 displays the CVs obtained for

CcR–SAM–GNP–PPy–Pt (dotted lines) and

CcR–CNT–PPy–Pt electrodes (solid lines) in

0.1 M PBS containing 0.5 mM HQ in the absence

and presence of 500 μM cyt c. In both the cases,

before the addition of cyt c, characteristic redox

peaks (�0.45 and�0.34V vs.Ag/AgCl) due to the
immobilized CcR were observed. Upon addition

of cyt c, the current increased cathodically at

�0.45 V and also anodically at �0.35 V, which

was attributed to the redox reaction of cyt c by the

CcR. Under similar conditions, there were no

changes in CV responses observed for the

PPy–Pt, GNP–PPy–Pt, and CNT–PPy–Pt

electrodes. However, for these electrodes

(without CcR) in the presence of cyt c, new revers-

ible redox peaks appeared at 0.05 and 0.07 V vs.

Ag/AgCl, characteristics of cyt c [52], whereas the

peaks due to cyt c were not exhibited by the CcR

Fig. 9 CVs obtained for CcR–SAM–GNP–PPy–Pt

(dotted lines) and CcR–CNT–PPy–Pt electrodes in the

absence (a and b) and in the presence (c and d) of

500 μM of cyt c, respectively, in 0.1 M PBS containing

100 μM DTPA; scan rate: 50 mVs�1 vs. Ag/AgCl

Electrochemical Biosensors for Hypoxia Markers 103



immobilized electrodes. Therefore, the increases

in current responses at �0.45 and �0.34 V are

mainly due to the redox reaction of cyt c by the

CcR but not due to the cyt c in solution. The

present data thus confirms the immobilized CcR

showing an enhanced biocatalytic activity towards

the reduction of cyt c (Fe3+). The schematic repre-

sentation of the biochemical reaction of the CcR

with cyt c occurring at the electrodes surface is

shown in Scheme 4.

The typical CVs obtained for several

concentrations of cyt c in 0.1 M PBS containing

0.5 mM HQ using these two cyt c biosensors at

50 mVs�1 are shown in Fig. 10. The current

responses to cyt c obtained with the

CcR–CNT–PPy–Pt biosensor were linear from

1 to 1,000 μM (r2 ¼ 0.997), with a detection

limit of 0.5 � 0.03 μM and sensitivity of

0.46 � 0.003 μA μM�1 cm�2.

Measurement of cyt c Release
from Mitochondria

An important step in the mitochondrial pathway

is the release of cyt c from mitochondria into

cytosol. It has been earlier demonstrated that the

cyt c translocation from the mitochondria into

cytosol preceded doxorubicin (DOX) induced

apoptosis in various cell and animal models

[53, 54]. So, we have chosen DOX for the

induction of apoptosis in human lung carcinoma

A549 cells. Recent findings revealed that the

oxidized form of cyt c (Fe3+) mainly induced

the caspase activation, thereby causing apoptosis

over the reduced form of cyt c (Fe2+) [48].

It clearly indicates that the measurement of

only the oxidized form of cyt c (Fe3+) in cytosol

presumably serves as a marker for apoptotic

process in cells. In this report, cyt c (Fe3+)

measurements were performed on the cytosolic

fractions of DOX-treated and untreated human

lung carcinoma apoptotic A549 cells using the

CcR–CNT–PPy–Pt biosensor and western blot.

After 24 h exposure of cells with 1 μM DOX,

the cyt c concentration in cytosolic fractions of

the cells (3.63 � 0.02 μM) was increased when

compared to that in untreated cells (2.4 � 0.02

μM). Treatment for 48 h resulted in further

increase in cytosolic cyt c (5.3 � 0.018μM) levels.

These results are quite comparable with the cell

viability studies and western blot analysis. Further,

we have also developed a miniaturized label-free

electrochemical immunosensor assay for the mea-

surement of cyt c using antibody functionalized

screen-printed electrodes [55].

Scheme 4 Schematic illustration of the biochemical reaction occurring at the biosensor surface
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Conclusion

This chapter focused primarily on the signifi-

cance of hypoxia biomarkers, viz. NO, NO2
�,

NO3
�, and cyt c and explained briefly the devel-

opment of biosensors for the measurement of

these biomarkers by using SOD1, NaR, and

CcR modified Pt/screen-printed electrodes. The

nanocomposites, viz. CNT/GNP in conducting

PPy, used as host matrices enhanced the immo-

bilization of enzymes without affecting its

biological activity and direct electron transfer

between the active site of the enzyme and the

underlying electrode resulting in high sensitivity,

wider linear range, lower limit of detection, and

fast response. The sample volume was further

miniaturized into one drop (50 μL) for the mea-

surement using screen-printed modified

electrodes. The electroanalytical parameters

thus obtained were remarkably improved over

Pt modified electrode in 1–2 mL of the sample.

These biosensors were successfully applied to

measure the concentrations of cyt c, NO, and its

metabolites in various biological samples. Fur-

ther, low-cost microcontroller-based handheld

biosensors for detecting low levels of hypoxia

biomarkers with high sensitivity are in progress

for monitoring the high-altitude subjects.
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Determining Nutritional Requirements
of Indian Soldiers: An Outcome
of Translational Research

Som Nath Singh

Abstract

Soldiers are deployed in different climatic conditions such as hot deserts, hot

humid jungles, snowbound high-altitude areas, underwater (submariners),

etc. Adequate nutritional support is a prime requirement for maintaining

highest level of physical fitness under different climatic conditions and

operational situations. The energy expenditures of soldiers during training

and different operations are much higher than civilian population. The

average energy expenditure of different units of Indian Army under normal

and specialized trainings is 2,900–4,500 kcal. Under extreme environmental

conditions, the thirst and appetite responses also get affectedwhichwill have

an impact on food and water intake. Decreased food intake due to high-

altitude anorexia causes negative energy balance leading to loss of body

mass in lowlanders visiting high altitudes. High-carbohydrate diets are

beneficial under hypoxic environment of high altitudes during early days

of acclimatization. Maintenance of adequate hydration and electrolyte level

is very important for hot environments. The planning of ration for combat

operations is a challenging task, as balance between nutrient requirement for

optimum health and palatability needs to be ensured. Translational research

has played a great role in formulating dietary recommendations and ration

scales of armed forces and at the same time, various ready-to-eat products

emerged as the innovative products of military nutrition research.

Introduction

The relationship between diet and health got

scientific basis only since nineteenth century

after Lavosier established that oxidation of

nutrients provides energy and Magendie

recognized the importance of proteins for sur-

vival. Nutritional deficiency diseases such as

beriberi, pellagra, and scurvy were all known

and described much before the food factors

responsible for these illnesses were discovered.

Nutrition is the area where translational research

has been applied extensively in formulating

healthy diet plans, taking inputs from animal
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studies and direct interventions on humans.

Depletion and replenishment studies carried out

on experimental models like dogs and livestock

as well as on humans resulted in identification

and role of different nutrients. Incidences of

chronic nutritional deficiency diseases like pro-

tein energy malnutrition, beriberi, rickets, etc.,

mentioned in the nutrition textbooks are now

rarely seen in the community and the credit

goes to translational research in food planning.

However, overnutrition and sedentary lifestyle-

related degenerative diseases are increasing.

The use of functional foods and nutraceuticals

for health promotion is also increasing. The

advancement in food technology has resulted in

many ready-to-eat convenience food products

initially developed for expeditions, and armed

forces are being included in day-to-day menu.

The success of the military missions depends

on overall health and training of soldiers and

use of advanced war technology. Physical

demands of combat combined with mental stress

caused due to long working hours affect health

and morale of soldiers. The situation may get

compounded under extreme environmental

conditions, even if it is for short duration. Ade-

quate nutritional support before and during oper-

ation effectively reduces adverse effects of

combat stress. Soldiers need to be “fighting fit”

and that is only possible when they are well

nourished, trained, and preventive measures

against infectious disease have been taken [4].

In early days, armies largely depended on local

food availability and faced starvation if there was

scarcity in the area of campaign. The Napoleonic

dictum, “an Army marches on its stomach,”

holds true even under modern war situations.

The study of energy expenditure by soldiers

during different types of work was conducted

during World War I (1914–1918) by Cathcart

and Orr and the composition of potential ration

components was analyzed by Plimmer. The out-

break of scurvy among Indian troops caused

heavy mortality in 1916. British soldiers suffered

heavily with beriberi in Mesopotamia (today’s

Iraq) and situation improved when they entered

Palestine, where fresh fruits became available.

Based on this observation, a provision of issuing

certain items of food to soldiers along with

cash allowance was made. After independence,

the basic scales of ration during peace time

and geographical areas were formulated and

implemented after certain modifications based

on studies at DIPAS [31].

Soldiers work under different climatic condi-

tions such as plains, hot deserts, hot humid

jungles, snowbound high-altitude areas, under-

water (submariners), etc., and their nutritional

needs are different [35]. Nutritional requirements

of armed forces personnel and adequacy of ration

scales have been determined after conducting

studies under actual field conditions. Our insti-

tute has made significant contribution in the field

of military nutrition since 1963, when, for the

first time, the ration scale for high altitude was

introduced [20]. Subsequently, various ration

scales, viz. peace and field scales, high-altitude

officers ration scale, submarine ration, different

diets for Army Hospitals, ration scale for military

and Sainik School boys, ration scale for Border

Roads Organization, etc., were evaluated for

their nutritional adequacy [16–19, 27, 39, 40].

The nutritional requirements of Indian Army

and specialized trainings such as high-altitude

warfare and commandoes have been reevaluated

using detailed investigations [36, 37, 45].

Energy Requirements of Soldiers

The assessment of total energy expenditure (TEE)

is required for determining energy requirements

of an individual. TEE has three components:

basal metabolic rate (BMR), activity-related

energy expenditure (AEE), and thermic effect

of food (TEF). BMR constitutes major part of

the total energy expenditure in case of sedentary

individuals, AEE is highly variable (based on

this, people are grouped into sedentary, moder-

ate, and heavy activity groups), and TEF is about

10 % of total energy expenditure, when individ-

ual is consuming mixed diet. The TEE of adults

mainly depends upon their basal metabolic rate

(BMR) and physical activity (PA) levels, which

varies largely among the population [11].
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Total energy expenditure by individual should

be met by intake. Imbalance in energy expen-

diture may lead to over- or undernutrition.

Earlier food intake at which body weights were

maintained within normal range was considered

as requirement. Intake data in the form of refer-

ence dietary intakes (RDI) are still used for

determining safe intakes of nutrients for energy

(average food intake + 2 standard deviations).

TEE assessment is difficult to perform on

free-living healthy individuals. Soldiers have a

busy working schedule, leaving less scope for

their involvement in the experiment for a long

time. However, units have well-defined work

schedule due to which use of factorial method

for assessing energy expenditure can be made.

The energy cost of different activities is deter-

mined using oxygen consumption under experi-

mental setup and time spent in activities is

recorded to compute energy expenditure [9].

Application of doubly labeled water (DLW)

technique to human subjects has been a major

breakthrough in measuring free-living energy

expenditure, which is now accepted as the gold

standard [3, 34]. The DLW method involves

the ingestion of a dose of stable isotopic water

(2H2O and H2
18O) and periodic collection of

urine sample for washout kinetics of 2H and
18O. The difference in elimination rates of two

isotopic species gives amount of CO2 produced

in metabolic activity which can be used to calcu-

late TEE over a period of 15–21 days. The use of

accelerometer-based activity monitoring devices

is gaining popularity due to convenience and was

validated against DLW technique [1, 38, 43].

The published data on energy expenditures by

soldiers is mainly from studies carried out during

military trainings conducted for 3–10 days. The

energy expenditure is more during such trainings

in comparison to normal days at units. Tharion

et al. [44] have reviewed energy requirements of

military personnel and reported energy expendi-

ture of male soldiers is in the range of 3,109–

7,131 kcal/day with a mean of 4,610 � 650 kcal

(n ¼ 424). The energy expenditure of female

soldiers is reported to be 2,850 � 620 kcal/day

(range 2,332–5,597, n ¼ 77). The highest energy

expenditure was reported in case of Norwegian

ranger cadets (93.5 kcal/kg/day) followed by

Zimbabwean combat commando soldiers

(85.4 kcal/kg/day) and during crucible exercise

of US Marine recruits (82 kcal/kg body weight)

[26, 44]. The energy expenditures by Indian

soldiers were studied by our team under different

conditions of climate and training [36] and are

given in Table 1. The energy expenditures of

Indian soldiers during basic military training

and commando training are comparable to US

Army rangers. The main contributing factor to

high energy expenditure is extended working

hours of soldiers (16–20 h/day) and physically

demanding training activities.

Requirements of Nutrients

The nutrient balance studies over a period of

3 months (taking data on food intake, energy

expenditure, nutrient levels in body, excretion

levels, and stable body composition) have been

taken as the basis of formulation of ration scales

for Indian soldiers. In a study conducted during

Table 1 Energy expenditure by Indian troops under

different environments and training

Type of troops and environment

Total energy

expenditure (kcal/day)

Army

Sea level – combat and support 3,511 � 601

Desert – combat and support 3,304 � 593

Training centers – infantry 4,670 � 345

Training center – support* 3,487 � 728

Commando training* 4,498 � 1,353

HA warfare training* 4,837 � 322

HA (2,700–4,500 m) combat

and support

3,880 � 474

HA- (>4,500 m) – combat 4,270 � 550

Air force

Officers 3,615 � 198

Ground crew 2,900 � 320

Navy

Ship crew 3,313 � 578

Submariners 3,168 � 282

MARCOs and divers 4,055 � 465

Energy expenditure measured using oxygen consumption,

and * indicates where DLW method was used. Refs. [36,

37, 45]

Determining Nutritional Requirements of Indian Soldiers: An Outcome of Translational. . . 111



2001–2005 by DIPAS [36], the mean energy

expenditure of the soldiers from all units studied

at sea level was found to be 3,511 � 601 kcal/day.

On this basis, required energy content of

soldiers ration scale was set to 3,862 kcal/day

(by making 10 % allowance for metabolic

loss and plate and kitchen wastages) with a

range of 3,385–4,437 kcal/day. For planning of

energy content of ration, maximum 4 % wastage

along with 6 % losses during digestion and

absorption of food have been taken. The compo-

sition of basic ration scale for Indian soldiers

is nutritionally balanced as energy contribution

from carbohydrate, fat, and protein is 60.8, 26.9,

and 12.3 %, respectively, with adequate levels of

micronutrients. The variety of food items of five

basic food groups, namely, (1) cereals, grains,

and products, (2) pulses and legumes, (3) milk

and meat products, (4) fruit and vegetables, and

(5) fat, have been included in ration scales. The

intake of different nutrients by soldiers and a

comparison with RDA for civilians [13] in heavy

activity group are made in Table 2 to give readers

a view of adequacy of soldier’s ration.

Different dietary habits and food preferences

and cooking practices across the country make

diet planning a complex exercise. Wheat and

rice are two major forms of staple diets in

India. Majority of Indians are lacto-vegetarians

and meat consumption is less than three times

a week. Diet is also influenced by religious

practices, especially in case of processing of

meat. Most of the diets are well balanced in

terms of macro- and micronutrients. Protein

quality in terms of rate-limiting essential amino

acids also gets balanced with use of cereals and

pulses in most of food preparations. Bioavail-

ability of iron, calcium, and zinc is low due to

presence of high amounts of phytates and

oxalates. Intake of iodized salt is taking care

of iodine deficiency disorders, still presence of

isothiocyanates as goitrogens in certain vege-

tables of Cruciferae family is matter of concern.

Use of extrusion products like pasta and noodles

is also gaining popularity in Indian diets and

armed forces are not exception to it. Use of

bread in place of chapaties is common practice

in case of Navy, with more use of ready-to-eat

products. Hydrogenated oil which was used

earlier in Army ration scales has been totally

replaced with different types of refined vegetable

oils, based on nutritional studies related to

cardiovascular health.

Effect of Environmental Extremes
on Nutritional Requirements

The energy and nutrient requirements are gener-

ally more under environmental extremes and

have been reviewed separately [35]. Extreme

environments such as cold, heat, hypoxic envi-

ronment, and microgravity change the require-

ment of both energy and micronutrients. Appetite

and thirst perceptions are generally inappropriate

under extreme environments that lead to inade-

quate food and water intake. The availability of

food and water is also limited due to difficulties

of transport and other logistic constraints and

Table 2 Nutrient intake of soldiers at sea level and RDA

for Indians (heavy activity group)

Energy and

nutrients Intake

RDA 2010 for heavy

activity group#

Energy (kcal) 3,854 � 344* 3,490

(3,800 in RDA 1989)

Protein (g) 118 � 41 60

Fat (g) 115 � 62 40 [visible fat]

CHO (g) 586 � 23 –

Vitamin A (μg) 575 � 130 600

Vitamin C (mg) 65 � 22 40

Thiamin (mg) 1.6 � 0.3 1.7

Riboflavin (mg) 1.5 � 0.3 2.1

Niacin (mg) 26.8 � 6.4 21

Iron (mg) 34.7 � 7.6 17

Calcium (mg) 1,474 � 318 600

Phosphorus (mg) 2,386 � 150 400

Sodium (mg) 8,189 � 180 1,100–3,300

Potassium (mg) 2,679 � 250 1,875–5,625

Zinc (mg) 13.58 � 1.20 12

Copper (mg) 3.31 � 0.50 2.2

The intakes of macronutrient are based on raw ration and

micronutrient intake on basis of plate samples analyzed.

Values are Mean � SD. *Energy contribution from CHO,

fat, and protein is 61 %, 27 %, and 12 %, respectively.

#For computing energy requirement, weight of reference

man is taken as 60 kg

112 S.N. Singh



needs detailed planning. Proper nutrition should

not be overlooked, as this is a critical component

of effective work acclimatization under harsh

conditions. Various studies on relationship of

diet and extreme environment are the outcome

of military research or expeditions to moun-

tains and polar regions. High-altitude exposure

increases energy expenditure, ranging from

6.9 % to 25 %, due to increase in basal metabolic

rate during initial days of acclimatization [24].

Increased energy expenditure is also due to the

heavier load carried by the troops, as cold pro-

tective garments and efforts in walking in

snowbound hilly terrain. Carbohydrates provide

higher yield of energy per mole of oxygen,

therefore are beneficial at high altitude [25].

Negative nitrogen balance is reported at high

altitude and is mainly due to decreased food

intake due to high-altitude anorexia [49, 50].

To overcome the problem of anorexia, a variety

of food components are included in special ration

and efforts are being made to develop appetizers.

There is no change in fat digestibility at altitude

of <4,500 m [29, 41]. However, at extreme alti-

tude, there are reports that fat absorption gets

impaired [24].

Antioxidant nutrients such as vitamin E, C,

and A (β-carotene), as well as selenium, copper,

zinc, and manganese may be required in greater

amounts in cold and high-altitude environ-

ments to prevent oxidative stress. These anti-

oxidants act in concert to combat the oxidative

stress arising from different sources. During

rough weather, when supply of fresh fruits and

vegetables becomes limited at high altitude, sup-

plementation of vitamin C is recommended due

to its antioxidant role [14, 42].

Both cold and heat exposures increase energy

requirements [35]. Under cold environments, food

intake is not a problem and tolerance of proteins is

better in comparison to hot environments. Proteins

have more thermic effect and at the same time,

more water is required to eliminate nitrogenous

products of amino acid metabolism.

Adequate fluid replenishment is the primary

consideration under hot environment. Drinking

adequate amount of water at regular intervals

prevents dehydration and heat illness and

maintains work performance [2, 32, 33]. Heat

acclimatization relatively has no effect on water

requirements. Thirst is a poor indicator of hydra-

tion status. Intense thirst is usually noticed at

5–6 % body weight loss due to hypohydration.

At this much loss of body water, both physical

and mental performances get impaired. Energy

expenditure in hot environments is increased

because of additional work of ventilation and

increased sweat gland activity. There is rise of

~10 % in energy requirement at 38 �C. It was
found that NaCl requirement increases due to

loss in sweat; 15–16 g of salt normally taken in

diet is quite adequate for acclimatized people

[21]. With acclimatization for 3 days, sodium

losses in sweat get reduced; however, body is

not able to conserve potassium. Therefore, supple-

mentation of potassium in drinks may enhance

the process of acclimatization [22, 23].

Combat Rations

Under military missions, the energy expenditure

increases significantly depending on environ-

ment. The maintenance of normal food supply

is also difficult and soldiers have to depend on

individualized ration carried along with them.

Therefore, lightweight, calorie dense, meal

ready to eat (MRE) with minimum calories are

developed and evaluated [4, 6–8, 10, 12, 15,

28, 46–48]. Research on minimum calorie and

nutrient requirement of individuals that can sus-

tain metabolic functions during the emergency

situations will help in better planning and devel-

opment of combat and survival rations. The

existing knowledge on calorie restriction and

starvation is mainly based on studies on obese

and fasting individuals with moderate or minimal

physical activities and is not fully applicable

to physically active soldiers. Semi-starvation

deteriorates both physical and cognitive perfor-

mances, whereas calorie restriction is reported to

have several positive health benefits including

decrease in postprandial oxidative stress. Under

conditions of calorie restriction, certain amount

of adaptation in BMR also takes place to mini-

mize energy expenditure.

Determining Nutritional Requirements of Indian Soldiers: An Outcome of Translational. . . 113



There are reports that an intake of

2,000–2,200 kcal per day can sustain work effi-

ciency of well-nourished active individual with

energy expenditure of 3,800 kcal/day for 7–15

days [28]. Earlier study on Indian troops with an

energy deficit of about 1,500 kcal or on a 50 %

of normal intake has not shown any abnormality

in biochemical markers and physical efficiency

for a period of 10–15 days [30]. Undercon-

sumption of MRE due to several reasons is also

reported [4, 5].

Future Perspectives

There is a need to develop combat rations

which can sustain physical as well as cognitive

performance of soldiers during initial 3–7 days

of high-intensity combat missions. The first

question needs to be answered is, what should

be the energy content and ratio of macro- and

micronutrients for sustained performance?

Research is also required to determine the type

and optimum level of macronutrients in rations,

e.g., complex versus simple carbohydrates,

proteins with specific essential amino acid com-

position, or fatty acid composition. The optimum

levels of protective nutrients, nutraceuticals, and

other bioactive performance enhancers for

assault rations need to be investigated under

actual field conditions. With the engagement of

soldiers in managing low-intensity conflict in

certain areas of the country, some special

challenges have emerged for food technologists.

One such challenge is the masking of odor of

ready-to-eat food, which gives clue about the

soldier’s presence to opponent. At the same

time, the aroma and flavors are necessary

components to provide satisfaction of eating

the food. With advancement in food technology,

it is now possible to provide consumer-balanced

diet. With the emergence of new field of nutri-

genomics, which will help in understanding

of individual variations in nutrient require-

ments, there is a possibility of formulating

individualized nutraceuticals/foods for improv-

ing performance and well-being of soldiers in

near future.
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Improvements in Adjuvants for
New-Generation Vaccines

Lilly Ganju and Divya Singh

Abstract

Over the last decade, extensive research for development of new vaccine

adjuvants is being carried out. Present generation vaccines, particularly

those based on recombinant proteins and DNA, are not only less

reactogenic and also less immunogenic. Therefore, there is an urgent

need for the development of new and improved vaccine adjuvants.

Many novel adjuvants have been cleared for license, and many are in

late stages of clinical trials. Recent investigations in innate immunity have

offered new insights into immunostimulatory actions of adjuvants and

have facilitated a more rational selection of adjuvants. Despite the impres-

sive response of approved adjuvants in generating immunity against

pathogens, there remains a need for improved adjuvants that enhance

strong T-cell immunity and protective antibody response. The discovery

of more potent adjuvants will also allow engineering of vaccines against

infections that do not naturally elicit protective immunity. A logical

approach to the development of new and more effective vaccine adjuvants

requires a better understanding of the action of adjuvant-antigen

formulations. Here, we discuss these advances and the need for better

adjuvant development.

Introduction

The invention of smallpox vaccine by Edward

Jenner, in the year 1800 AD, brought a revolu-

tion in health-care techniques and engendered

new fields of vaccinology and immunology.

Today many vaccines are available in the

market for diverse immune interventions. The

fact is that many vaccines are developed in the

laboratory, but unfortunately never see the

light of the day as they have apparently no

immunogenecity at all, when tested alone. This

could virtually happen for any antigen, but it is

particularly true for small peptides that serve as

antigens [5]

In the process of recruiting the immune sys-

tem to produce specific or nonspecific immunity,

the antigen by itself may not be adequate as a

stimulatory agent to trigger an immune response.

This is the condition when immunologists look
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for an adjuvant, or an adjuvant strategy, in order

to elicit a more pronounced immune response.

The term adjuvant is derived from the Latin

adjuvāre, meaning “to help” – first described by

Ramon, while working with natural compounds,

as “substances in combination with a specific

antigen produced more robust and specific

immune response than the antigen alone” [108].

An adjuvant can be defined as a substance or

agent that serves as an immunological vehicle

to enhance the innate immune response, or stim-

ulate the adaptive immune response, to generate

the desired levels of immunity with minimal

toxicity or long-lasting immune effects on its

own [129].

The Need for Adjuvants

There is a dearth of potent adjuvants for various

vaccines. The demand for the development of

new adjuvants and strategies that are safe and

effective leads to continuing extensive research

in this field, and as a result, different types of

materials are being experimentedwith. This highly

heterogeneous group of agents is categorized

for rational selection of an adjuvant, with their

classification based on chemical action, and

mechanism of intervention.

Foreign invaders, e.g., bacteria, viruses, and

parasites, contain antigens which a host immune

system recognizes and mounts an immune

response to. They also contain inbuilt “adjuvants”

which trigger the immune system in a manner

resulting in directing its response along an effec-

tive pathway. Thus, a purified antigen, derived

from a bacterium, a virus, or a cancer cell, has a

reduced ability to stimulate the immune system

in the desired manner. Synthetic subunit vaccines

are expensive to produce; but addition of an adju-

vant will result in lesser quantity of antigen

required, with fewer injections, thereby saving

on the cost of vaccination. This will also help in

developing better combination vaccines, the

number of distinct vaccines, as well as the amount

of vaccination antigen required will be lesser.

This in turn may also reduce the competition of

antigens and carrier-specific epitope suppression.

For purified antigens, the importance of addition

of effective adjuvants to optimize the immune

response, is thus emphasized.

On the basis of quantum of adjuvanticity,

a huge number of candidate adjuvants have

been categorized (Table 1). However, such

Table 1 Types of adjuvants, based on their composition

Type Description

Mineral salt based

Alum Aluminum hydroxide;

aluminum phosphate

Calcium phosphate CaHPO4, commercially

available adjuvant

Bacteria derived

CpG

Oligodeoxynucleotides

(ODNs)

Synthetic ODN containing

unmethylated CpG motifs

[12, 70]

Monophosphoryl Lipid A

(MPL A)

Derived from LPS

AS04 TLR4-agonist MPL, with

aluminum salt [23]

Emulsions

MF59 Oil-in-water (o/w) emulsion

[86]

AS03 α-tocopherol and squalene in

an (o/w) emulsion[87]

Freund’s incomplete

adjuvant (FIA)

Water-in-oil emulsion

Montanide Water-in-oil emulsion

Adjuvant 65, Lipovant Water-in-oil emulsion

Carrier adjuvants

Liposomes Synthetic spheres of lipid layers

encapsulating antigens [98]

Immunostimulatory

complexes (ISCOMS)

Virus-like particles of

30–40 nm and dodecahedric

structure, composed by Quil

A, lipids, and cholesterol

Cytokines

GM-CSF, IL-2, IL-12,

Type 1 interferon, IFN-γ
Potentiate the immune

response to vaccination

Carbohydrate adjuvants

QS21 Saponin derived from a

mixture of soluble triterpene

glycosides purified from the

soap bark tree (Quillaja
saponaria)

Advax™ adjuvant A crystallized natural plant-

derived polysaccharide [94]

Acemannan A natural polysaccharide

extracted as a mucilaginous gel

of the Aloe barbadensis [98]
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classifications have inherent limitations though,

as a consequence of highly diverse individual

variation. Till date, there is no reliable algorithm

available which can reliably predict the inter-

action of an adjuvant, permitting the selection

of an antigen based on its physicochemical or

immunological properties [109]. Very often,

commercial aspects, viz. ease of production,

cost, toxicity, availability, etc., become difficult

deciding factors. The modal factors in the choice

of an adjuvant are the ability to cause additive

effects, or lower the quantity of antigens needed,

or qualitatively reduce the side effects and

enhance the safety of the adjuvant. A balance is

struck on the principles of “risk benefit analysis.”

For routine childhood vaccines, mandatory

safety is the biggest concern, while adjuvanticity

may be restricted because these vaccines are

needed to develop lifelong immunity against spe-

cific diseases in a normal healthy body where any

risk of side effects is unacceptable; whereas for

a person with an infection like HIV or with a

disease like cancer, therapeutic vaccines with a

certain level of toxicity are acceptable, based

upon the accruing benefits.

Importance of Adjuvant Mediation
in Vaccines

Vaccines confer protection mainly through

humoral immunity [101]. But new-generation

vaccines, including recombinant, conjugated

or attenuated, polysaccharide subunit vaccines,

etc., are developed with the intention to provide

a stable and sustained protection. Despite the

enhanced effect of such vaccines, substantial

groups of people are not able to achieve adequate

protection. Addition of an effective adjuvant or a

switch from aluminum hydroxide (alum) – the

most widely used adjuvant – helps enormously

in boosting the immune response in such groups.

Adjuvants have been used with a variety of

vaccines to elicit safe, early, high, and long-

lasting immune response. This has been clearly

observed in aluminum adjuvants as compared to

un-adjuvanted preparations [6, 52].

For the last decade, adjuvants have received

much attention due to their ability to selectively

improve the humoral immune response and

stimulate the cellular immune response [7, 17,

47, 118]. Reports suggest this second role of

adjuvants become increasingly important: guid-

ing to the most effective adaptive response

against each specific pathogen [68, 105].

Recent findings suggest that characterizing the

immunostimulatory properties of an adjuvant

will help in understanding and predicting the

translational potential of a constrained or non-

immunogenic vaccine into an efficacious one

[104]. Besides generating strong antibody

response (humoral response), they also act as

immunomodulators by influencing the type and

character of the antibody generated and help in

seroconversion rates in the general population

(including nonresponders, elderly, infants, and

diseased) and generation of memory response

[36, 76, 127] and rapid initial response, which

is crucial during pandemic outbreaks of

infections [37, 61, 69].

The choice of the adjuvant is of critical impor-

tance for the isotype and subclass of IgG, pattern

of the cytokine production and recruitment of

T cells. At times, it also modifies the antigen

moieties in a controlled manner. Humoral

response leads to the generation of IgG antibody

subtypes, and increase their avidity and affinity.

T cells recognize the antigen which is presented

to it by antigen-presenting cells (APCs), through

major histocompatibility complex (MHC) [89].

At this juncture where antigen recognition by T

cell may get affected, adjuvants play an impor-

tant role in modulating the response [47, 80],

leading to elicit both T-helper cells and cytotoxic

T lymphocytes (CTLs).

Adjuvants help in modulating the immune

response, with regard to MHC class I or class II

[16, 112]. MHC class I response is usually

generated by an intracellular pathogen, e.g.,

virus, leading to cytotoxicity [97]. This type of

response is not usually obscured by proteins or

peptide antigens which elicit MHC class II

response. Adjuvants like ISCOMS and QS-21

can elicit CTL with protein [97, 112] and

peptides [7, 51].
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Adjuvants also contribute in modulating the

immune response to different T-helper cells as

Th1 or Th2. This is of prime importance for

generating a response against different types

of microbes or organisms. For intracellular

organisms, e.g., protozoa, viruses, invasive bac-

teria, and parasitic infections, Th1 type of

immune response is accompanied by secretion

of IL-2 and IFN-γ leading to cell-mediated

immune response and production of relatively

high levels of IgG2a antibodies. The Th1 type

response activates CTLs which induce death of

cells infected with intracellular pathogens and

natural killer cells (NK), playing a major role

in apoptosis in tumors and virus-infected cells.

Th2 type immune response is modulated by

IL-4 and IL-10 and is stimulated by extracellular

organisms, e.g., helminthes or toxins, protein

antigens, and inactivated pathogens. Th2 response

leads to antibody generation like IgG1 and IgE

[47]. Aluminum adjuvants are known to stimu-

late a Th2-type response [7, 17, 52, 53]. Recent

reports indicate that the combination of one or

more adjuvants helps in a dramatic shift from

Th2-type to Th1-type response [92, 129]. It has

also been suggested that the addition of one adju-

vant to another may modulate the adaptive

response of the immune system [88].

Safety Issues

The triggering of the immune response is

required only up to a level of immunogenicity.

Certain adjuvants have complex immunomodu-

latory activities [73, 74], and one of them is the

enhancement of IgE production [10] which could

turn out to be an unfavorable adjuvant effect.

At times, triggering of immune response in the

host can result in an unintended attack on the host

itself to which the host may react to save itself,

failing which it may end up in developing

adverse side effects or deterioration. Therefore

balancing the required and desirable effects of

an adjuvant becomes the most important safety

issue. The incorporation of an adjuvant in a vac-

cine has to be critically reviewed and observed so

as to guide the immune response in the most

desirable direction.

Since the safety of adjuvants is the biggest

concern, particularly in neonatal and pediatric

vaccines, criteria have been set out to ensure the

safety of adjuvanted vaccines [26]. Guidelines

have been laid down by European Societies for

development of adjuvants defining the criteria of

an ideal adjuvant [29]. It is important to observe

the initiation, quality and magnitude of the

immune response which is influenced by many

nonspecific factors: important ones being the type

and dose of the antigen, route of immunization,

number of boosters, and shelf life of the vaccine as

well as of the adjuvant. The type of the vaccine

immensely affects the strategy of adjuvant admin-

istration, e.g., oral delivery, transcutaneous, or

intranasal route [35, 43, 48, 84, 111]. In addition

to safety with regard to local reactions, systemic

reactions (general toxicity and pyrogenicity),

hypersensitivity, autoimmune reactions, carcino-

genicity, teratogenicity, etc. need to be evaluated

at the time of development and production. Adju-

vant should be chosen based on the type of

immune response desired and formulated with

the antigen in such a way that both are optimally

distributed and presented to the relevant lymphatic

tissue. The most commonly used adjuvant, alum,

has apparently been reported to have adverse

reactions, and some of these events could be

because of apparent antigenicity of alum itself [30].

Properties for Safety

Adjuvants should be chemically defined so

as to get the consistent reproducibility while

manufacturing. The preparation should elicit a

protective immune response with weak and con-

jugated antigens, with a minimum of antigen

dosage and a reduced number of boosters. It

should be effective in neonatal infants, in

elderly and immunocompromised (diseased)

individuals. Adjuvants should be stable, with a

comparatively long shelf life and be biodegrad-

able and nonimmunogenic by itself. It should be

able to work in a synergistic manner when mixed

with other adjuvants in a formulation. These are

the factors that go in the making of an effective

adjuvant – eliciting an immune response which is

also safe.
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Mechanisms of Action

Research during the past two decades has offered

new insight into the mechanisms of action of

vaccine-adjuvant formulations. Evidence suggests

that adjuvants employ different mechanisms to

elicit different immune responses: (1) sustained

release of antigen at the site of injection, which

is also called the depot effect; (2) recruit-

ment of immune cells at the site of injection;

(3) increased antigen uptake and presentation to

APC; (4) activation and maturation of APCs,

which leads to increased MHC class II and co-

stimulatory molecules expression and migration

to the draining lymph nodes; (5) upregulation of

cytokines and chemokines; and (6) activation of

inflammasomes [18, 33, 58].

Till now, it was understood that vaccine

adjuvants stimulate only adaptive immune

response, but recent advances have identified

the basic role of the innate immune response

programming the protective immune response

in a better way [104]. It is now clear how

the innate immune response stimulates the adap-

tive immune response.

Decades of research have been spent in search of

good adjuvants that can enhance the immune

response to the desired levelwithout any side effect,

but very few adjuvants have been licensed for

human use. These include alum (aluminum salts),

ASO4 (combination of monophosphoryl lipid A,

i.e., TLR4 ligand, adsorbed to alum), and water-

in-oil emulsion (MF59) [15, 83]. The dearth of

adjuvants for human use probably can be fulfilled

by understanding their in-depth mechanism of

action.

The design of an adjuvant is the key that

stimulates the class of immune response, such

as antigen-specific helper T-cell subset, cytotoxic

T cells, or long-term sustenance and memory

T cells/B cells. These pathways of action depend

on how successfully antigens mediate their

immunogenicity through dendritic cells (DC)

and pattern recognition receptors (PRRs). The

major role of these PRRs is to recognize a large

group of microorganisms through their molecu-

lar structures.

In the last decade, various new families of

PRRs have been identified, including TLRs,

nucleotide oligomerization domain (NOD)-like

receptors (NLRs), C-type lectin-like receptors

(CLRs), and Retinoic acid-inducible gene 1

(RIG-1)-like receptors (RLRs). Sometimes par-

ticulate adjuvants are not recognized by specific

PRRs, but they still induce adaptive immune

responses [9]. The “Danger Hypothesis” [85]

proposed that danger signals from damaged

cells can also trigger activation of the immune

system, apart from self-/nonself-discrimination

against infection. Damaged cells at the injection

site release molecules associated such as uric

acid, nucleotides, adenosine triphosphate (ATP),

reactive oxygen intermediates, and cytokines

[117]. These noninfectious damage signals are

named as damage-associated molecular patterns

(DAMPs) to distinguish them from pathogen-

associated molecular patterns (PAMPs) [9].

Alum – composed of precipitates of aluminum

hydroxide and aluminum phosphate, to which the

antigen gets adsorbed – has been widely used in

most of the human vaccines for the last 90 years.

Despite the fact that it has many undesirable side

effects, it is used as a benchmark [51, 125, 126].

The mechanism of action – how on emulsification

with the antigen, alum enhances the Th2-biased

response – remained a “dirty little secret” until

recent past [64]. It was believed that alum

generates a depot effect where the emulsion

retains the antigen at the site of injection and

releases it slowly, which leads to sustained antigen

presentation. A little bit of the dirty secret was

revealed when it was reported that alum induces

antibody responses independent of TLR signaling

[40]. Very recently, it was also reported that

removal of the injection site two hours after anti-

gen and alum administration had no effect on

humoral- or cell-mediated immunity [62]. Fur-

thermore, it also acts on cells essential for clonal

expansion and production [65]. It is also reported

that alum works through NLRP-3 inflammasomes

[27, 71, 77] though it is still a matter of contro-

versy (Fig. 1). MF-59, an oil-in-water emulsion,

has been licensed for the influenza vaccine:

whereas other adjuvants work by promoting

the recruitment of APCs, MF-59 triggers CD11
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b + cells, induces cytokines, cytokine receptor,

and adhesion molecules. The microarray analysis

has revealed that adjuvants work at gene level as

MF-59, CpG DNA, and alum do induce a set of

168 genes at the site of immunization. Though the

role of the inflammasome in adjuvant activity of

MF-59 has also been evaluated [28, 115], yet the

PRR activation remains unknown [88]. Similarly,

another novel adjuvant, poly-[di-(sodium-

carboxylato-ethyl-phenoxy)-phosphazene]

(PCEP), induced stronger expression of adjuvant

core response genes compared to CpG at the site

of injection. Locally, PCEP-triggered production

of proinflammatory cytokines and chemokines,

like CCL2 [8].

Though innate immunity plays an important

role in regulation of T-cell responses, evidence

also emphasizes its importance in regulating the

quality, function, magnitude, and persistence of

the antibody response [100]. The quality of the

antibody which protects against infection matters

most despite high antibody titers. Therefore,

again, an understanding of the mechanisms of

innate immunity regulation for the most appro-

priate quality of antibody response will help in

designing better adjuvants.

Another key factor is the persistence of anti-

body response. Some vaccines, such as carbohy-

drate or weak protein vaccines for children and

elderly people, induce short-lived immunity.

This has especially been demonstrated in some

viral vaccines [110]. It is critical to enhance

the persistence of such responses by internally

stimulating memory cells, which mediate and

facilitate in antibody-dependent cell-mediated

cytotoxicity and induce an antibody response

that lasts for several decades [16, 123]. A combi-

nation of adjuvants and vectors may be useful

sometimes – in developing a synergistic specific

response. This became clearly noticeable when a

combination of antigen plus a TLR4 ligand,

along with TLR7 ligand, induced synergistic

antigen-specific neutralizing antibodies [67].

This mechanism could be possible due to the

triggering of TLRs on a B cell and signaling

via MyD88 and TRIF in DCs. These findings

indicate that innate immunity regulates the

magnitude, quality, and persistence of anti-

body response and generate memory B-cell

development and persistence of plasma cells.

Besides, there are certain molecules, such as

CD40, CD95, BCL-6, IL-21, ICOS, BAFF, etc.,

known to enhance the number and survival of

plasma cells [78]. Studies are in progress to use a

combination of these molecules for enhanced

results of memory response. There are certain

adjuvants which work on this newly discovered

trend in the mechanism of action via TLRs, the

best example is ASO4 which works as a ligand

through TLR4 because of monophosphoryl lipid

A (MPL) and signals through TRIF [81]. Inter-

estingly, LPS – from where MPL is derived –

signals via both MyD88 and TRIF, which

results in enhanced proinflammatory cytokines

and toxicity. It is somewhat unanticipated to

know that alum induces Th2 type of immune

response, whereas ASO4, which has part of

alum, induces Th1 type of immune response

[23]. TLRs generally induce DCs to boost Th1

response, although it is also seen that mild

TLR ligands induce Th2 or T-regulatory cell

responses [105] and other Th17 responses [75].

Thus the design and selection of an effective

and appropriate adjuvant also depends on and

is influenced by the type of CD4 cells generated

or required for protection.

We can infer that the precise mechanism of

enhancing the protective response with adjuvant

and at the same time antibodies protecting against

pathogens, seems to prefer working via the innate

immune system. An understanding of the basic

levels and pathways of action of particular DC

or specific PRRs will be helpful in designing

adjuvants for the appropriate class of immune

response. At higher levels, the immune response

is also orchestrated by cell-to-cell interaction, e.g.,

between basophils and other immune cells and

DCs [55, 93, 113, 124], confirming the action of

adjuvants with multiple cell types; whereas at the

highest level, finally cytokines and chemokines

instruct the DCs to start functioning. It is also

important to understand the mechanisms of differ-

ent routes through which adjuvant may be

administered – which must be able to reprogram

the tissue-specific responses of DCs. The insight

into the process of decision-making by DCs

depends upon the various transcription factors,

which remain to be fully understood.
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Types of Adjuvants

Adjuvants represent different classes of

compounds across the spectrum of products

derived from microbes, oil emulsions, liposomes,

microparticles, natural, and synthetic substances.

These products function diversely and char-

acterize different mechanisms of action [33, 54,

96]. Studies demonstrate two types of adjuvants

based on their functional group – TLR-dependent

and TLR-independent [40, 90]. TLR-dependent

adjuvants act directly through DCs, causing them

to migrate to the T-cell area of lymph nodes, in

the process inducing the upregulation of MHC II,

cytokines, chemokines, and other co-stimulatory

molecules [33, 58], whereas TLRs independently

induce inflammatory response, increase T-cell

activation, and generate B-cell abundancy

[40, 130].

Alum, a conventional adjuvant, provokes a

strong Th2 response but ineffective against

pathogens that require cell-mediated immune

response. Furthermore, intraperitoneal adminis-

tration of alum recruits monocytes at the site

which uptakes the antigen and migrates to the

draining lymph nodes and then differentiate into

inflammatory DCs [71]. There is increase in

Nalp3 inflammasome activation and production

of IL1ß and IL-33 [77] which eventually leads to

increased activation of immune cells (Fig. 1).

Jules Freund in the 1930s proved that an

antigen contained in a water-in-oil emulsion

markedly enhanced immune response [34, 57].

Known as Complete Freund’s adjuvant (CFA),

it is unusable for humans – with whole-killed

mycobacteria in it. However, incomplete

Freund’s adjuvant (IFA), lacking mycobacteria,

has been used as a potent adjuvant for a diverse

number of vaccines [2, 19, 121]. Both Freund’s

adjuvants induce strong Th1 and Th17 responses,

depending upon the mycobacterial components

requiring host MyD88 or TRIF.

Dependent signaling pathways, independent

of inflammasome [116, 122], vary with the

experimental model [27, 40]. Emulsification of

antigens with surfactant or paraffin oil alone

without mycobacterium substantially boosts the

antibody response. Although the mechanism of

action is still unknown, one study suggested

the requirement of NOD2 receptor [86]. It is a

TH1

IL-1β, TNF-α, IFN-α

IL-1β

IL-18
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IL-6
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TLR 7/8
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Fig. 1 Mechanism of induction of immune response by adjuvants
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well-known fact that these emulsions upon injec-

tion cause cellular damage so it is speculated that

necrotic cell death may be contributing to their

adjuvant activity. Therefore, it becomes very

important to select an appropriate adjuvant

required for the protection.

MF59 a squalene-based oil-in-water emulsion

has got approval for use with influenza vaccine.

Squalene is an intermediate compound in the

human steroid biosynthetic pathway and is pre-

cursor to cholesterol. Unlike alum, it induces

increased CD8 response rather than CD4 T-cell

response. Because of its ability to induce higher

levels of hemagglutinin-inhibiting antibodies,

it shows its potential to be used for influenza

vaccines during pandemics [102, 107] along

with similar ASO3 (GSK Biologicals), a 10%

water-in-oil emulsion-based adjuvant, and both

have been licensed for vaccines against pan-

demic influenza and widely used for 2009 influ-

enza pandemic [88]. On comparison with other

adjuvants like CPG and alum, MF59 showed

the most efficient adjuvant activity by inducing

maximum number of genes and rapid influx

of CD11b + cells. Furthermore, it is a potent

inducer of gene encoding, cytokine receptor,

and cytokine adhesion molecules involved in

leukocyte migration. Post-administration, it is

internalized by APCs which migrate to the

lymph nodes, eliciting efficient response [25].

Another oil/water emulsion adjuvant in use is

MPL, a nontoxic derivative of LPS and a potent

stimulator of Th1 response. It activates T-cell

effector responses as part of HBV and HPV

vaccines [13, 99]. In this category, another adju-

vant giving rise to higher levels of specific anti-

body response with efficacy and fewer injections

is ASO4, a combination of aqueous formulation

of MPL and alum. Other forms of MPL-based

adjuvant including ASO1B and ASO2A have

undergone clinical trials for malaria [14].

Liposomes, the lipid membrane particles,

LPS, lipid A, etc. can serve as vehicles or deliv-

ery systems for antigens [1, 3, 4]. Liposomes

are usually made of biodegradable materials,

e.g., phospholipids, and originally developed as

carriers for drugs and biologically active

substances. However, they have some limitations

of causing sensitivity and instability. In addition,

their high cost of manufacturing and scale up

production limits their use. Instead, a superior

liposome adjuvant referred as virosomes are

prepared by inserting virus fusion protein into a

liposome bilayer [45, 103]. These virosomes have

proved to be potent adjuvants without any inflam-

matory reaction. They are membrane bound and

serve to amplify fusogenic activity which facili-

tate the uptake by APC and induce a natural

antigen-processing pathway. And this may be the

reason why virosome-based vaccines stand out

due to their excellent safety profile [44].

ISCOMS are particulate adjuvants composed

of saponins purified from bark of the South

American tree, Quillaja saponaria, formulated

with cholesterol and phospholipids. This adju-

vant doesn’t act through PRRs, rather enhance

antigen uptake and prolong retention by DCs in

the draining lymph nodes, where DC activation

leads to strong antibody and T-cell response [79].

They do not get biased about Th1 or Th2 cell

response; at the same time, they induce CD8+

and CD4+ T-cell responses, both in human and

animal vaccines [21].

Certain microspheres have also been evalu-

ated as adjuvant with better targeting of antigen

to APCs on mucosal surface or by reducing the

number of doses by controlling the release of

antigen. But there are still some issues related

to antigen stability during encapsulation, hydra-

tion of microspheres, and their storage.

The discovery of novel plant compounds with

immune system-modulating activities has become

an increasingly important area of research, partic-

ularly in the search for new-generation vaccine

adjuvants. Saponins are natural glycosides of ste-

roid or triterpene, able to activate the mammalian

immune system, which has led to significant

interest in their potential as vaccine adjuvants.

Their unique capacity to stimulate both the Th1

immune response and the production of CTLs

against exogenous antigens makes them ideal

for use in subunit vaccines and vaccines directed

against intracellular pathogens as well as for

therapeutic cancer vaccines. The most widely
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used saponin-based adjuvants are Quil A and

its derivatives QS-21. In some human vaccine

designs, improving immunogenicity of a synthetic

malaria peptide vaccine SPf66 was achieved by

using SPf66/QS-21 formulation [66]. Adjuvants

derived from Ginseng saponins (ginsenosides) –
the active substances in the root of Panax

ginseng – on bacterial antigens have shown a

marked enhancing effect on vaccinating pigs

against Erysipelothrix rhusiopathiae infection.

The saponins from the root of P. grandiflorum

increased a specific antibody and cellular

response against ovalbumin in mice and could

lead to the development of promising balanced

Th1- and Th2- directing immunological adjuvants

[131]. Advax™ adjuvant derived from inulin was

evaluated with influenza vaccine to enhance

immunogenicity and protection in mice [94].

The development of many other additional

adjuvants is the result of the shortcomings of

alum. Often, combinations of adjuvants in one

formulation have yielded better results in a syn-

ergistic manner. Adjuvants like Montanides,

MDP, etc. have been tried with various vaccines.

An increasing number of experimental adjuvants

are in developmental stages, such as squalene

and phosphate adjuvants, QS21 [42, 128].

Realizing the need for a novel adjuvant,

Defense Institute of Physiology and Allied

Sciences (DIPAS), DRDO, India, has developed

an adjuvant, DIP-HIP, derived from a high alti-

tude medicinal plant, Seabuckthorn (Hippophae

rhamnoides L. (SBT)). SBT, a unique and valu-

able plant from the family Elaeagnaceae, has

recently gained worldwide attention, mainly for

its medicinal and nutritional potentials [11, 38,

63, 95, 132]. In a comparative study, animals

administered with DIP-HIP in formulation

with different types of antigens – recombinant,

conjugated, or native proteins, etc., evaluating an

extensive range of different adjuvant systems –

significantly and consistently enhanced the

safe, stable, and efficacious antigen-specific

response with minimum amount of antigen and

reduced boosters with a long-term antibody

sustenance. DIP-HIP was found to be consis-

tently superior to alternative adjuvants when

adjudged collectively by bioactive qualities,

manufacturability, syringeability, stability,

safety, and immunopotency criteria. This adju-

vant can be produced as “point-of-use” by simple

physical mixing procedure to generate an emul-

sion that is stable and homogenous. Alterna-

tively, DIP-HIP has been produced in different

batches stable at 2–8 �C for at least 3 years. The

shelf life of DIP-HIP in the extract form and

as formulation with antigens at 4 �C is quite

reasonable.

A relative contribution of Th1/Th2 type of

immune response was indicated by substantially

enhanced titers of IgG1 and IgG2a antibody

subtypes. The cytokine profile of IFN-γ and

IL-4 correlated well with the Th1 and Th2 types

of immune responses which are also supported

by higher DTH response, indicating thereby the

overall magnitude of humoral- and cell-mediated

immune response generated by DIP-HIP and its

ability to amplify both the arms of immune sys-

tem. Interestingly, using different strains and

species of animals, DIP-HIP responded equally

well. Local tolerance evaluated by immunization

through different routes like intramuscular or

intraperitoneal using scoring systems, both mac-

roscopically and histologically, did not show

any variation nor caused any muscular damage,

granulomatous reaction, or dystrophy. There was

no hemolysis caused on treatment of both

humans and animal erythrocytes with DIP-HIP.

The herbal adjuvant developed by DIPAS is

safe, effective, and comparable with commer-

cially available adjuvants like CFA and alum.

The product is being tested for commercial

antigens to qualify for the license. The extract

is in crude form and is being fractionated into

various components using supercritical CO2

extraction procedure followed by HPTLC and

HPLC analyses. The bioactive fractions are

being analyzed for their adjuvant activity.

Model Development

The most important part of adjuvant develop-

ment is selection of a good model that can predict

immune responses in humans. There are many

limitations in developing a model relevant to

Improvements in Adjuvants for New-Generation Vaccines 125



adjuvant development and evaluation. The most

commonly used tools are activation of APCs

in vitro and immunity in experimental animal

models which could be inbred strains of mice,

including knockout and transgenic mice. Despite

many similarities, the immune responses of mice

and humans differ in many aspects [41, 105]

which lead to a failure of promising formulations

in clinical confirmation trials. Different animal

strains and species even behave differently to

various adjuvants [56, 82]. In mouse studies,

the route of immunization used is intraperitoneal

or intravenous injections, whereas in humans, it

is subcutaneous or intramuscular. It is understood

that different routes affect activation of specific

dendritic subsets. Sometimes, the choice of anti-

gen itself can also affect the outcome of the

study. Similarly, in vitro studies using blood

cells have limitations in evaluating the adjuvant.

Cell cultures are not reliable for studying the

vaccine-adjuvant formulations that rely on

inflammatory cytokine responses from noncir-

culating tissue cells. An adjuvant acts in part

by altering the distribution of antigen or its

presentation at the injection site, which may

not give confirmatory results in cell culture.

These differences pose an obstacle in rapid

translation of findings from mice to humans or

cell culture to humans. Some time ago, guinea

pigs and rabbits were suggested to be better

models for evaluating the adjuvanticity and

toxicity of adjuvant formulations [46, 119].

To avoid these shortcomings, the possible

approaches could be to use humanized mice

or develop mice that have similar cell-specific

expressions or finally use nonhuman primates.

But all these approaches are very costly for

maintaining such animals and cell culture

conditions, which often limit the interest of devel-

opment of a good adjuvant. Therefore, if one

has to follow the traditional way of evaluating

the adjuvanticity, then it is recommended that

the evaluation may be performed in at least two

strains of mice with different haplotypes or

guinea pigs and/or rats for studying the immuno-

logical effect of adjuvant and its effective

adjuvanticity.

Therefore, the present approach of systems

biology has been considered of utmost impor-

tance to focus on the study of vaccine adjuvant

formulations in humans [39, 106]. A consortium

has been set up to analyze the human immune

responses to vaccine formulations and infections

by high-throughput approaches. This approach

will benefit in systemically understanding and

characterizing the immune response in humans

to accelerate the studies in the field of human

biology and vaccinology.

The age group distribution of the world popula-

tion gives a deep insight into the vaccine adjuvant-

induced immunity problems in humans, e.g., in the

very young and very old, the immunocompromised,

or the diseased. Therefore, whenever a new adju-

vant is developed, there is a need to reexamine and

reevaluate the clinical trials in which multiple

parameters of both innate and adaptive immune

responses can be evaluated by cutting-edge

technologies [39, 105, 106]. Thus, systems biology

is a needed and powerful modeling approach.

Novel Adjuvants and Approaches

Three-dimensional virtual screening, whereby

a large number of small molecules are docked

into the three-dimensional model of a protein

receptor, is an important tool in the field of drug

discovery and optimization. The identification of

potential lead compounds from databases of small

molecules significantly reduces the time spent on

experimental screening and is therefore now an

integral part of drug design. Within vaccinology,

structure-based virtual screening is an approach of

unprecedented power and scope.

Using virtual screening, CCR4 antagonists

have been identified that act as adjuvants for

both cellular and humoral immune responses.

These molecules were tested in vivowith vaccines
in mice; enhanced immunogenicity was observed

with SP50. The enhancing effects observed in

these experiments are particularly striking given

that the vaccine vectors employed are known to be

intrinsically immunogenic [20].
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Cyclic-diguanylate (c-di-GMP), a bacterial

signaling molecule, possesses protective immuno-

stimulatory activity. In a study, c-di-GMP was

evaluated as a vaccine adjuvant and compared to

LPS, CpG oligonucleotides, and a conventional

aluminum salt-based adjuvant. It elicited a more

potent activator of both humoral- and Th1-like

immune responses as evidenced by the robust

IgG2a antibody response and the strong IFN-γ,
TNF-α, and IP-10 responses in mice and in vitro

in nonhuman primate peripheral blood mononu-

clear cells. Further, compared to LPS or CpG,

c-di-GMP demonstrated a more pronounced

ability to induce germinal center formation, a

hallmark of long-term memory, in immunized

mice. Together, these data add to the growing

body of evidence supporting the utility of c-di-

GMP as an adjuvant in vaccination for sustained

and robust immune responses and provide a ratio-

nale for further evaluation in appropriate models

of immunization [24].

Receptor-targeted small molecule adjuvants

(SMA) are among the most under-explored

type of immunomodulatory adjuvants. Examples

include imidazoquinolines (Imiquimod and

Resiquimod) which target toll-like receptors

(TLRs) (specifically TLR-7 and TLR-8) and

were developed as nucleoside analogues for

antiviral or antitumor therapy; Bestatin, a tumor

adjuvant acting as an inhibitor of amino-

peptidase N [CD13]; and Levamisole and

Bupivacaine (DNA vaccine adjuvants). Other

examples of non-macromolecular adjuvants

include monophosphoryl-lipid A, muramyl

dipeptide, QS21, PLG, Seppic ISA-51, and CpG

oligonucleotides. Optimized CpG oligonucleo-

tides, which target TLR-9, are now entering late

phase trials as adjuvants for the poorly immuno-

genic hepatitis B vaccine [22].

Evaluation of Novel Adjuvants
and Delivery Systems

The use of repository adjuvants like mineral salts

is accompanied by the formation of an inflamma-

tory focus at the site of injection which may lead

to the synthesis of proinflammatory cytokines

and stimulation of innate immunity important

for the initial steps of the immune response.

Quality evaluation of a vaccine-adjuvant for-

mulation therefore covers aspects such as dem-

onstration of the compatibility of the adjuvant(s)

with the antigenic component(s) present in the

vaccine, proof of an adequate and consistent

association of the antigen with the adjuvant,

demonstration that no significant de-association

takes place in the course of the shelf life, degree

of association throughout the shelf life, and

effect of the adjuvant on the ability to assay

components, biochemical purity, and pyrogenic-

ity. As an example of association, adsorption is

specific for aluminum hydroxide gels, aluminum

phosphate gels, calcium phosphate gels, and

ISCOMS, while ionic interaction occurs with

charged dimethyldioctadecylammonium (DDA)

micelles. For emulsions or liposomes, the mech-

anism is encapsulation. With saponin derivatives

or other extracts, interactions with antigens are

lipophilic/hydrophilic or ionic [29].

Adjuvants alone are evaluated for their local

tolerance (inflammation, consideration of route

of administration), induction of hypersensitivity

and anaphylaxis (IgE antibody), antigen species

(rabbit), pyrogenicity, validated in vitro models,

systemic toxicity to tissues/organs (histopathol-

ogy), pharmacodynamic studies (adsorption/

elimination from tissues), and reproductive

toxicity (reflecting intended schedule of use).

Regulatory Issues

The response generated by antigen-adjuvant

formulations is vaccine specific and multifacto-

rial. Thus, data cannot even be interpolated to

another distinct antigen, a similar antigen with

the same adjuvant or even the same antigen-

adjuvant formulation administered via a different

route. Therefore, the regulatory guidelines for

issuing a license for one formulation would be

inapplicable for other formulations [114]. This

makes the task for the license-issuing authorities

more difficult and vulnerable to wrong applica-

tion of guidelines. However, the Center for

Biologics Evaluation and Research (CBER)
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of the US FDA has developed a new regulatory

approach to vaccine adjuvants and adjuvanted

preventive vaccines for infectious disease indi-

cations. The Committee for Medicinal Products

for Human Use, of the European Medicines

Evaluation Agency (EMEA), has also published

a guide on similar issues [29].

Safety and tolerability are two critical

considerations impacting early introduction of

new adjuvants for human use and pose the

greatest barrier to regulatory approvals for new

adjuvants. Use of novel adjuvants demands

extensive preclinical studies, including local

reactogenicity and systemic toxicity testing,

because vaccines are administered to healthy

individuals including infants and children, and

there are potential safety concerns. WHO has

also suggested nonclinical evaluations to help in

proceeding with the clinical development of new

adjuvant-antigen formulations (WHO Guidelines

on Nonclinical Evaluation of Vaccines, 2003).

Applying for a license approval for any new

adjuvant or vaccine development falls in the

category of “Investigational New Drug Applica-

tion,” and it becomes mandatory to furnish a full

report on the parameters evaluated – including its

toxicology, pharmacology, biochemistry, and

comparison with other similar adjuvanted and

non-adjuvanted vaccines – and any incidental or

clinical data obtained on human use with full

justification – which will add value to the

existing adjuvant, etc. All the clinical data should

be fully justified.

Sometimes, the pressure of a looming pan-

demic also helps in streamlining the licensure

mechanisms, which happened in the case of

avian flu H5N1 influenza vaccine [32]. Some-

times, separate guidelines are set for frequent

pandemic vaccines such as pandemic influenza

vaccines, which advice clinical development

approaches to help in expediting the licensing

procedures. For more benefit of the society, for

value addition of these pandemic vaccines,

certain approaches have been demonstrated and

briefly described in two FDA guidance

documents [49, 50].

Presently, studies on specific projects on

new adjuvant and their dose optimization are

given much attention. Many funding agencies

are releasing substantial amount of funds in

developing the new adjuvants. The matter is

being taken seriously as a global issue, more so

for basic research on pandemic diseases and

early product development of novel adjuvants,

including both immunopotentiators and delivery

systems. Research should be focused on the

rational design of an adjuvant, founded upon a

clear understanding of its mode of action on

innate immune system, thus allowing for the

enhancement of beneficial aspects and reduction

of toxic side effects.

With the goal of new adjuvant discovery

and development, multiple contracts for “Innate

Immune Receptors and Adjuvant Discovery”

have been awarded, including Development of

Vaccines, Adjuvants, Immunotherapeutics, and

Diagnostics for Biodefense, under “Adjuvant

Development Program.” This program also

includes the designing of special units to assure

availability of experienced individuals for rapid

evaluation of new vaccines and novel adjuvant

and use of high-throughput library screens.

Other programs have encouraged both public

and private sectors to participate in vaccine and

adjuvant research in high-priority areas to help

combat a wide variety of complex diseases.

Such programs develop the strategies for dose

reduction [31, 72, 91] using various appropriate

technologies for enhancing the immunogenicity

and effectiveness of vaccine-adjuvant formula-

tions in collaboration with various industries

and academia for use in the developing world

and mass campaigns and in disseminating

knowledge in this field to the scientific commu-

nity [59, 60, 120].

Future

Advances in the newer technologies like recom-

binant DNA, genomics, proteomics, metabolo-

mics, etc. have speeded up the synthesis of

newer vaccines, but at the same time demand

a need for improved and well-characterized

adjuvants and formulations. There is more

emphasis on vaccines for neonates and
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immunocompromized individuals for a better

understanding of mechanism of action of adju-

vant and consequent immune response.

Several barriers have to overcome to meet

the requirement of development of newer

adjuvants. The first and foremost concern is the

side effects and toxicity, particularly with the

pediatric vaccines. In addition, the regulatory

issues for approval of adjuvant have substantially

raised the concerns. Adjuvants do not get

FDA clearance as stand-alone compounds/

products, but as a formulation of a registered

vaccine adjuvant – antigen formulation. But this

requires huge cost and effort for trying various

combinations of untested antigens and adjuvants.

Moreover, new antigen-adjuvant formulations

become proprietary until the adjuvant evaluated

is registered. All these regulations limit the

development of new adjuvants and thus lead to

slow development of novel adjuvants. The

strategies to accelerate the development of

adjuvants would be to create an organization

for standardized evaluation of vaccine-adjuvant

formulations capable of inducing safe, strong,

stable, and long-lasting humoral and cellular

immune responses, with a reduced number of

protective boosters, for humans.

While investigating the mechanisms, contri-

bution of TLR pathway has been significant in

understanding how and why adjuvant used dur-

ing vaccinations are important in augmenting

adaptive immune responses to specific vaccine

antigen. However, with the upcoming knowledge

and the research findings, it is gathered that TLR

activation is not necessarily required for enhanc-

ing the immunogenicity by adjuvant. Therefore,

it can be concluded that there could be other

receptors besides TLRs that have not yet been

characterized, thus opening the door to future

research.

Finally, development of candidate adjuvant

should focus more on establishing easy, modular,

reproducible, stable, and transferable standard

operating procedures and fingerprint records

for processing and production, which eventually

will allow sustainable formulations with long

shelf lives without major changes in large-scale

manufacturing and sourcing.

Conclusion

Learning how to enhance the persistence of

immune responses with relevant adjuvants is criti-

cal. Recent in-depth research related to the possi-

ble mechanisms of action of few adjuvants has

significantly progressed our understanding of the

immunology and biochemistry of these adjuvants.

However, does the new research explain the mech-

anism of action of clinically approved adjuvant?

Probably the answer is “no,” as the appropriate

experiments performed particularly in humans do

not give the clear indications, be it individual vari-

ation or behavior of adjuvant in humans. More-

over, advances in technologies have accelerated

the development of newer vaccines which has

increased the need for improved adjuvant and

formulations beyond those currently available.

The foregoing considerations exigently lead to

development of new adjuvants which can selec-

tively modulate the immune response to the

desired level and type. An adjuvant with potent

properties is required for eliciting both – humoral

and cell mediated – immune responses against all

types of antigens, such as purified, subunit, com-

bination, or synthetic vaccines. In addition, an

adjuvant that helps in enhancing plasma cells,

leading to generation of antigen-specific B-cell

memory response, is a useful objective. This

leads to the fact that the magnitude, quality,

type, and persistence of antibody response are

regulated by innate immunity. The intracellular

signaling pathway, and transcription factors that

control the innate immunity, are concepts cur-

rently under appreciation and investigation.

Incorporating the foregoing essential aspects,

many new adjuvants are in the research pipeline.

Further, based on preclinical and clinical obser-

vations, a number of adjuvants with some of the

above properties are expected in the coming

years.
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Abstract

High altitude (HA) is defined as elevation above 9,000 ft. At this altitude,

most people develop acute mountain sickness (AMS). If untreated, this

may lead to high-altitude pulmonary oedema (HAPE) or high-altitude

cerebral oedema (HACE), both of which are potentially life-threatening.

In emergencies/warlike conditions, rapid deployment of military person-

nel to high altitude frequently occurs without giving the adequate degree

of altitude acclimatization, resulting in acute mountain sickness (AMS).

Acclimatization to high altitude is the best strategy to prevent AMS, and

this can be achieved by hypoxia preconditioning by the use of

interventions like hypoxia mimetics. Efficacy of hypoxia mimetics, viz.

cobalt chloride (CoCl2), ethyl 3, 4-dihydroxybenzoate (EDHB), sphingo-

sine-1-phosphate (S1P) and other pharmacological agent nanocurmin in

facilitating acclimatization to high altitude in animal model, has been

discussed. An alternative approach to induce acclimatization and reduce

incidence of AMS is the use of intermittent hypoxic exposure (IHE). This

study was conducted to evaluate the effect of IHE exposure at sea level on

incidence of AMS during acute ascent to 3,500 m altitude in Indian

military personnel. The army volunteers were divided into two groups,

viz. control and experimental. Experimental group of subjects were
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exposed to intermittent normobaric hypoxia consisting of 12 % FIO2

(altitude – air equivalent 4,350 m) for 4 h per day for 4 consecutive

days. After giving IHT, the subjects were inducted to 3,500 m altitude

(Leh) by air and different physiological parameters like AMS score

(LLS), pulse arterial oxygen saturation (SaO2) and ventilatory parameters

(VE, VO2, VT/Ti) were recorded daily. IHE-treated group showed a signif-

icant reduction in AMS at HA in comparison to control. IHE may be

considered as an alternative approach to induce the altitude

acclimatization at low altitude-based soldiers before their deployment to

high-altitude operations in emergency-like conditions.

Introduction

Our country is unique in having the most beautiful

and loftiest snow clad summits of the majestic

Himalayas along the Northern frontiers, which

attract numerous tourists all over the world. Due

to military and strategic reasons, a large body of

troops is also deployed in snowbound areas of

high altitude. In modern scenario, military

operations frequently require rapid deployment

of defence personnel to high altitude with little

or no time for physiological acclimatization.

Rapid deployment of unacclimatized soldiers to

high altitude/mountain environments may cause

debilitating effects on operational capabilities (i.e.

physical work performance) and force health (i.e.

altitude sickness). The ‘altitude’ is the vertical

height above sea level. The term ‘high altitude’

(HA) has no precise definition. Considering vari-

ous aspects of mountain ascent, the Indian Army

authority has taken an elevation of 2,700 m

(9,000 ft) and above as HA (A.O. No. 110/80).

They selected this height because above this point,

majority of the people develop signs and

symptoms associated with low oxygen pressure

resulting in decrease in oxygen haemoglobin sat-

uration below 90 %. The most important feature

of HA is low barometric pressure, resulting in

systemic hypoxia. Other environmental hazards

at HA are severe cold, high wind velocity, low

humidity, high solar radiation, increased ultravio-

let radiation and difficult terrains. Oxygen concen-

tration in air is 20.93 %, which remains the same

whether at sea level or on top of the mountains. As

one ascends, the barometric pressure decreases

with increase in altitude and atmosphere becomes

rarefied resulting in reduced number of oxygen

molecules entering into lungs per breath creating

oxygen deficiency in the body. Reduced oxygen in

the blood leads to high-altitude illness like AMS,

HAPE and HACE. Besides this, other health

hazards are dehydration, dryness, snow blindness,

sunburn and cold injuries. People most susceptible

to HA illness are (a) low landers, who ascend

rapidly to HA and engage in physical activity;

(b) both low and high landers who return to HA

after spending a period of time at the plains

(reinductees) and (c) people who are confident

and disinclined to take adequate rest during initial

days of their subsequent visit to HA and do not

undergo proper acclimatization. The main

determinants of AMS are the altitude reached,

rate of ascent, physical activity and degree of

pre-acclimatization.

High-Altitude Ailments

The most common ailment of high altitude is

AMS, and symptoms are headache, nausea,

anorexia, insomnia, lassitude, vomiting and diz-

ziness. The magnitude of these symptoms is

related to the speed of ascent, the height climbed

and the mode of induction. The symptoms of

AMS also vary from person to person. The inci-

dence and severity of AMS in unacclimatized
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soldiers/persons rapidly increase from 20 to 70 %

at the altitude above 3,000 m. The symptoms of

AMS appear within 4–24 h of exposure and

generally resolve after 3–5 days as

acclimatization to hypoxia is achieved. Many

physiological events associated with the patho-

physiology of AMS have been documented

including relative hypoventilation, impaired gas

exchange (interstitial pulmonary oedema), fluid

retention and redistribution and increased sym-

pathetic drive. If AMS is not resolved, it may

lead to HAPE or HACE, both of which are poten-

tially life-threatening. HAPE is most dreaded of

all mountain maladies and is characterized by

headache, shortness of breath, chest pain, mild

fever, lethargy, severe cough with blood tinged

sputum, crepitation at the time of respiration and

blueness in the lips and extremities. HAPE

patients must stop all physical activities and put

on bed rest. They must be given oxygen and

transferred to hospital. If evacuation is not possi-

ble, the patient must be treated in recompression

chamber or in inflated HAPE bag.

Causative Factors for HA Ailments

The important determinants of acute mountain

sickness are the degree of pre-acclimatization,

rate of ascent and also the altitude attained. In

our earlier study, we have presented the effect of

altitude on autonomic control of heart rate [5],

cardiovascular system [77], respiratory system

[3], chemoreceptor sensitivity [7, 9] and submaxi-

mal and maximal exercise responses [6, 8] during

initial days of acclimatization at different

altitudes. At high altitude, hypoxemia triggers a

series of pulmonary and cardiovascular adjust-

ments to maintain an adequate oxygenation of

the different organ systems. In the heart, the

major adjustments are an increase in heart rate,

cardiac contractility and cardiac output. At the

vascular level, the main initial adaptive

mechanisms to altitude-induced hypoxaemia are

pulmonary artery vasoconstriction and peripheral

and cerebral artery vasodilatation. The hypoxia-

mediated stimulation of cardiovascular system

reaches its maximum effects during the initial

few days of exposure, and thereafter a new steady

state condition is established. Indeed, once these

adjustments have reached their optimal effect, any

further stimulation may have detrimental effects

and induce specific high-altitude-related diseases

like HAPE (exaggerated pulmonary hypertension)

or HACE (exaggerated cerebral vasodilation). But

beyond these factors, there exists a great variation

in individual susceptibility to this altitude illness.

The changes in autonomic control of cardiovascu-

lar system during acclimatization to high altitude

have been studied by electrical nerve activity [87],

beta-adrenergic blockade [29] and pharmacologi-

cal interventions [83]. It has also been shown that

beta receptors are responsible for most electrocar-

diographic (ECG) changes at altitude. This is also

evident that beta-adrenergic blockade lowers the

level of cardiovascular changes without any effect

on hypoxia-induced hyperventilation [10]. At high

altitude, sympathetic activity and vagal (parasym-

pathetic) withdrawal act synergistically to

increase heart rate, blood pressure and cardiac

output. Increased sympathoadrenal activity in

combination with decreased parasympathetic

tone at high altitude accounts for most of the

cardiovascular and ECG-related changes [45].

Heart rate variability (HRV), which represents

beat-to-beat alterations of the R-R intervals in an

ECG, is generally used to assess the sympatho-

vagal balance [74]. The increased sympath-

oadrenal activity associated with decreased para-

sympathetic tone during ascent to high altitude is

without effect on hypoxic hyperventilation but

accounts for most of the cardiovascular and ECG

changes [45].

Acute exposure to HA leads to reduction in

maximal O2 consumption and exercise perfor-

mance. However, altitude does not appear to

affect every individual to the same extent. The

decrease in SaO2 with increasing hypoxia

accounts for approximately 86 % of the variance

in the decrement in VO2max in trained individuals

[21]. The degree of O2 desaturation during exer-

cise at altitude and its relationship with HVR and

exercise ventilation have been studied [88]. It has

also been reported that high altitude, mainly via

chemo reflexes, triggers a series of pulmonary as

well as cardiovascular adjustments to maintain
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adequate oxygen supply to the different organ

systems. In the heart, the major adjustments are

increase in heart rate, blood pressure and cardiac

output. As a direct consequence of these

adjustments, myocardial workload and oxygen

demand increase. To respond to this increased

demand, there is an increase in coronary vasodila-

tation and enhancement of coronary blood flow.

The susceptibility of the individual’s hypoxic

tolerance is also determined by hypoxic ventilatory

response (HVR). Interindividual differences in

HVR at sea level influence ventilatory

acclimatization to high altitude [81]. The HAPE

susceptible subjects showing low isocapnic HVR

have been reported due to low chemo-sensitive

response [26, 57]. HVR at sea level accounted for

42 % of the variation in ventilation after acclima-

tization [81].Moore et al. [68] demonstrated a clear

relationship between a low ventilatory response to

hypoxia and AMS. AMS is also associated with

higher AaDO2, lower PaO2 and SaO2. Rathat et al.

[79] reported that 80 % of AMS-susceptible

subjects could be predicted by the ventilatory and

cardiac responses to hypoxia during exercise.

Burtscher et al. [12] showed that hypoventilation

seems to be important in the pathophysiology of

AMS, and it is directly associated with water and

sodium retention that can be attributed to

hypoventilation and impaired gas exchange. It has

also been reported that the period 20–30 min after

exposure to hypoxia corresponding to altitudes

between 3,000 and 4,000m is suitable for detecting

subjects which are highly susceptible toAMS. Two

key adaptations comprising altitude acclima-

tization are increased ventilation and decreased

total body water, resulting in a reduced plasma

volume (i.e. hemoconcentration). Ventilatory

acclimatization to altitude is characterized by pro-

gressive increase in ventilation, arterial oxygen

partial pressure and oxygen saturation (SaO2) and

drop of arterial carbon dioxide partial pressure.

Concomitant with the increase in ventilation, the

oxygen-carrying capacity of the blood is increased

by hemoconcentration resulting from the reduc-

tion in plasma volume. The net result of the

increased ventilation and hemoconcentration is

the increase in arterial oxygen content. Ventilatory

acclimatization can be accelerated by the drug

acetazolamide [47]. Acetazolamide stimulates

the respiration through inhibition of carbonic

anhydrase, which builds up carbon dioxide at

peripheral and central chemoreceptor level

resulting in increase in PAO2 and SaO2. Acetazol-

amide and/or dexamethasone prophylaxis has been

tried to rapidly acclimatize the soldiers at 4,578 m

altitude and found to be effective for rapid

acclimatization. Dexamethasone improves the

oxygen saturation of haemoglobin (SaO2) by

reducing the pulmonary oedema and better diffu-

sion of oxygen in the lung [18]. Acclimatization is

elevation specific, that is, full acclimatization at

one altitude confers only partial acclimatization to

a higher altitude. The amount of time required for a

person to become fully acclimatized is a function of

that individual’s physiology and the magnitude of

the hypoxic challenge, i.e. altitude attained [81].

Acclimatization to High Altitude

Altitude acclimatization is a series of physiolog-

ical adjustments that compensates for the reduc-

tion in ambient oxygen. Adaptation to high

altitude describes changes that have occurred

over a number of generations as a result of natu-

ral selection in a hypobaric hypoxic environ-

ment, and this can be observed in some groups

of high-altitude residents. Acclimatization is the

set of beneficial processes whereby lowland

humans respond to a reduced inspired partial

pressure of oxygen. These changes tend to reduce

the gradient of oxygen partial pressure from

ambient air to the tissues (classical oxygen cas-

cade) and are distinct from the pathological

changes that lead to altitude illness. The amount

of time required for a person to become

acclimatized is a function of that individual’s

physiology and the magnitude of the hypoxic

challenge, as defined by the altitude attained.

Individuals with no recent (>1 month) altitude

acclimatization require the greatest physiological

compensations and thus the longest time to accli-

matize. Individuals residing at moderate or high

altitudes will achieve acclimatization to a higher

altitude more rapidly. In general, 70–80 % of the

respiratory component of acclimatization occurs
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in 4–10 days, and 80–90 % of their overall

acclimatization is accomplished by 2 weeks to a

month at high altitude.

As millions of visitors’ tourists, trekkers,

mountaineers or defence personnel travel to

high-altitude locations each year, these high-

altitude maladies pose a public health problem

and have severe economic consequences. Recov-

ery occurs with descent, oxygen inhalation or bed

rest, but where descent is not possible and oxy-

gen is not available, deaths continue to occur.

Hypoxia is thus a life-threatening stress that has

to be dealt with at both cellular and systemic

levels. The best way to acclimatize the humans

to high-altitude hypoxia is to induce necessary

physiological and genetic changes in the body of

the humans before they are inducted to high

altitude. This can be achieved by hypoxia

preconditioning.

Preconditioning

Preconditioning is a process by which a tissue is

rendered more tolerant to a subsequent lethal

insult such as hypoxia/ischemia. Tolerance can

be attained by subjecting tissues to a sublethal

stress that results in intracellular adaptation and

enhanced endogenous defence mechanism.

Hypoxia preconditioning has been shown to

confer tolerance against hypoxic-ischemic brain

injury in newborn rats [14, 15, 22, 23]. Gradual

ascent, allowing time for acclimatization, is the

best strategy for preventing high-altitude illness.

Several studies revealed that hypoxia precon-

ditioning protects the brain and heart from

several types of injury including ischemia,

seizures and oedema. Since, tolerance to hypoxia

generally takes several hours to days, it is

suggested that the preconditioning stimulus

involves adaptive changes in gene and protein

expression. Also, because the expression of

hypoxia-inducible factor (HIF) is increased

throughout the brain after hypoxia precon-

ditioning in newborn rats [4], HIF-1-mediated

gene expression may be involved in hypoxia-

induced tolerance.

HIF-1: Mediator of Hypoxic Response

Hypoxia elicits a variety of adaptive responses at

different levels in the body that enhance cell

survival. At the organism level, there is increase

in ventilation, increased erythropoiesis and

neovascularization, which in combination lead

to increased oxygen delivery from the atmo-

sphere to the tissue. At the cellular level, adapta-

tion involves activated glycolysis, increased

glucose uptake, thus maintaining ATP despite

low oxygen availability and the expression of

cell survival- and cell death-related proteins.

The regulation of the proteins required for hyp-

oxic adaptation occurs at gene level, and the

hypoxic induction of all these diverse genes

appears to depend on a common mode of oxygen

sensing and signal transduction mechanism

mediated by activation of a transcription factor,

hypoxia-inducible factor (HIF1) [109]. HIF-1

binds to hypoxia-responsive element in different

hypoxia-responsive genes including erythropoie-

tin (Epo), vascular endothelial growth factor

(VEGF), inducible nitric oxide synthase

(iNOS), heme oxygenase (HO-1), glucose

transporter-1 (Glut-1) and several glycolytic

enzymes, thus activating their transcription.

HIF-1 is a heterodimer composed of two basic

helix-loop-helix-PAS (PER-ARNT-SIM)

domain (bHLH-PAS) proteins called HIF-1α
and HIF-1β (ARNT, aryl hydrocarbon nuclear

receptor translocator) [110]. Role of HIFs in

adaptation has been recently reviewed by

Prabhakar and Semenza [76]. HIF-1α is rapidly

degraded under normoxia by hydroxylation of

proline residue by prolyl hydroxylases within a

highly conserved region in its oxygen-dependent

degradation domain (ODDD). HIF-1-prolyl

hydroxylases (PHD1-3) hydroxylate the prolyl

residues at amino acid 402 and 564 [11]. These

enzymes require dioxygen, Fe2+, ascorbate and

2-oxoglutarate for activity [61]. The hydroxy-

lated peptides interact with an E3 ubiquitin-

protein ligase complex composed of VHL,

elongin B and C and Cullin 2 (CUL2) and then

polyubiquitinized, resulting in HIF-1α degrada-

tion by the 26S proteasome [41, 59].
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Under hypoxic conditions, HIF-1α is not

hydroxylated because of limitation of the major

substrate oxygen. The unmodified protein escapes

the pVHL-binding, ubiquitination and degrada-

tion, dimerizes with HIF-1β and stimulates the

transcription of its target genes [90] (Fig. 1).

Hypoxia Mimetics

The hypoxia preconditioning has potential clinical

usefulness and can be mimicked by many divalent

metals as cobalt, nickel, cadmium and zinc that act

as hypoxic mimetics by stabilizing HIF-1α, thus
allowing its accumulation, nuclear translocation

and binding toHIF-1β to form the transcriptionally

active HIF-1 complex even under normoxia.

Among all the metals reported, cobalt is one of

the classic examples of a hypoxic mimetic.

Cobalt (Co) is a silvery-white, hard metal with

an atomic number of 27 and an atomic weight of

58.93. Cobalt is as an essential component of

vitamin B12 (cobalamin). Mammals lack the

ability to synthesize vitamin B12, and nonrumi-

nant animals require a dietary source of vitamin

B12. Absorbed cobalt is primarily excreted in

urine with small amounts excreted via faecal

endogenous routes. A cobalt concentration in

tissues is generally low (1 mg/kg DM or less).

The amount of cobalt normally stored in the

human body is around 1.5 mg.

Cobalt toxicosis in animals is very rare

because the concentration of cobalt normally

present in animal diets is much lower than that

needed to cause toxicosis. Cobalt toxicosis is not

likely to occur in ruminants unless environmental

contamination of feed or water occurs.

Cobalt Preconditioning

It has been known for a long time that cobalt

increases erythropoietin production both in vitro

and in vivo in normoxia. Cobalt had also been in

use for the treatment of anaemia in infants and

women. In the human hepatoma cell lines,

Fig. 1 Regulation of HIF and its target genes
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production of erythropoietin mRNA was

stimulated 6- to 12-fold in response to Co2+ in the

absence of hypoxia. Chronic oral administration of

CoCl2 has been reported to induce polycythaemia

without an effect on body or heart weight in

animals as well as humans. Administration of

CoCl2 (Co
2+) in 7 day-old rats was shown to pro-

vide protection against ischemia reperfusion injury

in the brain [4, 64]. It has been reported that

pretreatment with a low dose of cobalt in mice

induced cardiac preconditioning, and this protec-

tive effect of CoCl2 is achieved through selective

activation of HIF-1α signalling [113]. Also, admin-

istration of cobalt resulted in a marked protection

against ischemic renal injury [58]. Cobalt was also

shown to be cytoprotective against tert-Butyl

hydroperoxide-induced oxidative stress in HepG2

cells and also resulted in induction of

renoprotective genes in rats when CoCl2 was

given with drinking water for 13 days. Similarly,

it has been reported to improve cardiac contractile

function in rats when administered with water

containing 0.01 % CoCl2 for 6–7 weeks [19].

Bergeron et al. [4] reported that preconditioning

with pharmacological activators ofHIF-1 (desferri-

oxamine or CoCl2) rather than hypoxia confers

significant protection in the central nervous system

(CNS) by upregulation of hypoxia-inducible factor

[42]. It is interesting to consider the finding that the

responsiveness of HIF-1 to hypoxia, but not cobalt

chloride, wanes with age [13].

Various hypotheses had been proposed to

describe the mechanism of action of Co in

stabilizing HIF-1α. (1) CoCl2 stabilizes HIF-1α
by antagonizingFe+2, which is an essential cofactor

along with oxygen for PHDs that degrade HIF-1α
[113]; (2) partial inhibition of PHDs, depletion of

ascorbate, which is required to maintain the HIF-

PHDs and FIH (factor inhibiting HIF) in an active

state and/or (3) direct binding of cobalt to HIF-1α,
which may prevent its degradation by VHL-

dependent and VHL-independent pathways [32].

Chemical preconditioning has several

advantages over physical preconditioning: (i)

reduced acclimatization schedule at altitude,

leading to decreased loss of man days; (ii) num-

ber of people that can be preconditioned is not

limited as compared to that of physical

preconditioning in simulation chambers; (iii)

easy to implement and (iv) is economical. How-

ever, most of the studies on hypoxia mimetics,

especially on cobalt, are focused on ischemia/

reperfusion injury. This led us to investigate the

efficacy of cobalt in facilitating acclimatization

to high altitude (hypobaric hypoxia) and preven-

tion of HA-induced ailments.

CoCl2 Promotes Hypoxic Tolerance and
Facilitates Acclimatization to Hypobaric
Hypoxia in Rat Brain/Lung
We determined the hypoxic tolerance by measur-

ing the gasping time (GT) and hypoxic survival

time (HST) by exposing rats to simulated

hypobaric hypoxia of 10,668 m. CoCl2 at the

dose of 12.5 mg cobalt/kg body weight for 7

days significantly improved GT and HST by

about three to four times as compared to the

control rats. Exposure of Co-supplemented rats

to simulated altitude of 7,619 m for 48 h showed

increase in expression and DNA-binding activity

of HIF-1α and its regulated genes EPO, VEGF,

Glut1 and NOS. An increased EPO level in the

brain, lung and heart of cobalt-supplemented

animals was in line with the observed higher

blood haematocrit (53 %) and haemoglobin

levels (16.5 mg/dl) which in turn increase the

O2-carrying capacity of the blood [40, 97, 98].

Further, EPO has also been shown to act as a

neuroprotective and neurotrophic factor directly

in the brain [92]. Higher VEGF levels in the brain

and heart enhance capillary density and hence

improve oxygen transport to these organs. The

most important factor that is reported to be

responsible for the occurrence of lung injury in

high altitude is VEGF, an angiogenic/permeabil-

ity factor. We found a marginal decrease in

VEGF expression in the lungs of cobalt-

pretreated animals both during normoxic and

hypoxic conditions [97]. Expression of GLUT-

1, mediating the transport of glucose from blood

to tissues, was found to increase after cobalt

supplementation under hypoxia in the brain,

lung and heart, indicating enhanced glucose

uptake for continued energy generation in hyp-

oxic environments. Thus, the increased EPO,

VEGF, Glut-1 and NOS by cobalt facilitate
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increased oxygen transport, capillary density,

glucose transport and vascular tone, respectively,

to cope with the limited oxygen availability dur-

ing hypoxia. All these changes were responsible

for the observed increase in hypoxic tolerance

and acclimatization by cobalt supplementation

[94, 97, 98].

CoCl2 Attenuates Hypobaric Hypoxia-
Induced Oxidative Stress
Hypobaric hypoxia at high altitude is considered

as an acute physiological stress often leading to

oxidative stress, causing potential damage to

proteins, lipids and DNA. Under normal

conditions, ROS produced are fully inactivated

by an elaborate cellular and extracellular antiox-

idant defence system [60]. The decrease in avail-

able cellular oxygen to be reduced to H2O by

cytochrome oxidase results in accumulation of

reducing equivalents in the mitochondrial respi-

ratory chain leading to ROS formation thus caus-

ing oxidative stress [56, 67]. The disturbances in

oxygen availability and cellular oxidant/antioxi-

dant balance have been implicated in the number

of disorders including stroke, head trauma, neo-

plasia, vascular malformations, neurodegenera-

tive disorders and in high-altitude ailments.

Our studies showed that CoCl2 significantly

inhibited ROS levels and oxidation of cellular

proteins and lipids in the rats exposed to

simulated hypobaric hypoxia (7,619 m, 48 h),

via induction of HO-1 and metallothioneins

(MT) offering efficient protection to the tissues

[95, 97, 98, 104]. HO-1 is known to possess

antioxidant and anti-apoptotic activity [72].

Several reports have proposed that HO-1 induc-

tion represents an antioxidant defence,

operating by decreasing the levels of potential

pro-oxidants and increasing the concentration of

active bile pigments, such as bilirubin, capable

of acting as antioxidants [51]. Moreover, cobalt

is known to activate expression of HO-1 [50].

Hence, one of the possible reasons for the

observed reduction in oxidative stress might be

an increase in HO-1 levels. Metallothioneins

constitute a family of metalloproteins involved

in cytoprotection during stress situations such as

oxidative stress [24, 107]. These proteins are

very efficient hydroxyl radical scavengers, and

many studies indicate that MT provides protec-

tion against oxidative injury in multiple organ

systems, strongly implicating its antioxidant

function [105]. Regulation of MT gene by

cobalt was reported to be mediated by activation

of metal response element/metal transcription

factor-1 [73], which activates HIF-1 [69]. Thus

HO-1 and MT genes are regulated by a single

transcriptional factor Hif-1α, and we have

reported a significant increase in Hif-1α levels

in the brain (tense changed from passive to

active), lung and heart of animals supplemented

with cobalt under hypoxia. Thus, the observed

antioxidant activity of cobalt through HO-1 and

MT was found to be mediated via Hif-1α signal-

ling mechanisms.

The findings revealed the potential of cobalt

either as drug or nutraceutical for prevention of

high-altitude-induced oxidative stress.

CoCl2 Prevents Hypobaric Hypoxia-
Induced Cerebral/Pulmonary Oedema
in Rats
HAPE that develops two to four days after arrival

at high altitude is a form of non-cardiogenic

pulmonary oedema with increased pulmonary

vascular permeability and pulmonary hyperten-

sion due to excessive pulmonary vasoconstric-

tion [44]. This leads to vascular leakage through

overperfusion, capillary stress failure or both,

resulting in high concentration of vascular

proteins and red blood cells in the alveolar fluid

[100]. Extracellular vasogenic cerebral oedema

had been implicated as the predominant mecha-

nism in HACE [27, 28]. It is characterized by

increased permeability of brain capillary endo-

thelial cells (ECs) or alteration in blood-brain

barrier (BBB) via generation of ROS or

increased VEGF [111]. Inflammation may either

be an inciting event or a secondary factor after

the initial permeability disruption.

We studied the efficacy of preconditioning

with CoCl2 in attenuating pulmonary and cere-

bral oedema by quantifying hypoxia-induced

vascular leakage of sodium fluorescein dye in

rat lung and brain which is a measure of vascular

permeability [30]. Hypobaric hypoxia resulted in
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increase in transvascular leakage of sodium

fluorescein dye in the lung and brain, lung

water content, lavage total protein, albumin,

VEGF levels, proinflammatory cytokine levels,

tissue expression of cell adhesion molecules and

nuclear factor kappa-B (NF-κB) DNA-binding

activity. Chemical preconditioning with cobalt

significantly attenuated the vascular leakage

induced by hypoxia. This was attributed to

decrease in VEGF, ROS and NFkB activity and

increased oxygen availability via HIF-1 signal-

ling mechanisms. Apart from increased levels of

TGF-β and IL-6, cobalt preconditioning resulted

in higher levels of anti-inflammatory proteins

HO-1 and MT which might also be responsible

in attenuating vascular leakage induced by hyp-

oxia. HO-1 has been shown to be protective in a

number of pathophysiological states such as

ischemia and reperfusion injury, hypertension

and pulmonary hypertension [65, 71, 114].

Thus, our data suggest that hypoxic

preconditioning with cobalt has protective effect

against high-altitude-induced cerebral and pul-

monary oedema and other diseases induced by

hypoxia [96]. Toxicity studies (biochemical,

haematological, histopathological parameters)

indicate no adverse effect of CoCl2 supplemen-

tation [40].

To conclude, cobalt enhances hypoxic toler-

ance, prevents transvascular leakage in the brain

and lungs, downregulates expression of

proinflammatory interleukins, decreases lipid

peroxidation and ROS levels, maintains antioxi-

dant status and stimulates the expression of HIF-

1α resulting in increased expression of its target

genes, thus facilitating acclimatization to HA.

No adverse effect of CoCl2 supplementation

was observed.

Cobalt chloride thus has potential to be used

in rapid acclimatization to hypobaric hypoxia.

Hypoxia Preconditioning by CoCl2
Enhances Endurance Performance and
Protects Skeletal Muscles from Exercise-
Induced Oxidative Damage in Rats
The advantages of training performed under hyp-

oxic conditions, e.g. living low-training high or

living high-training high, are the subject of much

debate and importance to improve the physical

performance in athletes, defence personnel or

mountaineers [48, 106]. Hypoxic stimulus elicits

specific molecular responses in skeletal muscle

tissue [33, 108]. It is well established that

sustained exposure to severe hypoxia has detri-

mental effects on muscle structure. Therefore,

the potential negative effects of permanent expo-

sure to high altitude could be avoided by expos-

ing the subjects to hypoxia only during exercise

sessions. The results of these studies suggest that

exercise under hypoxic conditions could induce

muscular and systemic adaptation, which either

are absent or found to be at a lesser degree after

training under normoxic conditions [2, 17]. Exer-

cise training is known to increase lung and car-

diac function, muscle build-up and aerobic

capacity of skeletal muscle. Terrados et al.

[103] noted that training competitive cyclists in

hypobaric chamber (2,300 m) for 3–4 weeks

improved work capacity at altitude than after

sea level training. There was an increase in mus-

cle volume, mitochondrial density, capillary to

fibre ratios and muscle fibre cross-sectional area,

which were observed only with hypoxia training

[17].

Hoppler and Vogt [33] found increased

mRNA levels of the regulatory subunit of HIF-1

after training under hypoxic conditions

irrespective of training intensity, but not after

training in normoxia. As a consequence of this

upregulation of HIF-1, the levels of mRNA for

myoglobin, VEGF and glycolytic enzymes, such

as phosphofructokinase, together with mitochon-

drial and capillary densities, increased in a

hypoxia-dependent manner [31, 33, 34]. These

results support the involvement of HIF-1 in the

regulation of adaptation processes in skeletal

muscle tissue that compensate for the reduced

availability of oxygen during training, after train-

ing in hypoxia.

Taken together, intermittent hypoxia training

has been shown to elicit specific molecular and

biochemical responses in skeletal muscle tissue.

However, the disadvantage of intermittent hyp-

oxia training is the requirement for technical

installations to simulate appropriate altitude

conditions either by diluting environmental air
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with nitrogen or by reducing atmospheric pressure

or by individual exposure to hypoxia chamber,

which are difficult to attain. Supplementation of

hypoxia mimetics is a practical and feasible way

of inducing hypoxia.

Therefore, we examined the effect of hypoxic

preconditioning by cobalt on skeletal muscle pro-

oxidant-antioxidant balance and physical perfor-

mance. Preconditioning with cobalt resulted in

significant increase in physical performance in

rats (33 %, p < 0.01)) as determined by swim-

ming time till exhaustion. It also protected against

training-induced oxidative damage as observed by

increase in GSH/GSSG ratio, reduced lipid perox-

idation and enhanced expression of antioxidant

proteins HO1 and MT. There was marked reduc-

tion in exercise-induced muscle fibre damage as

indicated by decreased necrotic muscle fibre,

decreased lipofuscin content of muscle and

plasma creatine kinase level in rats preconditioned

with cobalt [86].

We have also reported augmentation of

biological activities of enzymes of TCA cycle,

glycolysis and cytochrome c oxidase (COX). Fur-

ther, there was increase in expression of Glut-1 in

muscle showing increased glucose metabolism by

aerobic respiration. There was also an increase in

mitochondrial biogenesis in skeletal muscle

observed by increased mRNA expressions of

mitochondrial biogenesis markers which was fur-

ther confirmed by electron microscopy. Increase

in nitric oxide production in skeletal muscle by

cobalt seems to be the major reason for peroxi-

some proliferator-activated receptor-gamma

coactivator-1α (PGC-1α) induction and mitochon-

drial biogenesis. Thus, hypoxia preconditioning

by CoCl2 in rats increases mitochondrial biogene-

sis, glucose uptake and metabolism by aerobic

respiration in skeletal muscle, which leads to

increased physical performance [85].

Prolyl Hydroxylase Inhibitor as Hypoxia
Mimetic

Hydroxylation of HIF-1α subunit by prolyl

hydroxylase enzymes was first described in

2001 [11, 20, 35–37, 115]. There are three

isoforms of PHDs: PHD1, PHD2 and PHD3

[20], which are also known as HIF-P4Hs:

HPH3, HPH2 and HPH1 [11] or EGLN2,

EGLN1 and EGLN3, respectively [102]. These

proteins differ in size, intracellular localization

and tissue distribution [112]. Expression of

PHD2 and PHD3 can be regulated by HIF by a

negative feedback loop, and these have been

characterized as main HIF target genes [25, 66,

101]. PHDs catalyse the hydroxylation of HIF in

a two-step reaction, 2-oxoglutarate is first

decarboxylated to succinate, and a reactive

iron-oxo complex is formed that subsequently

hydroxylates the defined amino acid residue of

the peptide substrate. 2-oxoglutarate, an interme-

diate of the tricarboxylic acid (TCA) cycle, is an

essential co-substrate for PHDs due to its role in

Fe (II) coordination in the catalytic centre. At the

lower level of oxygen in the cell, PHD becomes

inactivated, causing rapid accumulation of HIF-

1αsubunits in the cytoplasm and migrate to

nucleus to heterodimerize with HIF-1β to form

functional transcriptional factor.

One of the most important class of PHD

inhibitors is analogues of 2-oxoglutarate, e.g.

ethyl 3, 4-dihydroxybenzoate (EDHB). It is also

known as protocatechuic acid and is present in

plant foods such as olives, roselle, du-zhong and

white grapevine [49]. It has been reported to have

antioxidant, cardioprotective [78], neuroprotective

[53], antimicrobial [62], anti-inflammatory and

myoprotective activity. Recently, it has been

reported to possess antiulcer activity also [46].

This plethora of properties of EDHB prompted us

to study the efficacy of EDHB in facilitating

acclimatization to hypoxia and improving endur-

ance performance in Sprague Dawley rats.

Preconditioning with EDHB (75 mg/kg b.wt,

3 days) was found to be efficacious in increasing

hypoxia tolerance as measured by gasping time

and survival time of animal under simulated

hypoxia conditions. There was appreciable atten-

uation of hypoxia-induced oedema index and

vascular leakage as accessed by wet/dry wt.

ratio and sodium fluorescein dye leakage, respec-

tively, in both the lung and brain.

Preconditioning with EDHB also resulted in sta-

bilization of HIF-1α, upregulation of EPO

144 G. Bhaumik et al.



expression and antioxidant proteins HO-1, MT-1

along with improved antioxidant and anti-

inflammatory status in the brain suggesting the

neuroprotective effect of EDHB (our unpub-

lished data).

Further, hypoxia preconditioning with EDHB

(50 mg/kg bw for 10 days) boosted the physical

performance of rats as assessed by running time

till exhaustion by treadmill test which could be

due to improved blood oxygen-carrying capacity

as indicated by increase in haematocrit and blood

haemoglobin level and also by upregulation of

VEGF expression in skeletal muscles indicating

improved angiogenesis (manuscript commu-

nicated). EDHB supplementation could also

accord protection to animals against oxidative

damage by improvement in antioxidant status.

It has been demonstrated that mitochondrial

adaptation to endurance training is associated

with activation of PGC-1α [16, 82] as well as

its downstream transcription factors (NRF-1,

mTFA, PRC and PPARγ), which induce coordi-

nated expression of mitochondrial transcripts.

We observed increase in the expression of mito-

chondrial biogenesis markers indicating an

increase in mitochondrial density in muscles to

sustain from fatigue for a longer period. Also,

preconditioning with EDHB resulted in

increased expression of HIF and hypoxia-

responsive genes (Epo, HO-1, MT-1) and various

metabolic and myogenic genes which confirms

the activation of oxygen-sensing system in skel-

etal muscle that leads to hypoxia adaptation (our

unpublished data). Although this study is still in

progress, the results so far underscore the poten-

tial of preconditioning with EDHB in facilitating

acclimatization to hypobaric hypoxia and

improvement of physical performance in rats.

Sphingosine-1-Phosphate (SIP)
as Hypoxia Mimetic

Sphingosine-1-phosphate (S1P), a biologically

active pleiotropic lipid, is an emerging signalling

molecule involved in several physiological pro-

cesses especially in the areas of vascular biology

and immunology encompassing cell survival,

angiogenesis, vascular tone, immune response,

etc. by interacting with specific cell surface

receptors [54]. S1P is derived from ceramide

that is synthesized de novo or as part of the

sphingomyelin cycle. The enzyme ceramidase

acts upon ceramides to release sphingosine,

which is phosphorylated by sphingosine kinases

(SphKs) to form S1P [70]. The physiological

level of S1P is maintained in low nanomolar to

micromolar range, and its plasma pool is

maintained in association with high-density

lipoproteins (HDL), where it is bound to

apoprotein M. It is produced continuously and

stored in relatively high concentrations in human

platelets and erythrocytes [43]. The signalling

effects of S1P are executed via five G-protein-

coupled receptors (S1P1–S1P5) known till date –

S1PR1–5 – and through potential intracellular

targets not yet known. The relative intracellular

concentration of S1P is an important arm of the

‘sphingolipid rheostat’ and is a key regulator of

cell survival, hypoxia-inducible factor 1α (HIF-

1α) kinetics, redox balance and differentiation

state of the cell during ischemia-reperfusion

injury [55, 75]. Further, recent research studies

on S1P and its functional agonists have unfolded

the involvement of S1P-SphK-S1PR1–5 axis in

several pathologies of respiratory, cardiovascu-

lar, cerebral and renal system [54]. Interestingly,

in most of these disorders underlying hypoxia is a

common factor and is either a cause or an

outcome.

Most interestingly, it has been observed that

exogenous S1P supplementation mimics hypoxia

by increasing HIF-1α stability and enhancing its

transcriptional activity on hypoxia-regulated

genes such as VEGF, GLUT-1 and PAI-1 [63].

These fascinating facts of S1P signalling guided

us to explore the potential of S1P as a hypoxic

preconditioning agent with a hypothesis that

modulation of physiological level of S1P by its

exogenous supplementation would boost the

acclimatization responses to hypobaric hypoxia

since it has been shown to be a hypoxia mimetic

in earlier studies.

With this view, protective effect of exogenous

S1P was evaluated in murine splenocytes against

hypoxia-induced injury [14]. In our study,
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splenocyte death upon exposure to 0.5 % oxygen

for 24 and 48 h duration could be alleviated by

preconditioning splenocytes with S1P, in the

range of 50–800 nM. The cytoprotective effect

of S1P was an outcome of a boost in pro-survival

signals – ERK1/2 and AKT activation and cellu-

lar ATP level. Further, the S1P pretreatment of

splenocytes prior to hypoxia exposure delivered

redox homeostasis, reduced oxidative damage

and balanced anti-/proinflammatory cytokine

profiles and temporal benefit of nitric oxide

secretion and intracellular calcium release. We

have observed that preconditioning with exoge-

nous S1P has potential to alleviate hypoxia-

induced cell death and the associated stresses

such as oxidative damage and inflammation in

murine splenocytes. Following the in vitro study,

evaluation of pharmacological benefit of

preconditioning with S1P prior to exposure of

Sprague Dawley rats to hypobaric hypoxia

(25,000 ft at 28 �C for 6 h) was conducted

(paper under review in FEBS Journal). In this

study, S1P pretreatment, especially at 1 μg/kg
body weight dose, could protect the animals

from hypoxia-induced oxidative damage and

overt inflammation, and most importantly it

enriched the blood oxygen-carrying capacity as

indicated by raised haemoglobin, haematocrit

and RBC count. This bioavailable oxygen,

owing to S1P preconditioning, could restore

hepatic aerobic respiration as indicated by a sig-

nificant boost in the activity of citrate synthase

and succinate dehydrogenase and total ATP con-

tent. It is well known that during acute hypoxia

exposure, diuresis is beneficial as it leads

haemoconcentration which further enhances the

blood oxygen-carrying potential. Expression of

S1P receptor 1 (S1PR1) in renal tissue has been

linked with enhanced diuresis, and in our study

exogenous supplementation of S1P led to overt

expression of S1PR1 in renal tissues of these rats.

S1P being a signalling lipid, the underlying

mechanism for its preconditioning benefits

could be multifactorial in nature; however in

the animal studies conducted by us, HIF-1α accu-

mulation and haemoconcentration appear to be

the key underlying mechanisms along with anti-

oxidant and anti-inflammatory properties.

Although in-depth studies are still being

conducted, our in vitro and in vivo studies on

S1P have unfolded preconditioning benefits of

exogenously supplemented S1P to improve

acclimatization to hypobaric hypoxia. These

findings have long-term clinical application in

the field of rapid acclimatization to high-altitude

conditions.

Other Intervention

Efficacy of Nanocurcumin on Hypobaric
Hypoxia-Induced Maladies

Curcumin is a polyphenolic compound isolated

from turmeric. It has been shown to possess

tremendous pharmacological value due to its

anti-inflammatory, antioxidant and anti-

proliferative activities [39, 52, 80]. These

properties make curcumin effective against vari-

ous pathological conditions like cancer, cardio-

vascular diseases, diabetes, arthritis and

neurological diseases [1, 99]. Despite these

properties, low bioavailability of curcumin

downplays the role it plays in today’s drug sce-

nario [1]. To overcome this problem of poor

bioavailability, many approaches are being

acquired such as the use of adjuvant like piper-

ine, association with liposome and making the

nano-sized curcumin particles, to name a few

[84, 91, 93].

Curcumin nanoparticles are nano-sized

particles of curcumin that enhance the bioavail-

ability of the curcumin so as to improve its phar-

macological effects. Our approach involved

enhanced and rapid acclimatization of the individ-

ual in high-altitude conditions by using curcumin

nanoparticles. Hypobaric hypoxia also increases

the oxidative stress along with accounting for

various pathological conditions [26, 38, 56, 89].

Preliminary studies in our laboratory using in vitro

and in vivo models have shown nanocurcumin to

be effective in improving mental and physical

performance and cardiovascular function under

hypoxic conditions with marked decrease in the

oxidative stress. These effects are more profound
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than the effects registered by using curcumin

(our unpublished data).

These preclinical studies have shown

immense potential of these interventions in

improving tolerance to high-altitude hypoxia

and thus are promising agents for clinical trials.

Current Practices for HA
Acclimatization in Humans

The present acclimatization schedule framed by

the Indian Army is of three successive stages at

varying heights to avoid altitude sickness (AMS).

The first stage of acclimatization is for 6 days and

the altitude above 2,700–3,600 m. The second

stage of acclimatization is for 4 days and the

altitude above 3,600–4,500 m. The third stage

of acclimatization is for 4 days and the altitude

above 4,500 m. Staging and slow ascent

protocols effectively induce acclimatization and

reduce the incidence and severity of AMS. Alti-

tude acclimatization is the best strategy for the

prevention of acute mountain sickness (AMS)

and allows people to achieve the maximal physi-

cal and cognitive work performance. Slow and

staged ascent has been found to be most effective

to induce altitude acclimatization and reduces the

chances of the development of AMS. Due to

emergencies/warlike conditions, military person-

nel may not get adequate time for staged

acclimatization and to be inducted to high alti-

tude within a short period of time. Acetazol-

amide and/or dexamethasone prophylaxis is

commonly prescribed for rapid acclimatization

to high altitude. In modern military operations,

rapid deployment of military personnel to high

altitude frequently occurs with little or no time

for physiological acclimatization. Another recent

approach to induce altitude acclimatization is the

use of daily intermittent hypoxic exposure (IHE)

in lieu of continuous stay at high altitude. IHE

helps to preconditioning of an individual at sea

level to reduce incidence of high-altitude

maladies as well as to improve physical work

performance at high altitude.

Intermittent Hypoxic Exposure (IHE)

IHE involves breathing low oxygen air periodi-

cally, living in or exercising in reduced air for the

purpose of pre-acclimatization/preconditioning

to high altitude so as to reduce the incidence of

AMS. IHE can be administered using either

normobaric hypoxia (Fig. 2) or hypobaric hyp-

oxia (Fig. 3). Hypobaric hypoxia is induced by

decreasing the barometric pressure, whereas

normobaric hypoxia is induced by lowering the

percentage of oxygen in inspired air (FIO2).

Compared with hypobaric chambers, normobaric

hypoxia rooms/tents are relatively inexpensive

most importantly due to their light weight and

setup to operate anywhere. IHE treatment

consists of three basic elements, i.e. IHE

simulated altitude, IHE session duration and the

total number of the IHE sessions over the treat-

ment period. The short duration of IHE session is

usually paired with a greater number of IHE

sessions per trial period, and the long duration

of IHE session (i.e. overnight sleep) is paired

with lower simulated altitudes. In IHE treatment,

our body develops a series of physiological

Fig. 2 Normobaric hypoxia room
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responses due to temporary decrease in oxygen

content in the blood. In response to low oxygen

content, the physiological system tries to get

required amount of energy with less available

oxygen, and this triggers the onset of a range of

physiological adaptation process of the cardio-

vascular, respiratory and oxygen utilization

systems. The major IHE-induced altitude

acclimatization is to increase arterial oxygen sat-

uration through ventilatory acclimatization.

The IHE study was conducted on Indian Army

subjects with the aim (a) to reduce HA illness

(AMS, HAPE and HACE) on induction to HA,

(b) to reduce the present acclimatization sched-

ule in terms of days, (c) to develop a screening

method for high-altitude illness susceptibility of

an individual and (d) to formulate methods of

pre-acclimatization during emergency situation/

warlike conditions. The study was carried out on

large numbers of army volunteers, and they were

divided into control and experimental groups.

The sea level, base line study was carried out in

Delhi (barometric pressure 740 mmHg) where

the laboratory temperature was maintained

between 20 and 24 �C with a relative humidity

range of 40–50 %. After recording the base line

study at sea level for 2 days, subjects were

exposed to normobaric hypoxia chamber and

allowed to breathe 13.5 % FIO2 (altitude – air

equivalent 3,500 m, final SaO2 in the blood was

around 90 %) for 1 h. During hypoxic air breath-

ing, pulse oxygen saturation (SaO2) level in the

blood and heart rate was continuously monitored

for 1 h (pre-hypoxic challenge). On the next four

consecutive days, the subjects were exposed to

normobaric intermittent hypoxia exposure at

12 % FIO2 (altitude – air equivalent 4,350 m,

final SaO2 in the blood was around 87–88 %) for

4 h per day for four consecutive days. On the fifth

day, subjects were again exposed to 13.5 % FIO2

(altitude – air equivalent 3,500 m, final SaO2 in

the blood was 92 %) for 1 h (post-hypoxic chal-

lenge). On the following day (sixth day), the

subjects were inducted in the early morning

(within 24 h) to an altitude of 3,500 m at Leh

(barometric pressure 483 mmHg) in the Western

Himalayas, India, in 55–60 min by pressurized

aircraft. The ambient temperature at this altitude

(3,500 m) varied between 10 and 20 �C during

the period and relative humidity 40 %. At

3,500 m altitude, all the tests were conducted in

the morning for six consecutive days where the

temperature was maintained between 20 and

25 �C in the recording room. The first recording

of the responses was made early next morning

(within 24 h of arrival at HA). A finger pulse

oximeter probe was set on the right index finger

to measure resting oxygen saturation (SaO2) level

(Model MU 300, China). Ventilatory parameters

like VE, VO2 and ventilatory drive (VT/Ti, where

Ti is the inspiratory time) were recorded in sitting

position at both the locations using breath-by-

breath, open-circuit metabolic measurement sys-

tem (model K4b2 mobile breath-by-breath meta-

bolic system, Cosmed, Italy) calibrated with

certified gases and volume standard.

Fig. 3 Hypobaric hypoxia

chamber
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The results indicate that IHE at sea level sig-

nificantly reduces the incidence of AMS. The

incidence and severity of the symptoms of

AMS was significantly less in IHE-treated

group of subjects in comparison to control on

initial two days of exposure at altitude. On day

1 at HA, 60 % of control group suffered from

AMS, whereas the IHE-treated group showed

only 5 %. On day 2 at HA, the incidence of

AMS in control group was further decreased

to 40 %, whereas the experimental group did

not show any symptoms of AMS (Fig. 4).

IHE-treated group also showed the significant

increase in resting SaO2, VE, VO2 and ventila-

tory drive (Fig. 5). The present study also showed

that IHE-treated group at sea level may reduce

the acclimatization tenure at 3,500 m altitude

from 6 to 4 days and prevent occurrence of

high-altitude maladies.

To conclude, IHE treatment at sea level may

be used as an alternative approach to pre-

acclimatize the military personnel before their

deployment to high mountain regions in emer-

gency/warlike conditions.
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Noise, the Silent Killer

Neeru Kapoor

Abstract

Noise, the ‘unwanted sound’, is now realised as one of the most important

environmental hazard in the present day industrial world. Exposure to

noise is imminent, spearheaded by man’s casual attitude and ignorance of

its effects. Thus, the indiscriminate hooting of horns and shrieking of

loudspeakers continue unabated and disturb man’s peace and tranquility.

Noise leads to impaired hearing and causes general stress resulting in rise

of blood pressure, enhanced sweating, muscle cramps, changes in cardiac

functions and biorhythm, and increase in blood cortisol and cholesterol.

Defence Institute of Physiology & Allied Sciences (DIPAS), DRDO, has

been working towards combating noise pollution for over the last four

decades for both the Defence Forces and for the civilians. In the Armed

Forces, personnel are exposed to noise resulting from arms and

ammunitions, gun and artillery firings, movement of heavy armoured

vehicles, flying of aircraft and helicopters, engine rooms of naval ships

and submarines etc. The high level of noise experienced by the personnel

in their working environment is responsible for impairment in hearing

functions and liable to trigger adverse reactions in extra-auditory systems.

The auditory effects of noise directly influence the peripheral auditory

system and the hearing function. Noise encountered by man in his occu-

pational environment could be either loud or impulsive, of short intermit-

tent duration or continuous noise of mixed intensities over a prolonged

period. It acts as a biological stressor which results in various non-

auditory system responses, leading to physiological and psychological

stress. Researches on physiological and psychological effects and on

performance and comfort have provided an extensive technology pool

that serves as the basis of exposure guidelines, criteria and standards.
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Controlling noise and safeguarding hearing are important environmental

issues that need to be addressed with care. The ill effects of noise on the

auditory system may be alleviated by adequate hearing protection with the

use of appropriate ear defenders, electronic noise reducing head sets,

inhalation of carbogen (gas mixture of 5% CO2 and 95% O2), supplemen-

tation with antioxidants and restricted working time in noise environment

as per the laid down environmental safety guidelines. These and other

management techniques including use of musical sounds may also be

useful in coping with the extra auditory effects of noise.

Introduction

Noise is a wrong sound in a wrong place at a wrong

time. It is defined as irritating, not understandable,

and nonrhythmic sound. It has become an unavoid-

able by-product of modern technological deve-

lopments which favor more mechanization, faster

traffic, and closer packing of population. The

peaceful environment of every city, town, and

even the country side is being shattered frommorn-

ing till night by the roar of jet planes, honking of

cars and pressure horns of trucks, wailing of emer-

gency vehicle sirens, whistling of railway engines,

the rattle of mechanized farm implements, and the

thunder of construction machinery. All this has

given rise to the term noise pollution.

Hazardous sound levels are an accompani-

ment of even many enjoyable pastimes like

music. Availability of high powered electronic

amplifiers has led to much greater sound levels

than were earlier encountered. Fireworks, a com-

mon feature in many countries during religious

or national festivals, produce unpleasant noise.

Soldiers are not spared from this insidious enemy

either. Armed forces personnel are exposed to

high intensities of continuous and impulsive

noise from fighting vehicles, guns, small arms,

heavy machines in workshops, engines and other

machinery of naval ships and aircraft, etc. The

rapport from a firing gun, for example, produces

very high impulsive noise levels. Noise also

interferes with communication.

Despite the cacophony all around us, noise

pollution is a newly recognized occupational

hazard. This is in part due to the fact that the

problem till recently has not been studied sys-

tematically and also due to the general ignorance

about the injurious effects of noise on human

biology and behavior [1]. Noise has been now

recognized as one of the important stress-

producing factors in modern life.

Effects of Noise Pollution

Noise interferes with human activities in three

ways:

1. Auditory apparatus: There is definite evidence

that a person exposed to high intensities may

suffer from some degree of hearing impairment

[2, 3], generally assessed through audiometric

tests. In this regard, impulsive noise is more

damaging than continuous noise [4], which can

cause damage to the eardrum [5]. Continuous

noise of about 85 dBmay cause some damage to

the hearing performance. This may be of tran-

sient nature and may last for a few hours only.

This is Temporary Threshold Shift (TTS). The

hearing gets shifted to higher dB values. Given a

certain amount of rest in quiet environs, this gets

restored. For example, working in 85–90 dBA

noisy places for 8 h results in appreciable

hearing impairment. However, rest and sleep

in environ of 65 dBA for subsequent 16 h or so

restores hearing. If this rest in quiet environs is

not available, the TTS may get converted into

Permanent Threshold Shift (PTS) [6].

The magnitude of hearing loss depends on

the level of noise, its frequency content, the

duration of one’s exposure, and individual

susceptibility. The loss in hearing sensitivity

caused by noise exposure is insidious in its

development, initially beginning at the

higher frequencies (around 4–8 kHz). With
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continuing exposures this loss slowly

progresses towards the speech frequencies

(300 Hz–4 kHz) and becomes evident to

the individual.

2. Physiological: Noise interferes in the normal

physiological functioning of the body. It may

cause an increase in blood pressure, sweating,

and muscular contractions [7–10].

3. Behavioral: Noise affects the sociological

behavior of the individuals as it produces

irritation, interferes with sleep, and impairs

physical and mental performance [11–13].

Of the many health hazards related to noise,

hearing loss is the most clearly observable and

measurable by health professionals. The other

hazards are harder to pin down. For many of us,

there may be a risk that exposure to the stress

of noise increases susceptibility to disease and

infection. The more susceptible among us may

experience noise as a complicating factor in

hearing problems and other diseases. Noise that

causes annoyance and irritability in healthy

persons may have serious consequences for

those already ill in mind and body. Other

pollutants present in the environment such as

air and water may enhance the ill effects of noise.

Noise affects us throughout our lives. For

example, there are indications of effects on

unborn child when mothers are exposed to indus-

trial and environmental noise [2, 14]. During

infancy and childhood, youngsters exposed to

high noise levels may experience learning diffi-

culties and generally suffer poor health [15–19].

Later in life, the elderly may have trouble falling

asleep and obtaining necessary amounts of rest.

Why, then, is there not greater alarm about

these dangers? Perhaps it is because the link

between noise and many disabilities has not yet

been conclusively demonstrated. Perhaps it is

because we tend to dismiss annoyance as a

price to pay for living in the modern world.

And maybe we still think noise as an occupa-

tional hazard only.

The effects of noise on health are often

misunderstood or unrecognized.Well-documented

studies to clarify the role of noise as a public health

hazard are still required, but we at least know from

existing evidence that the danger is real.

Except for the serious problem of hearing

loss, there is no human illness known to be

directly caused by noise. But in many studies,

noise has been clearly identified as an important

factor of physical and psychological stress, and

stress has been directly linked with many of our

most common health problems. Thus, noise can

be associated with many of these disabilities and

diseases, which include heart disease, high blood

pressure, headaches, fatigue, and irritability.

Noise Pollution in Military Service

The sources of noise in the military are as varied

as the activities carried out by the personnel

of the Army, Navy, Air Force, Marine Corps,

and Coast Guard. Obvious sources of potentially

hazardous noise are weapon systems and jet

engines. However, ground vehicles, other air-

craft, watercraft, communication systems, and

industrial-type activities also serve as sources of

potentially damaging noise.

The Defence Institute of Physiological and

Allied Sciences (DIPAS), one of the laboratories

of DRDO belonging to the Life Sciences group,

has conducted several studies on armed forces

personnel and civilians exposed to steady-state

noise as well as impulsive noise and gained con-

siderable expertise in understanding how noise

affects the physiology of human beings.

Studies conducted in the Indian Naval work

environment revealed that exposures to continu-

ous engine room turbine noise in the range of

105–116 dB “A” during sailing of the ships led to

a generalized loss of hearing sensitivity in 76 %

of the engine room crew, with the most affected

frequencies being at 4, 6 and 8 kHz [20]. The

incidence of hearing impairment in naval person-

nel engaged in duties outside the engine room

with SPL ranging from 73.4 to 91.0 dB “A”

was not of concernable degree, being 27 %.

Investigations conducted on a group of young

audiometrically normal men exposed to noise of

moderate intensity (100 dB “A”) for short dura-

tion of 20 min developed TTS2 (TTS, 2 min after

the cessation of noise) of 22.63 � 1.06 dB at

4 kHz. TTS vanished after resting for 2 h in
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quiet [21]. In another study on 100 volunteers,

it was revealed that the TTS2 increased with

exposure time (15–90 min.) and intensity

(80–105 dB “A”) [22]. The higher the value of

TTS, the longer is the time taken for complete

recovery. The upper safe limit and safe exposure

period was also worked out by giving due weight

to the development of TTS and its recovery in

different steady-state noise conditions. Studies

conducted on a large number of audiometrically

normal human volunteers showed that a linear

correlation exists between the noise level and log

of exposure time. The safe exposure level for 8 h

was found to be 89 dB “A” and permitted the

increase of noise level by 3 dB “A” for every

halving of duration, in concert with studies

conducted by Burns and Robinson [23].

In the Naval Dockyards, noise produced due

to the operation of different types of woodcutting

machines and running of air compressor ranged

from 91.0 to 114.2 dB “A.” The maximum sound

energy was in the speech range with sharp tonal

components that are injurious to hearing as well

as a source of irritability [24]. In the industrial

work environment of the Army Base Workshops,

the noise levels ranging from 90.0 to 113.5 dB

during the maintenance and operations of dif-

ferent engines and lathe machines, testing of

tanks, and the use of air compression facilities

exceeded the upper safe limit of exposure [25].

Studies conducted on the noise generated by

heavy vehicles like tanks and armored personnel

carriers, infantry, and combat vehicles have

revealed that they produce high levels of contin-

uous noise in the range of 117.5–123.5 dB [20].

The problem of noise hazard is equally serious

in military aviation environment. Sources of

noise due to the operation of combat aircrafts

and helicopters at any Air Force base are ground

running/operations of aircraft for routine check

and maintenance (120–146 dB “A” at 5–10 m),

during takeoff (110–139 dB “A” at 30 m),

taxying (106–112 dB), aircraft flying over head

(84–120–82 dB “A” at 100 m), and during land-

ing (100 dB “A” and below at 30 m) [26]. The

major noise sources in an aircraft are power

sources, transmission systems, propellers, and

jet efflux, the interaction between the aircraft

and the medium through which it flows (flow of

air over aircraft surfaces). Other noise sources

are the subsidiary noises arising from cabin con-

ditioning and pressurizing systems, hydraulic

systems and communication equipment, sonic

booms, and armament discharge. Helicopter

noise, during ground operations and hovering,

poses problems of different nature because of the

characteristic differences in the nature of their

operations. The helicopter maintenance crew is

frequently subjected to noise levels between 100

and 120 dB “A” while attending to check and

maintain jobs. Noise levels at Air Force Radar

Stations too exceeded the acceptable limits rang-

ing from 82.9 to 131.2 dB. Intense noise

exposures to air and ground crews constitute a

great hazard, posing difficulties with aircrew

communications, affecting performance, and

even contributing to accidents [27]. Examination

of the incidences of noise-induced hearing loss

among fliers, ground duty personnel, families,

and children living in the close vicinity of the

runway has indicated widespread impairment

among the ground crew and their families. In a

total of 451 persons investigated, pilots indicated

46 % hearing loss out of 52 tested, and ground

crew and maintenance staff showed 71 % hearing

loss out of 278 tested with a characteristic notch

at 6 kHz. Even the families and children residing

in close proximity to the runway were not spared,

as out of the 62 family members tested for their

hearing status, 90 % indicated hearing disability,

while of the 59 children examined, 36 %

presented hearing impairments to different

degrees.

The effect of noise on the hearing of workers

in military aviation has been studied by various

researchers. Malhotra et al. [28] examined the

hearing of 92 flight deck personnel of an air

craft carrier and observed that about 70 % of

them had elevated hearing level. Murthy et al.

[29] found that incidence of noise-induced

hearing loss (NIHL) among 931 jet aircraft main-

tenance personnel was 45.6, 49.1 and 68.1 % in

the age group of 30 years and below, between

30 and 40 years, and above 40 years, respec-

tively. In another study, Soodan and Rao [30]

found that incidence of NIHL was 25.7 % in
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fighter aircrew and 74.3 % in transporter/

helicopter group. Studies conducted byDeshmukh

et al. [31] revealed that out of the 400 IAF aircrew

investigated, only 28.3 % were unaffected by

NIHL, while 56.4 % had mild, 11.8 % moderate,

and 3.5 % had severe involvement. Extensive

noise survey has been conducted by Rao et al.

[32] at different Air Force stations. In most of the

places, noise level was more than the upper safe

limit of 90 dBA and in some places it reached

135.0 dBA, which is the threshold of pain to

the ears. Audiometric study conducted on 3,391

airmen of various technical trades revealed that

11.2 % had hearing loss in low frequencies

(0.5–2 kHz) and 10.7 % in the high frequencies

(3–8 kHz). As compared to this, exposures

to industrial noise (95 dBA) in workers with

15 years work experience did not affect the

hearing at 1 and 2 kHz, while it produced an

average hearing loss of 45 dB at 4 kHz [33].

Studies on the influence of traffic noise

exposures on the control personnel and civilians

at prominent traffic circles/junctions in Delhi

during peak hours showed that the continuous

equivalent noise levels on busy roads and at

some major road crossings ranged from 78 to

92 dB “A.” The effect of this noise on the hearing

problems was evident in the traffic police person-

nel who suffered high-frequency hearing loss of

up to 80 % that increased with the length of

service [34]. Similar investigations undertaken

on traffic policemen in the city of Hyderabad

revealed that 76 % had NIHL [35].

Reid [36] studied the effect of impulsive noise

on the hearing of gunners of the Australian armed

forces. He found acoustic trauma in 50 % person-

nel. Later, Salmivalli [37] reported incidence of

acoustic trauma in 43.2–68.7 % in different

branches of Finnish army. Studies conducted on

117 Indian gunners revealed that 50.9 % of the

tested population had hearing loss of various

degrees [38]. The authors surveyed a bigger

sample of 1,917 personnel from artillery and

armored corps and found that 55.5–62.1 % of

them had hearing loss [39]. Incidence of hearing

loss was attributed to the prevalence of high-

intensity steady-state noise of fighting vehicles

(109–116 dB) and impulse noise of guns

(174–182 dB). It was also observed that hearing

loss that was initially confined to high-frequency

region (4–6 kHz) had passed to speech freque-

ncies after 10 years of exposure. This was con-

firmed in case of gunners from navy as well [20].

A decade later Singh et al. [40, 41] observed that

noise level of fighting vehicles (117.5–123.5 dB)

and guns (162.8–189.2 dB) was higher than

reported by us earlier. Noise, even of small

arms has been found to be injurious to the

hearing system. The noise level of small arms

ranged between 153 and 166 dB that increased

and covered more frequencies with the length of

service. The highest value of 51 dB was observed

at 8 kHz in subjects having more than 15 years of

service [42]. A study conducted on the workers

of an ammunition testing establishment revealed

that those who are frequently exposed to high-

intensity impulsive noise (over 160 dB) had suf-

fered hearing loss of 34–41 dB in high-frequency

region (4–6 kHz) [43]. It has also been observed

in men that those who could voluntarily control

their aural reflex developed 10–20 dB less TTS

during impulse noise exposure [44].

Our studies on the igniting of nine varieties

of firecrackers revealed that the impulse level

ranged from 117 to 131 dB AI and peak pressure

level from 137 to 154 dB at a distance 4 m in

different dwelling conditions of our populace.

The data generated by this study was instru-

mental in the formulation of noise standards by

Bureau of Indian Standards (BIS). The impact of

30 min of these exposures on the hearing was

examined on adults and children. It was observed

that 60 % of the developed TTS was recovered in

the first hour following the exposures and there

was complete recovery in children in 2 h [45].

In some working environments, noise is a com-

bination of continuous (steady-state) and impulse

noise. Several workers have conducted trials on

animals and men utilizing various combinations

of time, intensity, and characteristics of noise to

decipher effect of mixed noise on hearing system.

Studies conducted on chinchillas [46] and

men [47] revealed that the combination of con-

tinuous and impulsive noise did not produce

greater damage to hearing as compared to

the one produced separately by these noises.
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In animal experiment, exposure duration was

8 weeks (5 days/week, 8 h/day) and levels of

continuous and impulsive noises were 75–85 dB

and 103 dB, respectively. The respective values

in case of men were 20 min, 78–96 dB and

96–132 dB. On the other hand, combined expo-

sure of octave band noise (95 dB, center fre-

quency 3 kHz) and impulse noise (137–158 dB)

even for 1 h produced greater damage than either

of them separately in case of chinchillas [48, 49].

Similarly in men, the combined exposure of

Broad Band Noise (BBN alone, 104–120 dB)

for 40–60 min resulted in larger TTS as com-

pared to BBN alone [50, 51]. It appears that the

three basic parameters that influence the degree

of hearing loss are: bandwidth of noise, intensity

of noise, and exposure duration. It has been

reported that thinner bandwidths, longer expo-

sure duration, and higher intensities produced

larger TTS in man [21, 22].

TTS produced in man after exposure to octave

band (0.75–1.2 kHz) noise of 90–110 dB,

impulse noise of 124–127 dB, and a combination

of two classes of noise was measured [52]. It was

found that impulse noise alone produced greatest

TTS, while addition of 90 or 100 dB background

noise to impulse noise actually reduced the

degree of TTS. Authors reasoned that acoustic

reflex provided reduction in TTS with combina-

tion exposure. Another study also found that

the level of TTS produced by impulses (up to

132 dB) was reduced when background noise of

78–96 dBA was added [47]. We are also of the

opinion that the presentation of moderate level of

continuous noise prior to exposure to impulse

may reduce the degree of TTS by activating the

aural reflex.

In addition to the above experiments, surveys

on hearing acuity were carried out by different

investigators in places where noise of both types

was encountered. In one such survey [53], it was

found that Permanent Threshold Shift (PTS) in

hearing of workers of a forging plant exposed to

impulse noise of 127–134 dB with a background

noise of 110–114 dB occurred within 1–2 years.

The PTS was of the order of 50 dB in the fre-

quency range of 4–6 kHz. Surveys conducted

on weavers of a textile mill [54] and pharmaceu-

tical firm [55] with sound pressure levels of

102–104 dBA and 100–105 dBA, respectively,

revealed the occurrence of significant NIHL that

increased with the length of service. NIHL at

4 kHz was 30 dB in the age group 25–29 years,

40 dB in the age group 30–34 years, and 45 dB in

the age group 35–39 years [56]. The prevalence

of NIHL in miners was 12.8 % with 10.2 %

having moderate and 2.6 % severe hearing

impairment [57]. Another group of workers [58]

measured hearing acuity of 215 soldiers of

armored corps having 10 years of active duty

and found that 63 % had sustained hearing losses.

Out of this, 41 % had losses in excess of 50 dB

at 4–6 kHz. Comparable hearing losses in other

branches of army were 23 % in infantry, 28 % in

artillery, and 16.3 % in aviation. High incidence

of hearing loss in armored branch was attributed

to the combined effect of high-intensity con-

tinuous and impulsive noise. In another study

on 83 personnel (42 civil and 41 Army) from

an ammunition testing laboratory [59], exposure

to both impulse noise from guns and continuous

noise due to running of armored vehicles and

machinery in workshop indicated hearing

impairment of 73.8 % and 58.6 % in the civil

and defense staff, respectively. The higher per-

centage of civil staff being affected was

attributed to their longer duration of exposures.

Attempts have also been made to find out

which type of noise is more injurious to hearing.

Results of animal experiments [60, 61] revealed

that impulsive noise produced greater threshold

shift and cochlear hair cell damage than continu-

ous noise having equivalent energy. In another

study, the hearing data of noise-exposed workers

was thoroughly examined, and it was found that

impulse noise below 100 dB caused about 10 dB

higher hearing loss than continuous noise at an

equivalent level [62]. Similar findings have been

reported on industrial workers exposed to

impulse and continuous noise [63–67].

Noise Pollution Control and Hearing
Conservation Techniques

Noise in a military environment constitutes

a multifactorial problem and needs to be

addressed with maximum care. A good hearing
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for the armed forces personnel can never be

compromised because of vital communica-

tion needs and other activities requiring high

auditory sensitivity. The modern-day technolog-

ical advances in the weapon and military systems

development to increase lethality have made

the noise exposure inescapable, strenuous, and

widespread. It attracts the attention of the

technologists and noise control specialists to

prevent the exposure of the troops to hazardous

noise.

Developed countries have their own noise

control measures and legislative laws. Taking

into consideration the intensity of noise and

time duration of exposure to steady-state and

impulsive noises, certain safety measures have

been formulated by different countries and dif-

ferent groups of workers. These are known as

Damage Risk Criteria (DRC). The DRC permits

the determination of allowable permissible dura-

tion of exposure in the noisy environment when

the noise level is known. The safe limit of expo-

sure to continuous noise of 85 dB is 8 h, and

if the noise level increases by 3 dB, the safe

time duration reduces to half, that is, 4 h. It is

more difficult to formulate the norms for

impulsive noise. However, in a broad sense,

140 dB impulsive noise has been found to be

the upper safe limit for 100 impulses per day.

The interventions for controlling noise pollu-

tion include the design and development of vari-

ous devices and technologies for the reduction of

noise from automobiles, aircrafts, machines, etc.;

use of sound absorbers, deflectors, and buffers;

and various personal protective devices such as

earplugs, earmuffs headphones, and helmets with

protective cups for curtailing the entry of noise.

These interventions help conserve the hearing of

personnel working in noisy environs.

Extensive studies to evolve specifications of

hearing protective devices for use in different

noisy environments have been undertaken by

DIPAS. The earmuffs and earplugs available

from indigenous and foreign sources have been

evaluated for their attenuation characteristics and

acceptability by personnel [68–70].

Some of the commonly used earplugs and

earmuffs are shown in Fig. 1. The earplugs are

all premolded. Generally soft nonsticky materials

such as molded plastic, plastic foam, vinyl, and

silicone rubber are used for making earplugs.

In addition to these, some disposable materials

Fig. 1 (a) Earplugs (1) Sonex (imported), (2) Gunfender
(imported), (3) Gunfender (indigenous), (4) Ear Seal

(indigenous). (b): Earmuffs. (1) Earmuff (indigenous),

(2) slimvalve earmuff (imported), (3) sonovalve earmuff

(imported)
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like cotton, cotton impregnated with wax, and

glass wool are also used. The earmuffs are of

basically hemispherical shape in design and

circumscribe the pinna. All around the edges, spe-

cial foam padding is provided to obtain proper seal

with skin. Both right and left ear cups are joined

together with a metallic headband of proper ten-

sion. Slimvalve has a special mechanical valve

system to provide high degree of noise attenuation.

Sonovalve is an improved version of slimvalve

earmuff. In addition to mechanical valve, an ear-

phone and microphone are incorporated in it for

two-way communication purpose.

The attenuation performance of the ear

defenders was evaluated in the laboratory using

Monaural Pure Tone Threshold Shift (MPTS),

Temporary Threshold Shift Reduction (TTSR),

and Artificial Ear Coupler methods. The attenua-

tion values at different frequencies by MPTS

method ranged between 1.8 and 29.6 dB for

earplugs and 9.5–46.5 dB for earmuffs. In case

of TTSR method, the Temporary Threshold Shift

(TTS2) at different frequencies developed in

ears protected with the ear defenders ranged

from 5.9 to 13.4 dB and was significantly lower

(ranging from 20.9 to 23.8 dB) than when no ear

defender was worn by the individuals, i.e., in

unprotected ears. Further, the magnitude of

noise attenuation of earplugs tested by Artificial

Ear Coupler ranged from 12.0 to 29.5 dB [69].

Though the attenuation offered by these

hearing protective devices is adequate, they

have met with limited compliance by the users,

partly due to the lack of enforcement as well as

restricted utility and due to some limitations like

insufficient attenuation, inability to decipher

commands/spoken words, and causing irritation

and discomfort. This has led to the search for

cost-effective, simple-to-use alternatives to con-

serve hearing that may be easily administered

and complied with.

Carbogen Breathing: A Chemical
Protective Method

In our continuing efforts towards evolving reme-

dial measures for conserving the hearing and

effectively counteracting the adverse interactions

of noise on the efficiency and performance of

people working in noisy environment, the mech-

anism of hearing impairment following exposure

to different types of noise has been studied.

It is a well-known fact that Permanent Threshold

Shift (PTS) occurs when a previous Temporary

Threshold Shift does not recover completely and

the ear is further and continuously exposed to

noise in the working place. In cases where the

magnitude of TTS is not high and full recovery

takes place during the rest periods, the risk of

acquiring permanent hearing damages is substan-

tially reduced. Intense acoustic stimulation has

also been reported to produce discernible change

in blood supply and oxygen tension of hair cells

[70]. Thus, it has been postulated that TTS pro-

duced by noise exposure may be due to increased

oxygen consumption by hair cells coupled with

depletion of blood supply caused due to vasocon-

striction. Hence any system that could counteract

these effects may be able to mitigate the degree

of hearing loss. Carbogen, a gas mixture of 95 %

oxygen and 5 % carbon dioxide, is a well-known

powerful vasodilator of the cerebral capillary

beds, and this potential was utilized to counteract

the vasoconstrictive effect of noise. Carbon diox-

ide acts with oxygen synergistically in the

oxygenation of the cochlear tissue. At DIPAS it

has been observed that the administration of gas

even for short duration of 5 min. before and after

exposure to occupational noise provided dual

benefit by reducing the magnitude of TTS devel-

opment and accelerating the recovery process

[71]. These findings were utilized in the design

and development of a safe, simple-to-operate,

portable, lightweight, and aesthetically appealing

carbogen delivery system in order to make the

system available to the masses (Fig. 2).

The present system was designed to deliver

carbogen at regulated flow rate of 10 l/min

catering to the resting minute ventilation and

for a fixed time period of 5 min. The basic design

of the system incorporates the source of carbogen

which is a cylinder of 10 l water capacity

containing 1,320 l of carbogen at 1 atm, coupled

with flow valve and time regulating electronic

circuit.
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The main structure is based on the minimal

design concept to reduce weight and cost. A

triangular-shaped outer body was conceptualized

to reduce floor space area. Mounted on wheels, the

system is portable and easy to maneuver. The

control panel on the top has been fitted with red

and green LED indicators to indicate the start and

continuation of the carbogen supply. A buzzer

warns the user on the completion of the 5-min

installment of carbogen breathing. Housed in the

body of the equipment, between the carbogen

cylinder and a double valve breathing mask, a

nebulizer humidifies the gas before inspiration

and thus reduces the dryness of the air passage

and complications such as coughing arising

thereof. The chassis of the system is developed

from lightweight and noncorrosive material. It is

based on the minimal design concept for reducing

weight, cost, and space. A handgrip enables the

user to push the trolley with ease. The cylinder is

firmly secured in place in the body with the help

of straps, thus facilitating its easy replacement.

Efficacy of carbogen and the functional

aspects of the prototypes have been successfully

evaluated in the laboratory setup as well as in the

industrial environment of the Army, Navy, Air

Force, and engine rooms of ships for protection

against high levels of continuous noise and

against impulse noise of guns at proof and firing

ranges [72–75]. Carbogen showed its suitability

in providing protection against noise-induced

hearing loss while maintaining intelligibility

of speech [76]. Further, the administration of

carbogen has both protective and therapeutic

action [71, 77, 78]. Carbogen breathing will be

helpful as a general means of prevention of NIHL

in all kinds of noisy environments where it is

not possible to control noise otherwise both in

the armed forces and the civil sector, such as

industries, airports, ordinance factories, railway

workshops, boiler rooms, engine rooms, and

welding workshops. Such a system has been

developed for the first time in the country. The

“Integrated Carbogen Delivery System” has been

granted Indian Patent (No. 236936). A multiuser

Kiosk workstation system was also developed to

facilitate the administration of carbogen to ten

individuals at a time (Fig. 3).

Breathing of carbogen for longer durations

has medical applications and may be used as

therapeutic in the management of sudden senso-

rineural hearing loss, as adjuvant to radiation

therapy in cancer, in alcohol withdrawal, and in

cigarette smokers.

The stress imposed by noise may lead to com-

plex metabolic and physiological changes caus-

ing a “metabolic overload” by way of lipid

peroxidation and free radical formation, which

may result in membrane damage to hair cells and

lead to loss of hearing sensitivity [79]. Supple-

mentation with antioxidants like vitamin “E” that

serve as scavengers of free radicals may prove

effective in controlling the noise-induced deaf-

ness [25]. The investigations highlighted the

benefit of the supplementation with vitamin E

and/or carbogen alone in combating the oxida-

tive stress imposed due to exposure to noise [25].

Musical sounds can be used as a management

technique for conditioning the body and mind to

cope with the stress imposed by noise and

Fig. 2 Portable carbogen breathing system (Patent No.

236936)
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promote well-being and performance. Studies

have shown that exposures to pleasant sounds

are indicative of parasympathetic arousal with

music, resulting in the lowering of the heart

rate, blood pressure, and peripheral vascular

responses coupled with increased galvanic skin

response [80].

Active Noise Cancellation/Electronic
Noise Reduction (ANC)

Proper communication with the traffic control

tower is vital for pilots. They do so by radio com-

munication through microphones and receivers

fitted inside their helmets. The conventional pas-

sive hearing protective devices such as earmuffs

and earplugs are not effective against low-

frequency noise. Hence an electronic method

to reduce/cancel the noise at both ends—

transmission and receiving—is needed. The prin-

ciple of ANC is destructive interference between

the undesired noise and a deliberately produced

antinoise of the same amplitude but opposite in

phase. This technique works best where the noise

source is repetitive and the noise is propagated in

a closed loop. Recent advances elsewhere include

noise cancellation headsets; mufflers for use in

automotive, industrial applications; and a variety

of consumer appliances [81, 82].

Policies and Strategies for Noise
Abatement

The steady growing concern for and adoption of

means to control environmental noise are evident

everywhere. The proliferation of highway noise

barrier walls along the nations’ intestates and

major thoroughfares is but one visible manifesta-

tion of the success of this landmark environmen-

tal legislation drawn decades ago. Hundreds of

residential communities near these major trans-

portation routes are significantly quieter because

of these noise abatement measures. Highway

engineers and architects are even developing

noise barrier walls and landscaped beams that

are aesthetically pleasing to both motorists

travelling the highways and the residents on the

other side of these barriers.

Addressing and solving any environmental

noise problem involves two initial steps:

1. Quantifying the problem using noise measure-

ments or analytical means

2. Determining the applicable criteria, goals,

or noise limits

The first step—quantifying sound—is usually

straightforward; the second step, finding an

applicable limit, is also simple if the community

affected has in place a well-written and workable

environmental noise ordinance or guideline.

Fig. 3 Multiuser system
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With “global” environmental noise sources, such

as highways, railroads, and aircraft, the primary

responsibility lies with federal authorities

under the supervision of the appropriate federal

agencies. The knowledge of how to measure and

control environmental noise is a professional

expertise that is readily available throughout the

country. Many practicing acoustical consultants,

architects, and engineers, and those working at

universities and federally supported research

centers in the country, agree that we are well

prepared to make the twenty-first century a

“quiet” one. Yes, the invisible pollutant of envi-

ronmental noise can be tamed. In India a begin-

ning has been made in this direction. The noise

pollution (regulation and control) rules 2000

prescribes the standards of day and night noise

levels in industrial, commercial, residential, and

silence zones [83].

Conclusions

Environmental noise pollution is a problem of

growing extent and concern. Concerted actions

on a technological and political level are required

to improve the present situation and to reverse

existing trends. The elements required to set up a

successful noise control strategy are known and,

as far as technology is concerned, readily avail-

able, but greater efforts are still needed to set up

and enforce noise legislation and to support this

by education and information programs and by

promoting research and development.
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Yoga for Preventive, Curative, and
Promotive Health and Performance
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Abstract

Yoga is an ancient Indian system of philosophy, culture, tradition, and

way of maintaining better life, established in India thousands of years ago.

The Sanskrit word Yoga means union of body and mind through breath

control methods, asanas and meditation. The ashtang yogic practices, very

popularly known today, are derived from Patanjali’s Yoga Sutra. Asana

(postural exercises), pranayama (breathing maneuver), and dhyana (med-

itation) are mostly practiced in different combinations for physical and

mental well being. It gradually develops the spiritual harmony of the

individual through the control of mind and body. The practice of yoga

uses eight methods, known as “limbs,” thus being known as “Ashtanga

Yoga”: yama (restraint), niyama (observance), asana (posture),

pranayama (breath control), pratyahara (sensory deprivation), dharana

(contemplation), dhyana (fixing the attention), and samadhi (absolute

concentration). Regular yogic practices endow perfect physical and men-

tal health to its practitioner. It improves aerobic capacity, anaerobic

capacity, joint flexibility, and muscle strength. Evidence shows that the

regular execution of these practices provides the practitioner with more

physical flexibility, muscle strengthening, increased vitality, delineated

psychological stress, and reduced cardiovascular risks. Yogic techniques

are known to improve one’s overall performance and work capacity.

During yoga session, the postural maneuvers are executed without repeti-

tion and are connected to each other by passages that establish links

between the exercises in a sequence. Yoga is not only a discipline to be

practiced by saints or spiritual aspirants but also has relevance to the spirit

of military activities.
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Introduction

Development of Customized Yoga
Packages for Armed Forces

During last 30 years, Defence Institute of

Physiology and Allied Sciences (DIPAS) has

conducted a series of research projects to explore

the prophylactic, promotive, and curative

potentials of yoga with particular reference to its

application for the armed forces. These studies

were conducted on the soldiers who practiced a

battery of yogic practices including asanas,

pranayama, and meditation and on people who

have been practicing it for years. The research

showed that yogic practices help to achieve a

better autonomic balance, orthostatic tolerance,

relative hypometabolic state, and thermoregula-

tory efficiency to cold stress. Yoga has been

shown to improve almost all aspects of physiolog-

ical performance and efficiency across different

ages. These studies have helped to a great extent

to formulate yoga packages for the armed forces.

DIPAS, DRDO has developed customized

yoga packages to keep the health sound and

morale high of the armed forces after extensive

scientific studies as it is the only beneficial pro-

cess for improving soldier’s mental and physical

condition under different adverse climatic

conditions. Different yoga training packages

have been developed for the soldiers suitable

for Siachen area serving at high-altitude, low-

intensity conflict zones and Jammu and Kashmir.

Similarly, different yoga packages are also

formulated for Navy and Air Force personnel.

Regular yogic training is being imparting to

thousands of soldiers as per their field unit

locations.

It is well established that yogic practice helps

in the upliftment of various functions of body and

mind through its effects on cardiovascular, respi-

ratory, metabolic, hormonal, and neural systems

[3, 24, 44, 51]. Regular yogic practice provides

the practitioner with more physical flexibility

[35], muscle endurance [2, 7], maximal work

output and oxygen consumption [19, 36],

increased vitality, alleviated psychological

stress, reduced cardiovascular risks [38, 44],

carbon dioxide elimination, minute ventilation,

etc. Studies on the effects of various yogic

postures on oxygen consumption, increased

vitality, alleviated psychological stress, and

reduced cardiovascular risks have revealed that

yogic asana besides manifesting broadly similar

trends appears to have some degree of specificity

in terms of magnitude of influence. Improvement

in cardiac recovery index was reported [23] after

10-week yoga training. Yoga helps in the man-

agement of stress, and our research has proved

that it is an all-round exercise for toning up

cardiovascular [40], respiratory [51], endocrine

[15], and nervous system [44] to maintain opti-

mum physical fitness and mental health [37].

It was reported [44, 15] that after yogic train-

ing, positive developments were found in cardio-

respiratory, biochemical, and psychological

functions. Yogic practice helps to achieve a sta-

ble autonomic balance with better orthostatic

tolerance, to develop a relative hypometabolic

state and better thermoregulatory efficiency to

cold stress [43] thereby improving performance

in cold environment. An improvement was

observed in body flexibility, and endurance time

to complete a standard physical task with reduc-

tion in EMG buildup by yogic exercise was

reported in middle aged men [35, 36]. Recent

studies [28, 37–40] indicate if yogic exercises

are supplemented with games and other kind of

conventional physical exercises, it helps to

improve aerobic capacity as well as to reduce

the sense of exertion to physical work in a better

way. The studies [43] in our laboratory indicate

that the practice of yogic exercises facilitates

acclimatization to high altitude in troop and

physical performance in subjects with high-

level endurance training from sea level itself.

Studies [38] reported that at high altitude after 4

days of continuous strenuous military operation,

subjects who were practicing yoga for 6 months

had better recovery heart rate after exercise and

improved VO2max as compared to those who

followed usual physical training program. Stud-

ies [37] on a group of young fellowship course

trainees (DRDO new recruits) showed that along

with the improvement in physical performance,
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there were improvements in psychological

parameters like cognitive functions (memory,

learning efficiency) and faster reaction time, psy-

chomotor performance, and reduction in anxiety

and depression among the trainees practicing

yogic exercises. These improvements would be

helpful for the trainees to cope with different

stresses. By practicing yoga, they can achieve

the cardiorespiratory conditioning with the help

of very moderate level of oxygen consumption

without much exertion, i.e., at a rate of 15–33 %

of an individual’s maximal aerobic capacity. At

high altitude as there is already oxygen want,

yogic practices may be appropriate.

Impact of Yogic Practice On

Brain Function, Nervous System,
and Cognitive Performance
Voluntary regulation in yoga breathing has dis-

tinct effects on the autonomic nervous system

and higher brain functions. The effects of medi-

tation on nervous system and mental state are

even clearer [54]. Hatha yoga practice may be

associated with the promotion of neuroplastic

changes in executive brain systems such as

increase gray matter volume [9].

Yoga asanas session would be able to increase

gamma-aminobutyric acid level of the practi-

tioner [53]. Agnihotra pranayama was shown to

influence power of alpha band and improve

relaxation [45]. Yogic practice is helpful to

improve cognition and cognitive speed during

emotion [9]. Auditory information transmission

at the level of the medial geniculate and primary

auditory cortex was delayed following medita-

tion [55]. Long-term Vihangam Yoga meditators

have better cognitive abilities than non-

meditators in the old age group [30].

Cardiovascular Physiology
Several studies have reported improvement in

physiological, physical, and psychological

functions [37]. Yogic practice decreases skin tem-

perature, oral temperature, and respiratory rate

and provides some degree of resistance against

physical and cold climate environmental stress in

both male and female practitioners [38, 43, 44].

Yogic practice has a beneficial effect on cardio-

vascular system. Studies reported that long-term

as well as short-term yogic practice decreased

heart rate and blood pressure. It is also reported

[55] that right nostril breathing (Suryavedi and

anuloma-viloma pranayama) decreases heart rate

and blood pressure [55] (Fig. 2).
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Improvement of cardiovascular parameters

after 3 weeks of slow breathing was reported,

whereas 3 weeks of fast breathing increased

heart rate and blood pressure and shifted the

practitioner towards parasympathetic state [20].

Heart rate variability (HRV) is a noninvasive tool

to study cardiac autonomic activity. Iyengar yoga

is associated with significant increase of cardiac

vagal modulation and cardiac parasympathetic

modulation among healthy yoga practitioners

[18]. Iyengar yoga practitioners showed a lower

heart rate and blood pressure and low-frequency

power of HRV [48]. The beneficial and relaxing

effects of OM meditation on heart rate, respira-

tory rate, skin resistance, and finger

plethysmography amplitude and oxygen con-

sumption have been demonstrated [54].

Savasana, a relaxing technique, has the ability

to decrease heart rate, blood pressure, and rate

pressure product, whereas no significant alter-

ation was recorded in low-frequency power,

high-frequency power, and total spectral power

[20]. Long duration yogic intervention was

associated with improve mood, and decreased

anxiety, and thalamic gamma aminobutyric acid

levels [53].

Lung Function and Respiratory Profile
Yogic practices improve lung function

parameters. Reports are available on the effects

of Hatha yoga practice to improve force vital

capacity (FVC), force expiratory volume

(FEV), maximum voluntary ventilation (MVV),

and peak expiratory flow rate (PEFR) [30]. Yogic

practices also decrease respiratory rate or breath-

ing frequency and increase breath-holding time

[16] (Fig. 2).

Reports of single asana practice demonstrated

that virasana and siddhasana increases the rate of

respiration or breathing frequency, minute venti-

lation, and tidal volume [32, 33]. Short-term

yoga practice quickly improved respiratory

functions in relatively elder people (age 41–50

years) by means of improving respiratory

parameters [2]. In a randomized control trial

conducted at Brazil, the elderly healthy popula-

tion had improved respiratory function and

sympathovagal balance following yoga respira-

tory exercises [42]. Earlier studies [11] showed

significant improvement in MVV and a marginal

improvement in FVC and FEV in 1st second

following yogic practice on border security

force.
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Body Composition, Physical Fitness,
and Performance
Regular yogic practice provides the practitioner

with more physical flexibility [35, 37], muscle

endurance [19, 36] maximal work output, and

oxygen consumption [34, 38]. Yogic practice

also improves physical performance in terms of

aerobic performance, anaerobic performance,

body composition, and cardiovascular endurance

[4, 5, 38]. Reports [37] are also available on the

effects of Hatha yoga training in shifting the

lactate threshold towards higher workload of

exercise and improvement in work capacity.

Studies showed that yoga has a beneficial role

in energy cost or energy expenditure and per-

ceived exertion [38] (Fig. 4).

Virasana and siddhasana increases oxygen

consumption, carbon dioxide elimination, respi-

ratory exchange rate, and energy expenditure

during the practice session [32, 33]. Changes in

cardiorespiratory and energy expenditure upon

practicing different postures (asanas), breathing

maneuvers (pranayama), and meditation have

been reported [4, 51]. It has been stated that

yoga improves cardiorespiratory functions,

aerobic capacity, and body composition by

decreasing fat and increasing lean body mass

and affects anaerobic power and anaerobic

threshold [4, 5, 37, 38]. Effects of various

yogic postures in terms of oxygen consumption,

carbon dioxide elimination, minute ventilation,

etc. have been reported [40]. Yogic prac-

tices reduced exercise-induced cardiovascular

responses [20] (Fig. 5).

Improvement in handgrip strength of both

hands after practicing various pranayama was

observed [31]. Studies showed that yogic

practices improve handgrip strength and hand-

grip endurance [19, 21, 31]. Flexibility of hip,

trunk, neck, knee, and shoulder improved pro-

gressively after 3 months and 6 months of yogic

practices in males and females [37]. Improve-

ment in body composition, cardiovascular endur-

ance, and anaerobic power was described [5].

The enhancement of physical fitness and

improvement of body composition in the older

adults following yogic practice has been reported

[7]. Bikram yoga associated with increased head

lift strength, substantially increased lower back/

hamstring flexibility, increased shoulder flexibil-

ity, and modestly decreased body fat, while no

changes reported in handgrip strength, cardiovas-

cular measures, or maximal aerobic fitness [57].

A recent review summarized that yoga may

engender improvements in some components of

fitness in older adults also suggesting that more
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evidence is required to determine its effective-

ness as an alternative exercise to promote fitness

in older adults [41]

Oxidative Stress and Other Age-Related
Biochemical Variables
Studies [6, 52, 58] showed that yoga can decrease

oxidative stress and improve antioxidant and

redox status. A review [22] summarized the ben-

eficial effect of short-term and long-term medita-

tion such as Zen meditation and transcendental

meditation to reduce oxidative stress in terms of

glutathione level and activity of antioxidant

enzymes (catalase, superoxide dismutase, gluta-

thione peroxidase, and glutathione reductase).

This review also highlighted the effect of
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Sudarshan Kriya yoga, Tai Chi training, and dia-

phragmatic breathing to reduce oxidative stress.

It has been reported that 6-month yogic practice

improves glutathione as well as the total antioxi-

dant status [52]. Yogic practice shifted the prac-

titioner towards reduced state of antioxidant and

redox status. The ratio of reduced glutathione

(GSH) to oxidized glutathione (GSSG) decreased

after yogic practice. Exercise-induced stress and

oxidative stress are also reduced by yogic prac-

tice [52] (Fig. 6).

It has been reported [58] that 10-day yoga-

based lifestyle modification program (YLMP)

decreased the serum concentration of

thiobarbituric acid-reactive substances (Fig. 7).

Comprehensive lifestyle changes including

yogic intervention increased telomerase activity

and consequently telomere maintenance capacity

in human immune-system cells in low-risk

prostate cancer patients [27]. An increment in

glutathione and vitamin C, decrement in

malondialdehyde was observed following yogic

practice in diabetic volunteers [12]. Another

research [28] showed the beneficial effect of

yoga to prevent age-related changes in oxygen

metabolism, oxidative stress, and antioxidant

redox status of physically active Indian Air

Force personnel.

Therapeutic Implications
Yoga practice have a beneficial role in preven-

tion and enhancing survival from many lifestyle-

related psychosomatic disorders such as obesity,

hypertension, cardiovascular diseases, coronary

heart disease, and diabetes. Neurological

disorders like stress, anxiety, depression, sleep

disorders, and insomnia may be reduced or

cured following yogic practice [56]. Yogic

practices help to manage asthma, chronic

obstructive pulmonary disorders, and other respi-

ratory disorders [13]. It helps to manage hyper-

tension and prevent heart attack [1, 24, 46]. It is

also beneficial to decrease the discomfortness of

irritable bowel syndrome [8]. Life-threatening

diseases like breast cancer, lung cancer, and

prostate cancer may enhance survival through

yogic practice [25, 49]. Yoga can reduce risk

profiles induced by stress in geriatric patients

with type 2 diabetes and may aid prevention

or delay in diabetic complications [17, 29].

Yogic practice reduces risk factors associated

with pregnancy such as decrease platelet count,

increase uric acid, hypertension, etc. [14].

Hatha yoga exercise has therapeutic, preven-

tative, and protective effects in end-stage renal

disease subjects by decreasing oxidative stress

in terms of modulating the oxidative stress
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indicators malondialdehyde (MDA), protein

oxidation, phospholipase A2 (PLA2), superoxide

dismutase (SOD), and catalase in blood [10].

A holistic yoga program for 12 weeks was better

than physical exercise in reducing antimüllerian

hormone, luteinizing hormone, and testosterone.

It also improved menstrual frequency in adoles-

cent and polycystic ovarian syndrome [26]. An

8-week yoga training improved body composi-

tion and total cholesterol levels in obese adoles-

cent boys [47]. Yoga is valuable in helping the

hypothyroid patients to manage their disease-

related symptoms of hyperthyroidism [50].

Contribution in Yoga Research by
Defence Institute of Physiology
and Allied Sciences

It has been reported [35–38, 40] that physical and

cognitive performance improves through yogic

practice in terms of oxygen consumption, flexi-

bility, anaerobic threshold, and strength. Physio-

logical responses were recorded at 10 �C on the

yoga participants [45]. In addition, DIPAS has

engaged in the preparation of yogic modules for

Army, Navy, and Air Force for optimization of

performance at different climacteric conditions

such as high-altitude and deep-sea diving.

Another field of yoga research in DIPAS is the

operational stress management in Army, Navy,

and Air Force. Molecular level studies have been

conducted to understand how a physical and

cognitive performance improvement occurs

through yogic practice. Yogic practice has

helped to prevent age-related degenerative

changes in the oxygen metabolism and

antioxidants redox status in Indian Air Force

personnel [28]. Reports [59] based on the study

of Indian Air Force personnel showed that yoga

enhances physical and cognitive performance in

terms of cardiovascular, lung functions, body

compositions, muscular strength, flexibility, aer-

obic capacity, cardiorespiratory performance,

reaction time, memory leaning, and biochemical

responses (Figs. 1, 2, 3, 4, 5, 6, 7).

Development of Yoga Packages

Studies conducted by DIPAS with modern

technologies have facilitated formulation of

yoga packages for the armed forces (Fig. 8).

Each yoga posture were carefully observed and

evaluated during yogic practice and validated by

taking online recording of various parameters
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like heart rate, blood pressure, oxygen saturation,

aerobic capacity, oxygen consumption, carbon

dioxide output, breathing frequency, pulmonary

ventilation, respiratory quotient, and also by

cycle ergometry for the assessment of physical

work capacity. After validation and on the basis

of trade in various job-specific tasks in Air Force

and Navy and also for the Army at high altitude,

different yoga packages have been formulated.

The yoga packages for the Navy and Army at

high altitude as validated by DIPAS were found

to be effective in the trials conducted by the

concerned authorities for its introduction in

their respective setup. Army has consented for

imparting yoga training to soldiers at field

locations and accepted the beneficial role of

yoga in soldier system.

Energy cost and intensity of exercise in terms

of the individual’s maximal aerobic capacity (%

VO2max) were calculated for all the yogic

practices. During various practices if any of the

parameter was found to be above normal range in

any of the yogic practice, it was excluded from

the package. Due consideration was given for

the environment and also the place in which one

would practice it. For example, in high-altitude

and cold conditions, one is already stressed with

sympathetic hyperactivity and prone to be hyper-

tensive. So, if any yogic practice elevates blood

pressure abnormally, it should be avoided. At high

altitude, for a normal healthy individual, chemore-

ceptor sensitivity should be such that any change

in oxygen tension in the blood due to hypoxic

environment should be detected, and natural

physiological reaction like hyperventilation

should take place. The optimization of this

ventilatory response is a must. In yogic breathing

maneuvers (pranayama), if breath hold

(kumbhaka) is practiced, it will help to blunt the

sensitivity of oxygen receptors and may put extra

stress to the system. So, kumbhaka (breath hold)

was not incorporated in the yoga package

designed for high altitude. On the contrary, for

the yoga packages of Navy, it was included

with the advice for careful practice with adequate

training for sea diving, and the blunted chemore-

ceptor sensitivity would help to prolong the

operation. For comparatively aged individuals,

complicated yoga postures were not included to

avoid additional stress over cardiovascular,

respiratory, and musculoskeletal system.

Among the pranayamas, simple ones like

Anuloma-viloma, and Bhramari were included

in all the packages as those had better effects

on bringing down heart rate, blood pressure,

and various respiratory parameters. Bhramari

pranayama and Omkar meditation showed

many effects on the sensory neural processing

during and immediately after its practice.

It indicated positive developments in cardiore-

spiratory, biochemical, and psychological

functions. It has been observed that yogic prac-

tice helps to achieve a stable autonomic balance

with better orthostatic tolerance, to develop a

relative hypometabolic state and better thermo-

regulatory efficiency to cold stress.

Modern warfare with its sophisticated

technologies requires a balanced and alert mind

with quick decisions at right moment along with

a high level of endurance, muscle power, and

Fig. 8 (a) Meditation, (b) pranayama, (c) surya namaskar
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optimal level of aggression during combat

situations. Yogic training is helpful for the deci-

sion makers involved in intellectual activities as

well. The practice of yoga although has devel-

oped through the practical experiences of great

yoga masters through ages, still when consider-

ing it for practice by the army, special attention is

needed to be given for its validation with scien-

tific approach. Thus, the amalgamation of

ancient Indian wisdom of yoga with modern

technologies helped to explore its potentials sci-

entifically and also to use it effectively for the

Armed Forces.
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Abstract

A major effect of high-ambient-temperature exposure on human body is

rise in body temperature and sweating, leading to dehydration with loss in

electrolytes. Keeping these effects in focus, research was conducted to

address the following issues: (a) body dehydration by developing a fluid

replenishment drink and (b) auxiliary cooling system for the human body.

The outcome of these studies is formulation of replenishment drink DIP-

SIP and development of a man-mounted air conditioning system

(MMACS).

Replenishment Fluid

Working in high ambient temperature, human

body tries to regulate body temperature. The

main thermoregulatory cooling mechanism is

sweating. In this process, the body compromises

with its fluid content. Along with fluids,

electrolytes are also lost with sweat. Depletion

of body fluids and electrolytes at length leads to

various heat-related ailments. Keeping this

aspect in focus, the need to develop replenish-

ment fluid was envisaged.

Introduction

Civilians, soldiers, and athletes are predisposed

to heat-related illnesses due to prolonged exer-

cise in hot and dry environment. This not only

results in loss of body water and thermoregula-

tion compromise [21] but also results in mild

conditions like heat cramps and syncope to

potentially fatal conditions such as heat exhaus-

tion and heat stroke [35]. Failing to replenish the

lost fluid leads to impairment of performance/

task. However, recommendations concerning

replacement of body fluids are often complicated

due to paucity of knowledge [19]. Reports

pertaining to long-term exercise and intense

operation in warm environment showed

increased susceptibility to heat stress maladies

due to suboptimum levels of electrolytes and

physio-hematological essentials [15]. Thus,

high incidences of illness/causalities are found

emerging apart from conventional heat sickness

[24, 38]. An earlier publication from Adolph also
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mentioned that prolonged exercise under heat

leads to significant loss in fluid and electrolyte,

resulting in dehydration, which impairs endur-

ance capabilities [1].

There had been a considerable focus on thermal

stress and body fluid loss and replenishment by

researchers for the past several decades [23, 26,

29]. Thermal sweating causes decrease in body

fluid with a concomitant increase in osmolality.

Such loss in body fluid can become a threat to

human life in warm climate, particularly during

work [16, 31]. Though endurance and coordination

with respect to bodywater deficit is notwell reported

in literature, psychophysiological performance dec-

rement is noticed for mission-oriented operations.

International Scenario

Though there are several studies available on var-

ious replenishment fluids and hydration strategies

for people working in warm climate, yet

recommendations/products offering physiological

benefits are not developed. Burgess attempted to

study the effect of carbohydrate substrate on per-

ceived exertion during prolonged exposure under

heat stress [16]. Utter and his co-workers have

reported a study on effect of carbohydrate inges-

tion and hormonal response during heat stress.

The findings suggested that physiological

response of carbohydrate as replenishment fluid

under heat stress require further investigation [39].

Lyons et al. [28] reported that glycerol and

water hydration may have some effect on

improving thermoregulation during exercise

under heat stress. They found that the rectal

temperature rise was attenuated and sweating

rate was elevated above control levels. However,

these thermoregulatory benefits during exercise

under heat stress have not been confirmed. There

is paucity of literature available on the benefi-

ciary effect of glycerol and water mixture.

McNaughten et al. [30] attempted to assess

the ergogenic potential of sodium bicarbonate

in high-intensity, competitive cycle ergometry

of 1-hour bout. Coyle et al. [21] had shown that

ingesting carbohydrate drink during prolonged

exercise can delay fatigue. Aim of his study

was to test the hypothesis that carbohydrate

fluid intake maintained at regular intervals dur-

ing exercise under heat delays fatigue (as

measured by perceived exertion) and decreased

need for rehydration after exercise. Unfortu-

nately, the study lacks insight into ergogenic

aspect of the fluid [18, 20, 21].

Cade et al. [17] carried out a study to determine

the need for fluid replacement during and after

exercise in heat. The study showed a large differ-

ence in rating of perceived exertion at 2 and 3 h of

exercise between the groups exercising with no

fluid intake and gap-up fluid intake. These sub-

stantial differences re-emphasize the importance

of ingesting fluids at regular intervals when

engaged in strenuous work under heat [14, 28].

Though the need for an effective replenish-

ment fluid has been identified, identification/

development of such a fluid is yet to be achieved

to combat heat stress maladies. Sporadic studies

in this area showed that during compensable

exercise heat stress, thermoregulatory responses

were identical regardless of whether volunteers

were euhydrated, water hyperhydrated, or glyc-

erol hyperhydrated, and pre-hyperhydration

delayed development of body water deficits, if

fluids were not replaced during exercise under

heat stress [16, 22, 32, 33]. These studies have

shown that hyperhydration does not provide

advantage for maintenance of hydration during

exercise under heat [8, 10, 21, 28, 30, 39].

National Scenario

Most of the studies in heat physiology division

were conducted on volunteers from temperate

zone. Observations and conclusion from such

studies are difficult to match with tropical popula-

tion, where individuals are always exposed to high

ambient temperature. A global standardization is

not feasible in these conditions due to diversity.

Under such circumstances, heat-physiological

study in India with respect to hypohydration is

imperative. Innately tropical population has the

benefit of enhanced tolerance to heat stress.

Referring to Indian subcontinent, a wide range

of seasonal variations from extreme heat in
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Rajasthan to extreme cold in Himalayas is a

topographical characteristic. Variation of hot

environment from hot humid to hot dry exposes

a large population to high ambient temperature.

Though the tropical population has enhanced

heat tolerance capacity, heat dissipation process

is not satisfactory during extreme heat. Topo-

graphically, nearly half of Indian subcontinent

is arid or semiarid. “Thar desert” is one of the

most populated deserts in world. In hot summer,

high ambient temperature of above 50 �C
increases aridity of the region. This terrain and

hot climate is consequential for present study and

deployment of defense personnel at such areas

[8, 10].

Defence Institute of Physiology and Allied

Sciences (DIPAS) had conducted several studies

to combat heat stress under high ambient

temperatures. Apart from habitability survey

and plotting heat stress problems, this institute

also investigated physiological response of

hypohydration under heat stress. One of the ear-

lier studies was on changes in body fluid com-

partment and electrolyte balance during exposure

to heat under different levels of dehydration.

During forced dehydration to 1 and 2 %, more

than 80 % of total body loss was observed from

extracellular compartment. With an increase in

level of dehydration, fluid loss from intracellular

compartments is also increased. A maximum of

14 % plasma volume loss was observed at 3 %

and 4 % levels of dehydration. At 3 %, plasma

volume (PV) loss reached the upper limit and no

further loss at higher dehydration levels was

observed. Significant changes in blood and

plasma viscosity were observed at 3 and 4 %

levels of dehydration. The changes were not sig-

nificant at 1 and 2 % levels. The mean exercise

heart rate recorded at 3 and 4 % resulted in

significant increase as compared to euhydration

state indicating decrease in work capacity. On

partial rehydration of 3 % dehydrated subjects,

PV was restored and even slight hyperhydration

was observed, but in the 4 % dehydrated subjects,

PV was not restored indicating that water is

going to intracellular compartment from plasma

compartment and more water than required

should be replenished for restoration of PV.

Partial rehydration significantly reduced the cir-

culatory strain under 4 % dehydration levels.

Significant decreases were observed in sweat

rate under 3 and 4 % dehydration levels during

the work-heat test. A significant increase in sweat

rate was also observed during standard work test

with respect to partial replenishment. Loss in

sweat at 3 % was maximum, while loss in K+

was maximum at 4 % level of dehydration

indicating that 3 % level water loss is from extra-

cellular compartment.

Keeping pace with international research,

DIPAS continued studies in the replenishment

fluid area with a view to produce a tangible

product as replenishment fluid. One of the earlier

studies was aimed at determining the efficacy of

ergogenic herbal replenishment fluids for

improving thermoregulation during endurance

in heat. Nannari, Brahmi, Roohafza, and water

were the four fluids selected for this study. Sta-

tistically, Latin square design was adapted to

evaluate the potential of herbal fluid against

water as well as electoral [8, 10, 34]. This lab

study was conducted in human climatic chamber

(HCC) simulated for 34 �C WBGT. The study

was conducted on batch of volunteers who

underwent heat acclimatization for 8 days. The

acclimatization schedule was 50 min submaxi-

mal exercise and 10 min rest followed by 50 min

submaximal exercise in the simulated environ-

ment of HCC. After acclimatization 1 day rest

was offered to subjects, and thereafter actual

experiment on replenishment fluid was carried

out. In this study, 2 % pre-hypohydration was

achieved from simulated HCC through moderate

exercise for a period of approximately 2 h. Sub-

sequently, volunteers shifted to thermoneutral

room for a period of 60 min to stabilize the

physiological variables. During this period one

of the above replenishment fluids (randomized)

was administered equivalent to 1 % body weight

and left 1 % residual hypohydration before stan-

dard work-heat test (SWHT). Standard work-

heat test was conducted in HCC simulated for

heat stress for duration of 60 min; it involves

initial 20 min rest followed by 40 min submaxi-

mal exercise on a bicycle ergometer set for 60W.

In the above study, physiological variables like
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heart rate, oral temperature, mean skin tempera-

ture, and sweat rate were recorded during

SWHT. Brahmi preparation intake resulted in

lowering the values on core temperature and

sweat rate in comparison with other fluids, but

these findings were statistically insignificant

[10]. Therefore, further studies were continued

using different kinds of replenishment fluid,

which are being used by people staying in desert

and warm coastal areas.

Technology Translation

Subsequent studies at DIPAS looked into the effi-

ciency of several replenishment fluids under heat

stress in simulated laboratory environment and

actual field conditions. Data from studies carried

out in the institute helped us understand several

aspects of fluid replenishment. From compiling all

the findings, an effort has been made to formulate

a replenishment drink. Based on earlier studies

and sweat analysis, it was hypothesized that

replenishment of only fluid may not be enough

to tackle hypohydration conditions. It is also nec-

essary to compensate the electrolytes lost while

sweating.

The magnitude of sweat loss incurred during

work in a warm environment is dependent primar-

ily on work intensity and duration. Sweating

results in loss of electrolytes, mainly sodium

(Na+) and chloride (Cl�), but also to lesser degree
magnesium (Mg++), zinc (Zn++), phosphorous

(P+), copper (Cu+), iron (Fe++), calcium (Ca++),

etc. If sweat loss is replaced only by water, this

may lead to a situation where the body contains

fewer electrolytes than in the normal state (hypo-

osmotic). Commercially prepared sports drinks

and energy drinks have varying concentrations of

glucose and sodium, ranging from hypertonic to

hypotonic with respect to plasma. Apart from

sodium and carbohydrate, drinks fail to replenish

other electrolytes. Some drinks have certain

chemical entities such as caffeine added to make

them more acceptable to individuals. These

components, especially caffeine, have antagonis-

tic effect on the user. It is seen that consumption

of caffeine can lead to further water loss from the

body. This added water loss is not desirable under

heat stress conditions. If plain water is used to

replace sweat loss, dilution of plasma may occur

making the person hyponatremic and hypokale-

mic. In such circumstances, DIPAS realized the

need to develop a “replenishment drink” to cater

to the armed forces. Depending on national, inter-

national, and previous extensive DIPAS scientific

studies, a formulation (DIP-SIP) has been

finalized.

Various types of drinks are available in mar-

ket such as sports drinks, carbonated drinks, oral

rehydration fluids, etc. Key purpose of these

drinks is to provide energy mainly for people

engaged in sports. DIP-SIP is a replenishment

drink, which is formulated for replacement of

lost body water along with the electrolytes.

DIP-SIP is devised to alleviate heat-related

disorders under extreme environmental

conditions such as desert operations. Evaluation

of DIP-SIP was extensively carried out by the

scientists at DIPAS. The study was conducted in

three phases. Phase I and phase II were labora-

tory studies, while phase III was field trial.

Study Protocol
Lab Trials

Phase I: Taste Evaluation Study

The organoleptic tests were carried out on male

and female volunteers alongside army personnel

for taste evaluation. Four flavors were tested:

lemon, orange, litchi, and mango. Two flavors

were recommended by all the participants, viz.

orange and litchi.

Phase II: Efficacy Evaluation Study

(Simulation Study)

DIP-SIP was further evaluated under simulated

heat stress conditions. This study was carried out

using “standard work-heat test” (SWHT) proto-

col, established by this laboratory. These subjects

were acclimatized in a human climatic chamber

maintained at 45 �C and 30 % RH. Immediately

after acclimatization, each subject was exposed

to simulated heat stress. They underwent 2 %

hypohydration and then supplied with DIP-SIP.

The findings consuming DIP-SIP were compared

with when replenishment is done with normal

water.
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Field Trials

Phase III: Performance Evaluation of DIP-SIP

(Replenishment Mix) Under Field Condition

This study was conducted at Pokhran, Jaisalmer,

Rajasthan (Fig. 1). The study was conducted on

BSF (Border Security Force) personnel at two

locations: (a) 6BN Pokhran and (b) Observatory

Post at LOC, during peak summer months. The

environmental physical factors recorded were

maximum globe temperature (GT) 59 �C, dry-
bulb temperature (DB) 44.3 �C, and wet-bulb

temperature (WB) 28.5 �C. The overall heat

stress index (WBGT) recorded was 36.18 �C.
Volunteers performed varied intensities of phys-

ical activities under heat stress condition. They

were categorized into light work, moderate work,

and heavy work depending on their intensity.

Observation and Discussion
From the results it became clear that physiologi-

cal responses in volunteers consuming DIP-SIP

remained at lower values compared to the

volunteers not consuming DIP-SIP replenish-

ment drink. Heart rate remained at basal level

in light working group compared to the control

batch (volunteers not drinking DIP-SIP) doing

light work. Rise in heart rate was seen at the

end of exposure but it was lower in experimental

group (Fig. 2). This difference in heart rate was

even aggravated in the heavy work group. The

experimental batch showed much lesser rise in

heart rate than the control group volunteers.

When comparing thermophysiological para-

meters, core body temperature and mean skin

temperature showed less value as compared to

control batch. Core temperature remained near

basal values in light work group. Skin tempera-

ture showed lesser increase in heavy work group.

Among light and moderate work groups, onset of

sweating helped cool the skin better as compared

to the control batch. Blood sodium content was

measured in all three working groups. In all the

cases there was depletion of sodium ions from

the body. Among volunteers consuming DIP-

SIP, depletion of sodium was less as compared

to control batch. Normal range of sodium in body

ranges from 135 to 145 mEqiv/l. In all working

groups and batches, content of sodium remained

within permissible physiological limits. When

DIP-SIP was used, sodium content showed a

rise (Fig. 3). This rise was within the physiologi-

cal permissible limit. Thus, it can be stated that

consumption of DIP-SIP would be effective and

beneficial in counteracting blood sodium deple-

tion due to sweating. When measuring oxygen

consumption, it was observed that in volunteers

drinking replenishment fluid DIP-SIP, oxygen

consumption reduced. Similarly there was a

reduction in pulmonary ventilation. From earlier

DIPAS studies and scientific findings, it is known

that performance is dependent on oxygen con-

sumption and pulmonary ventilation. Among the

experimental (with DIP-SIP) batch, both oxygen

consumption and pulmonary ventilation reduced.

This reduction in oxygen requirement and pul-

monary ventilation signifies improvement in

physical performance. From this finding it can

be stated that DIP-SIP may have some beneficial

effects in improving physical performance. This

aspect gets further supported by the findings

from energy expenditure. It is seen that after

consuming DIP-SIP, requirement of energy to

do the same intensity of work was reduced.

From observations it can be quantified that for

carrying out heavy work, volunteer not using

DIP-SIP formulation utilized more than

400 kcal energy, whereas to do the same activity,

volunteer drinking DIP-SIP utilized much lesser

amount of energy (330 kcal) (Fig. 4). These

findings again indicate the beneficial effects of

DIP-SIP in improving physical performance.

DIP-SIP formulation is in dry and powdered

form, packaged in a sachet. One sachet is to be

Fig. 1 Field study at Thar desert, Rajasthan- in progress
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dissolved in one glass of water (250 ml). Different

flavors were tested for palatability from which

orange and litchi were found most acceptable.

DIP-SIP is meant to replenish the electrolyte and

fluid loss of individuals exposed to heat stress.

Apart from replenishment, an effort is also made

to help delay and decrease loss in physical perfor-

mance of the individual under such stress. The

major components of DIP-SIP are electrolytes

(viz. sodium, potassium, calcium, iron, phospho-

rous, selenium, copper, etc.) and carbohydrate.

DIP-SIP can be applicable to a number of

circumstances in the military as well as civilian

working situations under heat stress, which are as

follows:

• Maintaining adequate fluid intake prior to

operations, during which voluntary dehydra-

tion is probable

• Providing fluid, electrolyte, and carbohydrate

replacement during physical work in a variety

of environmental conditions where heat stress

is imperative
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• Providing rapid rehydration following heavy

or prolonged physical work, thereby

facilitating recovery from heat injury

• Additional supplementation of various ions

(like copper, calcium, selenium, manganese,

magnesium, etc.) to compensate for electro-

lyte loss during hypohydration

• Encouraging fluid intake due to extra palat-

ability and flavor

• Beneficial in delaying decrement of physical

performance.

Auxiliary Cooling Systems

Maintaining body temperature when exposed to

high ambient environment is a daunting task for

the human body. The innate physiological

response to thermoregulate body’s core tempera-

ture is sweating. Sweating is essential for body’s

well-being, but not without comprises. Excessive

sweating would lead to body dehydration and

ultimately heat-related ailments. Hence, it

would be much better if the rise in body temper-

ature could be kept under check so as to delay the

onset of thermoregulatory responses of body. In

such a scenario, auxiliary cooling systems are

beneficial, delaying the rise of body temperature.

There are several auxiliary cooling methods and

devices. The most common in use is phase

change. Apart from phase change, technologies

like vortex and cooling garments are also in

practice [6, 9, 20, 37].

Phase-Change Material (PCM) Cooling
Systems

In military, soldiers are exposed to unusual ther-

mal stress during summer months. In peak sum-

mer, soldiers from armored corps are particularly

affected as the crew compartment (tank turret)

temperature rises by 8–10 �C above ambient tem-

perature. Diurnal temperature often exceeds 50 �C
and crewmembers experience heat stress, both due

to ambient temperature and also while operating

inside the tank. This extreme stress is difficult to

compensate by normal physiological heat

exchange process. Studies revealed that exposure

to hot environment triggers thermoregulatory

mechanism with an increase in sweat rate to trans-

fer excess body heat to environment [5]. If such

condition persists, the critical problems of heat

disorder first manifest as dehydration. High level

of dehydration cannot be sustained for a long time

because it leads to increase in the body heat storage
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drastically. This leads to hyperthermia and related

pathological consequences. The main concern in

this regard is “microenvironment.” Thus, the focus

of study related to auxiliary cooling became stud-

ies in microenvironments [13]. Earlier studies

on phase-change material (PCM) clothing were

aimed at protecting troops from heat exposure

while working under hot environments either in

desert operations or microenvironments. PCM

based on hybrid salts binary system of calcium

and zinc has been found effective for operations

in hot environment. It functions by absorbing heat

from surrounding thereby making microenviron-

ment cooler. PCM composition optimizing studies

were carried out to render maximum comfort to

human volunteers. This PCM material is a combi-

nation of three eutectic compositions of tempera-

ture: 5–7, 14–16, and 24–26 �C. PCM ensemble

has been fabricated to extract heat from microen-

vironment while a human is exposed to hot envi-

ronment [4, 5, 13] (Fig. 6).

The combinations of salts are made into

pouches and are strategically placed in PCM

ensemble. PCM ensemble consists of a sleeveless

vest with pockets to hold the pouches (Fig. 5).

Along with vest the ensemble also consists of a

thigh and head protector.

On performance evaluation of PCM ensemble

under simulated human climatic chamber (HCC),

the following observations were made: PCM

jacket with 10 mm inside insulation was able to

combat heat stress at 45 �C for duration of 1 h

30 min under sedentary condition. While doing

submaximal exercise, it offered 30 min of

cooling comfort. The PCM ensemble was also

tested with NBC suit [2, 7, 11, 12, 14]. Cooling

comfort duration of 1 h 35 min under sedentary

condition was noted under this condition.

Vortex Cooling System (VCS)

Vortex cooling system (VCS) is designed for

defense personnel serving under heat stress

environments. Vortex tube works under

Bernoulli’s principle. Rapid swirling motion

around a center is called vortex (Fig. 7). Air

exhibits vortex and dissipates energy from the

core of vortex to periphery. Therefore, cold air

gets dissipated from the core of vortex tube and

warm air is discharged from periphery as a result

of rotational forced vortex. Vortex tube as a

cooling device is prevalent in industrial sector,

where factory ambient temperature is very high,

viz. glass and iron industry, whereas usage of

vortex as an integral part of man-mounted

cooling system for (NBC) protective ensemble

is scarce. To address this area, optimization of

vortex cooling was carried out using compressed

air. It was achieved with an air compressor along

with air filter system used for moisture and

Fig. 6 Laboratory experiments wearing PCM ensemble

Fig. 5 Phase-change material ensemble
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oil-free nonpulsating compressed air. This com-

pressed air (Fig. 8) was supplied at 2–5 kg sq. cm

with airflow of 340–380 l/min (as per require-

ment). Input air supply to the vortex tube was

optimized with respect to cooling air yield. This

vortex tube was proficient to provide 19 �C
cooled air with 60–80 l/min for circulation and

exhausted out hot air at 89 � 3 �C [3].

Integration of Vortex Tube with NBC
Ensemble
Vortex cooling system (VCS) ensemble was taken

up for performance evaluation while integrated

with NBC suit. Outlet of the cooled vortex air

was placed on dorsal and ventral side of NBC

jacket towards inner lining to circulate air in

microclimate of the wearer. The extra tubing

showed a reduction in cooling efficiency. On

investigating it was seen that cooled air was

mixing with hot air exhaust within microclimate

of the ensemble. Therefore, redesigning of vortex

tube fitting to NBC suit was carried out to improve

its cool air circulation. Vortex tube was attached

to NBC jacket with a provision to flush out hot air,

thus just allowing cool air to circulate into the

microclimate. This was achieved by keeping half

of vortex tube (hot air exhaust) towards outside

and other half (cold air providing end) within the

jacket. This facilitated cooled air circulation

within the microclimate of suit (space between

NBC suit and combat uniform) through an open

tube circulation. The vortex tube was located at

lateral side of NBC jacket. This provided comfort

and freedom of movement to the user. Placement

of the tubes ensured easy exhaust of hot air

through dorsal side of NBC jacket [3] (Fig. 9).

Performance evaluation regarding effective-

ness of vortex cooling system was conducted in

simulated human climatic chamber. This study

considered 60 min exposure as safe thermal expo-

sure limits (STEL) for NBC protective ensemble

[40]. Duration of exposure and heat stress simula-

tion for 45 �C was chosen for effective perfor-

mance evaluation of VCS. The exposure limit

was worked out as per occupational safety health

administration (OSHA), Tech manual III, Chapter

4. Physiological comfort was measured based on

core temperature, which should not cross 38 �C
apart from other variables. “The American Con-

ference of Governmental Industrial Hygienists

(1992)” also stated that workers should not be

permitted to work when their deep body tempera-

ture exceeds 39 �C. During exposure, volunteers

remained sedentary in human climatic chamber

to simulate passive thermal stress. Objective

Fig. 7 Schematic diagram of vortex tube

Fig. 8 Vortex cooling system

Fig. 9 Integration with NBC suit
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indicators of thermal sensation and thermal com-

fort were taken as mean skin temperature, mean

body temperature, and sweat rate.

In this study, all physiological variables of

experimental group were found within permissi-

ble physiological limits. Oral temperature and

mean skin temperature were within the physio-

logically permissible range. From the parameters

it can be said that experimental group had

received benefit of cooling using VCS. There-

fore, VCS is very effective to provide comfort

in an environment of heat stress index equivalent

to 34 �C WBGT for duration of 60 min. Thus,

vortex cooling system has been found efficient

enough to reduce heat stress.

Solid-State Cooling Units

Whole-body microclimate cooling by liquid

cooling garments (LCG) has been found to be

very effective in alleviating effect of high temper-

ature [6]. For armored corps personnel, microcli-

mate cooling using liquid cooling garment is very

effective to counter effects of hot environment.

System provides comfortable thermal conditions

close to the body surface when surrounding is

otherwise thermally uncomfortable. Solid-state

cooling system developed on principles of ther-

moelectric effect has the potential to be used as

microclimate cooler. The unit works on principle

of thermoelectric cooling based on phenomenon

known as “Peltier effect.” This effect is observed

when direct current is allowed to flow across the

junction of two dissimilar metal conductors. The

junction region is found to either absorb or release

heat, depending on the direction of current. Phys-

iological optimization of required cooling for

miniaturization of prototype was carried out in

human climatic chamber (HCC), and the

volunteers were exposed in HCC while wearing

liquid cooling garment (LCG). The LCG was

connected to solid-state cooling unit with quick

coupling system. Studies went on for 60 to

120 min. The simulation varied from

thermoneutral temperature increasing up to

50 �C. It was found that heat extraction of around

250 to 300 W would protect the tank crew from

undue body heating at 50 �C.

Thermoelectric cooling is based on “Peltier

effect” in which when current is passed around

a circuit of different materials, one junction gets

heated, while other junction is cooled depending

on the direction of current flow. Design of

components was carried out by thermal imped-

ance matching principle. The cooling systems,

employing this technology, are solid state and

CFC gas-free device. These are highly reliable,

low power-consuming, and easily maintainable

devices. Performance of cooling system has been

ensured by innovative design made possible by

software developed from mathematical modeling

and thermal impedance matching for all the

components. Discrete thermal modeling has

ensured liquid cooling garments worn under pro-

tective clothing (microclimate) that absorb

excess metabolic heat from the body. Using

thermoelectrically chilled fluid such as water in

this unit, cooling is transferred by conduction

through silicon tubes carrying cold-water circu-

lation [9].

Technology Translation
The thermoelectric cooler (TE cooler) assembly

consists of a thermoelectric module (TEM) core,

one liquid positive displacement pump, ambient

air fan, and liquid lines. When cooler assembly is

turned on, water is pumped through the liquid

channels of TE cooler core where it is cooled.

The water is then pumped through the internal

liquid lines leading to the outlet port. From the

outlet port, external liquid lines are connected to

LCG trunk, which directs water to the liquid

circulating garments (Fig. 10). Chilled liquid

Fig. 10 Solid-state cooling unit fitted in the tank
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passing through garment provides body and head

cooling to the crew members. During the cooling

process, heat is transferred to hot side of TE

cooler and this is dissipated to the ambient air.

Fans are used for forced dissipation of heat

through the hot side of TE cooler. Present solid-

state cooling unit has been miniaturized. Dimen-

sion and weight has been reduced considerably to

9.5 kg from 24 kg maintaining the efficiency of

the cooling.

The use of solid-state thermoelectric cooling

is recommended for tank crew during operations

and also other vehicles operating in desert

environments (Fig. 11). The system may be of

use in several industrial environments where

workers are exposed to high ambient temperature

without any protective devices. Efforts are under

way to further miniaturize the cooling system

and make it into a portable wearable unit. This

portable unit would be meant for individual sol-

dier use. The unit would be wearable on the body

and the user will be able to carry the unit com-

fortably (man-mounted air conditioning system
(MMACS)).

Operation of the system is reversible, as

cooling or heating is dependent on direction of

current flow. Thus the system can be used as

microclimate heating device for soldiers working

in sub-zero ambient by changing the direction of

current flow.
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Improved Habitability Under Extreme
Environments at High Attitude

Ashok Salhan, Sanjeev K. Sharma, Satish Chauhan,
and Manan Oza

Abstract

Indian Armed Forces protect the boundaries of our country under

diversified climatic conditions like the hot and dry deserts of Rajasthan,

the humid forests of the northeast, coastal regions, cold deserts with

snowbound areas with extremely low temperatures, and hypoxic

conditions at high altitudes and underwater. The hypoxic and cold

conditions at high and extreme altitudes lead to many physiological and

psychological problems. The inclement weather conditions and the lack of

proper facilities further exaggerate the problem. These soldiers fight more

against harsh climatic conditions rather than the enemy. The survivability

aspects of the soldiers have already been addressed by the Defence

Institute of Physiology & Allied Sciences (DIPAS). Problems related to

high-altitude exposure have largely been addressed by providing an

acclimatization schedule, which is currently followed by the Armed

Forces.

Sustainability is now the main priority, so that soldiers can perform

better under harsh environmental conditions. It has been observed that

most of the physiological problems are due to the uncomfortable living

conditions, and if these problems are solved and living conditions are

improved, then many physiological problems can be addressed. So the

ideas generated by observing these problems were translated into techno-

logical solutions by developing products that can minimize these effects,

and the lives of soldiers can be made comfortable. Various products

developed that utilize nonconventional energy sources have been discussed.

Introduction

Indian Armed Forces protect the boundaries of our

country under diversified climatic conditions like

hot and dry deserts of Rajasthan, humid forests of

northeast, coastal regions, cold deserts with snow-

bound areas with extremely low temperature,
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hypoxic conditions at high altitude and under

water. The hypoxic and cold conditions at high

and extreme altitude lead to health problems like

acute mountain sickness, high-altitude pulmonary

and cerebral oedema, deep vein thrombosis, hyper-

tension, renal disorders, frostbite and cold injuries

and uncomfortable daily living. The inclement

weather conditions, lack of proper facilities and

isolation from the families lead to psychological

problems like monotony-induced adjustment

disorders, post-traumatic stress disorder (PTSD)

due to causalities of colleagues, social

detachment-induced mood disorders due to lack

of communication and stress due to inadequate

medical aid, which lead to several health

problems. The frequent movement of service per-

sonnel further exaggerates the problem. Besides

this, there are other logistic problems like delayed

casualty evacuation due to inclement weather,

avalanches en route, lack of fresh food and limited

recreational activities, generators not working

efficiently because of extreme low temperature

and emission of carbon monoxide (CO) by

bukharis leading to CO poisoning. These soldiers

fight more with harsh climatic conditions rather

than the enemy. The survivability aspects of the

soldiers have already been addressed by DIPAS.

Problems related to high-altitude exposure

have largely been addressed by providing an

acclimatization schedule which is currently

followed by the Armed Forces.

Sustainability is now the main priority so that

soldiers could perform better under the harsh envi-

ronmental conditions. It has been observed that

most of the physiological problems are due to the

uncomfortable living conditions and if these

problems are solved and living conditions are

improved, then many physiological problems can

be addressed. So the ideas generated observing

these problems were translated into technological

solutions by developing products so that the effect

of these problems could be minimized and the life

of the soldier could be made comfortable. For

example, hypoxic problems which are due to lack

of sufficient oxygen can be addressed by giving

oxygen-enriched environment especially under the

conditions of rapid induction during emergency

conditions. Heating devices like bukharis and

comfortable solar shelters can solve the problem

of extreme cold conditions. Further, life can be

made comfortable if sufficient power supply is

available which can be harnessed from solar

and wind energies which are plentiful in these

environments.

In this chapter the following products that

can help a soldier at extreme conditions have

been discussed:

1. Solar shelter ‘Sourja’ for cold conditions

2. Improved space heating device (bukhari)

3. Compact bukhari

4. Oxygen-enriched shelters at high and extreme

altitudes to combat hypoxia

5. Solar snow melter

Solar Shelter ‘Sourja’ for Cold
Conditions

Keeping the living space warm is an essential

requirement at high altitude because of extreme

cold conditions which requires electric power or

kerosene oil. Both these things are scarce in

remote mountain areas. Generators do not work

efficiently because of oxygen deficiency. So, lack

of power makes the cold problem even more

severe. Besides this, wires and connections of

solar panels become brittle. Batteries get drained

out early. On the other hand, natural power

sources like wind and solar energy are available

in plenty. The concept of using solar energy for

heating the living space using the greenhouse

effect was used in this shelter. This technology

has been in use in greenhouses for the past many

years but was never tried for a dwelling unit.

Only roof of the dwelling unit was made trans-

parent using polycarbonate sheet to trap the heat.

For power generation, nonconventional sources

like sunlight and wind energy have been used so

as to make the shelter self-sustaining and no

additional space heating device like bukhari or

heater is required during daytime, thus saving

large quantities of kerosene oil for power.

The shelter has been constructed with pre-

fabricated smugly fitted insulated panels. The

size of the shelter is 4 mts � 3 mts and can be

used as a dwelling unit for two persons. It is a

modular structure and can be extended according

to requirement. The shelter traps solar heat
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through transparent double-walled polycarbon-

ate sheets on the roof. The heat thus generated

in the daytime is retained up to late evening

hours due to the insulated material used in the

construction of the shelters. The polycarbonate

sheet has been fitted at steep angle to prevent

snow accumulation, obviating obstruction to

heat and light in inclement weather.

Power is generated using solar panels fitted

below the transparent sheets. It helps to prolong

their life and provide easymaintenance. Additional

power is generated from a 1 KW vertical axis wind

turbine (VAWT) that provides power backup in the

night as well as during days with low sunlight. The

power thus generated is stored in four heavy-duty

batteries (12 V 100 Ah). The output of these

batteries can be used to DC-DC charged smaller

batteries of the electrically heated garments

(gloves, socks, jackets, etc.) that the soldiers will

be provided on field duties in inclement weather,

charging of mobile phones, communication system

and LED lighting system. An inverter has been

provided which supplies 220/230 V AC. Provision

has beenmade for using inverter output for running

energy-efficient lighting systems and other devices

such as oxygen generator/concentrator etc. The 4

batteries in the shelter can provide about 4,000 W

power. The batteries have been kept at room tem-

perature for their better performance.

Vertical axis wind turbine has the advantages

of low detectability, ease of installation and uti-

lization of omnidirectional surface winds. These

are important considerations from the defence

point.

Three prototype shelters have been installed,

one at the base camp (11,000 ft) of Siachen

Glacier (Fig. 1) and two at Leh (Fig. 2) along

with the solar panels and vertical axis wind

turbine. Temperature data loggers were fitted

inside the shelter to record the hourly temperature

Fig. 1 Solar shelter along with vertical axis wind turbine installed at high altitude (Siachen Base Camp)

Fig. 2 Solar shelter along with vertical axis wind turbine installed at high altitude (Leh, Ladakh)
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for complete 1 year. It was found that comfortable

temperature is maintained inside the shelter

even when the outside temperature is subzero.

In closed experimental shelter the temperature

even touched 55 �C, and whenever doors were

opened, the temperature dropped, but improved

immediately as shown in Fig. 3.

Efforts are being made to use the phase-

changing materials to trap the extra heat during

daytime which can be used to keep the shelter

warm during the night when the temperature falls

to subzero.

Improved Space Heating Device
(Bukhari) for Cold Conditions

Bukhari or the space heating device is the basic

requirement in the cold conditions at high altitude.

Army has provided kerosene-based bukharis to

soldiers deployed in cold areas. These bukharis

consist of a barrel and a burner but have low

operating efficiency and have safety hazards. The

burner is only a metal plate, and the fuel is gravity

fed to the burner by a tank placed at a height. The

fuel falls on the preheated plate, vaporizes and is

burnt. Because of the improper fuel combustion,

there is generation and accumulation of deadly

carbon monoxide (CO) gas in the room. The

exhaust system is usually a simple pipe which

opens outside the roof bent at right angle. The

winds are intense in these locations and suddenly

change direction. The high wind velocity-induced

backdraught extinguishes the flame in the bukhari.

The flow of the fuel continues and vapour

generated by red hotplate results in reignition

and a sudden blast. These bukharis give out only

radiative heat and a lot of heat goes waste in the

form of exhausted hot flue gases.

In some of the Army units, imported kero-

heaters have also been provided. These kero-

heaters do not have any exhaust pipe. Any CO

produced by these heaters remains in the room,

and ultimately CO level in the room can go

considerably high.

With the aim of designing and developing

safe and efficient system, an improved space

heating device (bukhari) and burner have been

developed taking into consideration all the

problems mentioned above (Fig. 4). The salient

features of these devices are:

1. Bukhari is two chambered: one for heating air

and other for flue gases so that there is no

mixing of harmful flue gases in the air

circulated in the room. The CO level in the

room remains below the detectable level.

2. It has been designed for maximum extraction

of heat so that there is minimum wastage at

the exhaust level.

3. There are three level protections from the

backdraught, so there is no chance of blast or

fire.

4. For better efficiency, it is having both convec-

tive and radiative type of heating. For convec-

tive heating, airflow is maintained with the

help of a DC fan resulting in uniform heating

of room for better comfort.

5. To operate the fan, an AC/DC adapter of 6 V

500 mA has been provided. In remote areas

where power supply is not available, a charge

controller system having one 12 V 7.4 Ah

battery has been provided which is charged

Fig. 3 Thermal performance of the shelter at Leh under cold conditions
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with a 12 V 10 W solar panel. The charged

battery provides backup for about 8 h after

the sunset.

6. An improved backdraught-proof exhaust

system has been developed as an additional

safety measure. It works on Bernoulli’s prin-

ciple and does not allow the air to come down.

It is not having any moving part and is thus

maintenance-free.

7. The stove is a multiple-wick triple burner that

is separated from the shell of the bukhari. The

stove burns fuel by wicking action; hence

once extinguished, there is no spontaneous

reignition and no chance of explosion ever.

8. The tank of the burner has been specially

designed to keep the oil temperature low.

9. The burner is efficient and consumes only

500 ml/h of kerosene oil. Being separate

from bukhari shell, it can be also used for

heating food.

Most of the works reported in the literature

[1–3] are on the heat exchangers for different

industrial purposes using coal or other types of

fuels. In our case, besides a good exchanger,

safety was the biggest concern. The system has

been provided with multiple levels of fire hazard

protections. Secondly, the rarefied air at high

altitude heightens the inefficiency of burners for

fuel combustion and leads to the accumulation of

harmful gases in the room because of incomplete

combustion and mixing of flue gases with the

room air. This system allows for efficient exhaust

of flue gases with no build-up of such gases in the

room. Existing systems radiate heat that exces-

sively heats the surfaces facing it while other

things in shadow region remain cold. This system

gently heats the room air, thus making the whole

room comfortable. Maximum heat is extracted

from the flue gases so that the exhaust is at less

than 50 �C, making it an efficient system.

Structural Details

The final prototype of the bukhari is a double-

chambered shell with 30 in. height and 14 in.

diameter. The inner chamber is 9 in. in diameter.

There are 3 outlets for the hot air, each 3 in. in

Fig. 4 Improved bukhari

with backdraught-proof

oxygen vent system and

triple-burner stove
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diameter, which are connecting inner chamber to

outside. The legs are 9 in. in height and are

detachable.

For extracting the maximum heat, three spe-

cially cut horizontal plates have been fitted

between the outer and inner chambers. These

plates also help to break the impact of the wind.

Additional cylinder of 4 in. diameter and 13 in.

height has been fitted in the inner chamber to

extract additional heat. A conical cap has been

given on the top of this cylinder for spreading the

fan air uniformly in the inner chamber. The outer

chamber provides the radiative heat, while the

convective heat from the inner chamber and

baseplate is extracted by the downward moving

air from a fan fitted on the top of the inner

cylinder. The exhaust pipe is connected to the

outer chamber for exhaust of flue gases.

As an extra precaution, a backdraught-proof

exhaust vent system has been developed and

integrated with the improved bukhari which

gives further protection and does not allow the

wind to come down to the burner. The system is

based on Bernoulli’s principle. The negative

pressure created by the strong winds sucks the

air from the lower side; thus the flow of flue gases

increases upwards rather than downwards. So the

strong winds do not extinguish the burner and

thus reduces the chances of blast. It is not having

any moving part which further prevents its wear

and tear and makes it maintenance-free (Fig. 4).

This system can be used even with the existing

bukharis and can make them safe by preventing

the backdraught-mediated blasts.

Lab and Field Trials

Efficiency of the bukhari was tested both in the

lab conditions and in the field condition at high

and extreme altitude. Parameters that were taken

into consideration were the rise in room temper-

ature in relation to ambient temperature and

outside temperature at that time, size of the

room, CO level in the room initially and after

the specified duration. The room temperature

was recorded with the help of four aluminium

strips fitted on wooden blocks and kept on four

corners of the room. The temperature was

recorded with the help of an IR thermometer

(Fluke). The average temperature of the four

strips was taken as the room temperature. CO,

CO2 and O2 levels in the room were checked with

the help of a Gas Alert Micro 5 IR gas detector

(BW Technologies Canada).

Most of the field trials were done at Leh

(11,000 ft), South Pullu (14,500 ft) and

Khardung La (18,380 ft). In the trial rooms

where some heating device like bukhari or

kero-heater was already in use, that device was

removed, and the room was kept open for some

time to bring down the temperature and level of

gases close to ambient. Outside temperature and

room temperature were recorded initially and

after 20 min. The CO level was also recorded

initially and after 20 min. The quality of the

burner flame and the oil consumption was also

recorded. Table 1 shows the results of testing at

all the three locations. Figure 5 shows the tem-

perature profile of the room at Leh after different

durations. It was observed that comfortable tem-

perature of about 23–24 �C reached within 20

min and this temperature was then maintained for

the rest of the experiment for 8 h even when the

outside temperature dropped to subzero. Figure 6

shows the temperature profile of the room at

different distances from bukhari. In this case it

took comparatively more time to reach the com-

fortable temperature because the outside temper-

ature was subzero from the beginning.

Table 1 Results of field trials at high and extreme altitude

Location

Ambient

outside temp.

(�C)
Size of the

room (ft)

Ambient

room temp.

(�C)

Initial CO

level

(ppm)

Ambient room

temp. after 20

min (�C)

CO level

after 20 min

(ppm)

Leh (11,000 ft) �6 18 � 14 � 10 3 0 11 0

South Pullu (14,500 ft) �10 10 � 8 � 7 7 0 16.8 0

Khardung La 1 (8,380 ft) �7 10 � 8 � 7 11 0 26.6 0
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IR Thermography

IR thermography was done to check the thermal

performance and the wastage of the heat from the

exhaust in the improved bukhari in comparison to

the existing bukhari. It was found that the temper-

ature of the outer shell varies from144 to 192 �C in

the existing bukhari, while in improved bukhari, it

was around 212 �C in the upper part and around

350 �C near the basal plate. The exhaust pipe

temperature was 186.35 � C in existing bukhari

as compared to 38.1 �C in improved bukhari

showing that maximum heat had been extracted

and there was very little wastage of heat in flue

gases in improved bukhari (Fig. 7).

So the improved Bukhari is totally safe for

extraction of harmful gases out of the room, and

there is no chance of backdraught-induced fire or

blast. One bukhari is best suited for a volume of

about 1,000–1,200 cubic ft, i.e. for a room size of

10–12 ft � 10 ft � 10 ft in the cold or extreme cold

conditions for maintaining a comfortable tempera-

ture of about 20–25 �C. For a bigger room, more

number of bukharis should be used accordingly.

Compact Bukhari

The above-mentioned improved bukhari saves

lot of energy as most of the heat is extracted

Fig. 6 Temperature

profile of the room at

different distances from

bukhari (at Leh)
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Fig. 5 Temperature profile of the room with bukhari (at Leh)
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by the improved design as shown by the IR

thermographs. Still a little heat is wasted through

the exhaust pipe.

A compact bukhari has been developed which

utilizes the heat of the exhaust pipe to melt the

snow or to heat the water. For this an additional

attachment has been fabricated which can be

fitted on the compact bukhari.

The bukhari has been made compact and ligh-

ter in weight. Fan is fitted on one side, and hot air

comes out from two openings on the opposite

side (Fig. 8).

Oxygen-Enriched Shelters for High
Altitude

Indian Army soldiers deployed at high-altitude

areas spend 6–14 days for acclimatization

depending upon the altitude of their deployment.

Similarly, Air Force pilots regularly perform

duties at high altitude. An acclimatization of

few days is not convenient for a stay of few

hours that they spend at high altitude during

loading/unloading of aircraft or short-duration

landings undertaking sorties.

Fig. 8 Compact bukhari and snow melting attachment (separate and assembled)

Fig. 7 IR thermograms of existing bukhari and improved bukhari
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Most of the work by West, Gerard et al.,

McElroy et al. and Luks et al. [4–12] has shown

that oxygen enrichment improves the performance

at high altitude. It also improves sleep and

subsequent daytime performance at high altitude.

It has been reported that increasing the oxygen

concentration by 1% reduces the effective altitude

by 300 mts. The highest recommended safe limit

for oxygen saturation is around 30 %.

Our experiments also confirmed that inhaling

27–30 % oxygen is sufficient to maintain a

SpO2 level at 92–94 %. Thus, oxygen enrichment

of the ambient air to 27–30 % can take care of a

large number of high-altitude maladies

associated with rapid induction to high altitude.

Such oxygen-enriched shelters/devices can be of

great help to the pilots staying at high altitude in

emergency situations and also to the VIPs on

short-duration visit to such areas. These shelters

can be of great use in case of exigencies or

warlike scenario requiring emergent deployment

of forces at high altitude. Three types of oxygen

enrichment systems have been developed.

Oxygen Tents for a Single Person

These tents are meant for a single person and

consist of a collapsible frame and a transparent

tent which can be used on ground or on the bed.

Two prototype shells of single bed tents have been

developed (Fig. 9). These are 2 mts long, 1 mt

wide and 1.5 mts in height. Since the volume is

quite less, minimum oxygen will be required to

enrich this type of tent. A sensor cum controller

has been developed to maintain the desired level

of oxygen in the tent.

Personalized Oxygen Inhalation System

Personalized oxygen inhalation system can be

used to perform short-duration emergent opera-

tions to minimize the effect of hypobaric hypoxia.

It is meant for a single person on the move. It has a

lightweight carbon composite cylinder of 2 l water

capacity filled with medical grade oxygen at

300 bar pressure (600 l of oxygen gas). Flow

regulator demand valve assembly adjusts the flow

of oxygen in steps of 0.5 l (range 0.5–2 l) and 1 l

steps from 2 to 6 l/min. The flow of oxygen occurs

only during inspiration using silicone mask or

nasal prongs, thus saving lot of oxygen (Fig. 10).

Personalized oxygen inhalation system will be of

great use during the ascent of troops to the forward

posts and will help in minimizing the morbidity,

reducing the time taken for ascent and improving

the load carrying capacity.

Fig. 9 Oxygen tents for single person
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It was observed that at an of altitude of 11,000 ft

at Leh, a flow rate of 0.5 l/min is sufficient to

maintain SpO2 of about 95 % and at 18,000 ft at

Khardung La top, a flow rate of 1–1.5 l/min is

sufficient to maintain SpO2 of around 90 % in

unacclimatized individuals. The flow rate can be

adjusted manually by the user to maintain his/her

SpO2 level above 90 %. Efforts are being made to

control the flow rate automatically by the feedback

from SpO2 level.

Larger Oxygen-Enriched Shelters
for Multiple Number of Persons

These are useful for more number of persons as

the complete room is enriched. These can be used

by Air Force pilots during their short stay at high

altitude so that there is no ill effect of hypobaric

hypoxia on their cognitive ability. These can also

be used in the hospitals to treat AMS patients to

bring them to lower effective altitude.

Four oxygen enrichment facilities have been

installed: three at General Hospital, Leh, and one

at Air Crew Resting Room (ACRR), Leh

(Fig. 11). Oxygen generator of 40 l/min capacity

has been installed at General Hospital. Ducting

of the rooms was done for the supply of the

oxygen. Oxygen sensors and controllers were

installed to maintain the set value of the oxygen

in the rooms. In ACRR supply of oxygen was

maintained with the help of 4 cylinders of 40 l

water capacity as shown in Fig. 11.

Solar Snow Melter

The Army posts located in remote mountains do

not have electricity. Kerosene stoves are used to

melt the snow as the liquid water is mostly

flowing in the valleys far below. Fuel has to be

airlifted most of the time adding to the cost and

Fig. 11 Oxygen enrichment facility at Air Crew Resting Room, Leh Airport

Fig. 10 Personalized oxygen inhalation system
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logistic problems. To overcome these problems,

a solar snow melter has been developed which

will be able to meet requirement of water to a

great extent at snowbound pickets (>18,000 ft)

in high-altitude locations, thus saving cost.

The snow melter lets the smaller wavelength

IR (infrared) rays in and then converts them to

longer wavelength IR rays that cannot escape.

Infrared radiation has the right energy to melt

the snow. The melter consists of an outer box

made of GI. The inner container is made of SS

to prevent any rusting in the drinking water. The

heating sheet is made up of copper which is

covered by polycarbonate sheet. The polycar-

bonate sheet helps in trapping the heat by the

black copper sheet. The experiments done at

Delhi using ice shaved by ice shaving machine

showed that the temperature inside went up to

119 �C in 30 min. The temperature data

obtained by IR thermographs helped to improve

the designs of the inner copper sheet for better

performance.

Three prototypes were developed and tested

in the lab (Fig. 12). The final prototype which

generates about 7.2 l/h was tested at high altitude

(Khardung La, 18,380 ft). Experiments showed

Fig. 12 Three prototypes

of solar snow melter and

their IR images
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that the melter is working and providing water

even in cloudy conditions. A DRDO-developed

water filtering system will be integrated with

melter to make the water safe for drinking.

So it can be concluded that these protective

devices can make the life of the soldier comfort-

able at high altitude and can help tackle many of

the problems related with high altitude, extreme

cold and power supply requirements.
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Inhaled Nitric Oxide Therapy for
Treatment of High-Altitude Pulmonary
Edema

G. Himashree, R.K. Gupta, B.A.K. Prasad,
and Shashi Bala Singh

Abstract

High-altitude pulmonary edema (HAPE) is a severe form of acute mountain

sickness. It may be fatal if not diagnosed well in time. Treatment includes

descent to low altitude, supplemental oxygen, and calcium channel blocker.

Endogenous production of nitric oxide in the lungs has been found to be

reduced in individuals susceptible to HAPE. Administration of inhaled

nitric oxide and oxygen combination has been found to be more effective

in improving tissue oxygenation than giving oxygen or nifedipine. Addi-

tional benefits are less toxicity and rapid action due to inhalation mode of

therapy. Commercially available inhaled nitric oxide delivery systems are

ventilator-based, designed for patients of respiratory failure who require

ventilatory support. However, HAPE patients breathe spontaneously and do

not require ventilatory support. Hence there was a need for an indigenous

NO delivery system tailor-made for HAPE patients. Two prototypes have

been developed and currently undergoing clinical trials.

Pathophysiology of High-Altitude
Pulmonary Edema (HAPE)

HAPE is a noncardiogenic high-permeability

edema characterized by alveolar fluid with a high

concentration of protein [67] that develops in

otherwise healthy individual after 24–72 h of

exposure to altitude above 2,400 m. HAPE can

be diagnosed clinically and usually confirmed by

radiographic demonstration of patchy distribution

of edema in peripheral regions of the lung [37].

Incidence depends on rate of ascent and altitude

reached which varies from 2 to 15 % [14, 26, 61].

Mountain climbers and skiers who have a

previous history of HAPE are susceptible to unpre-

dictable recurrence when exposed to high altitude

[41, 49]. Active young men are more susceptible to

HAPE compared to women. Other risk factors

include strenuous exercise, cold weather, and recent

respiratory tract infection. The symptoms and signs

are cough, tachypnea, tachycardia, orthopnea, cya-

nosis, rales, and frothy pink sputum [28, 29, 62].
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Symptoms usually begin two to four days after a

rapid ascent, often during nighttime rest.

An excessive rise in pulmonary artery pressure

has been demonstrated by invasive [36, 38, 52] and

noninvasive [7, 59] measurements at high altitude

possibly due to high sympathetic activity [57] in

HAPE patients. Increased concentration of RBC

and protein in bronchoalveolar lavage fluid are

observed in the early stages of HAPE before the

inflammatory cytokines are present [60, 67]

suggesting that mechanical injury to the pulmo-

nary capillary bed (stress failure)may be important

in development of HAPE. Because hypoxic

vasoconstriction takes place in the precapillary

arterioles, it is uncertain how capillaries might be

exposed to high pressure. A mechanism initially

proposed by Visscher [71] and later modified by

Hultgren [37] is that hypoxic pulmonary vasocon-

striction is uneven in HAPE [37]. If this were true,

some parts of the capillary bed would be protected

by upstream vasoconstriction, whereas the portion

of the capillaries that did not have upstream vaso-

constrictionwould be exposed to high pressure and

mechanical stress injury [39] thus may be respon-

sible for occurrence of HAPE. Animal studies

have shown that hypoxia results in increased

spatial heterogeneity of pulmonary perfusion,

suggesting that hypoxic pulmonary vasoconstric-

tion is inherently uneven in the mammalian lung

[33]. Functional magnetic resonance imaging of

HAPE susceptible has shown increased pulmonary

blood flow heterogeneity in acute hypoxia, consis-

tent with uneven hypoxic pulmonary vasoconstric-

tion [35]. There is evidence that some degree of

asymptomatic alveolar fluid accumulation may

represent a normal phenomenon in healthy

humans shortly after arrival at high altitude.

Whether this fluid accumulation is cleared or

whether it progresses toHAPE depends on dynam-

ics of the quantity of liquid escaping from the

pulmonary vasculature and the rate of its clearance

by the alveolar respiratory epithelium. The former

is directly related to the degree of hypoxia-induced

pulmonary hypertension, whereas the latter is

determined by the alveolar epithelial sodium trans-

port. This is further determined by the presence of

impaired pulmonary endothelial and epithelial NO

synthesis and/or bioavailability which causes

exaggerated hypoxic pulmonary vasoconstriction

and, in turn, capillary stress failure and alveolar

fluid flooding. Acute pulmonary hypertension

therefore appears to be the sine qua non but may

not always be sufficient to induce HAPE, and

defective alveolar fluid clearance may represent a

second important pathogenicmechanism [58]. The

role of inflammation being one of the causative

mechanisms has not been confirmed in any of the

current studies. Presence of inflammatory markers

is more an effect than cause of the edema fluid.

Nitric Oxide (NO) and Respiratory
Physiology at High Altitude (HA)

Exposure to high altitude initiates various

physiological adjustments required for acclimati-

zation. When oxygen availability is reduced at

high altitude, an increase in blood flow could

potentially improve oxygen delivery to tissue.

However, the pulmonary vasoconstriction

response to hypoxia decreases blood flow in the

lungs. This response probably evolved at sea

level to maintain gas exchange by redistribution

of blood flow from temporary small, poorly

oxygenated to better oxygenated areas of the

lung. At high altitude, the entire lung is always

hypoxic, and the resulting general vasoconstric-

tion does not redistribute blood flow; instead, it

increases pulmonary arterial pressure, sometimes

causing pathological remodeling of the heart and

lung. However, many people live at high altitude

without pulmonary hypertension, which suggests

that another factor may intervene to maintain

blood flow when the blood carries less oxygen

and the usual vasoconstriction response increases

pulmonary resistance. This factor may be NO, a

vasodilator found in high concentrations in the

lungs of high-altitude natives, particularly

Tibetans. A wealth of studies support a key role

for NO in determining basal pulmonary vascular

tone at sea level and in affecting the hypoxic

vasoconstriction response. Nitric oxide (NO) is

now known to be a ubiquitous biomolecule hav-

ing multiple vital roles to play in the body. NO is

synthesized from the amino acid arginine by the

enzyme nitric oxide synthase (NOS) of which

three distinct isoforms exist, i.e., eNOS found

in endothelial cell, nNOS in neurons, and iNOS
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induced in different cells as a response to

endotoxins or mediator of inflammation. All the

three isoforms of NOS are present in the respira-

tory tract [44, 70]. NO has been identified in

the transduction mechanism for the soluble

guanylate cyclase with potential role in a number

of tissues [46]. In the respiratory tract NO plays

an important signaling role in the physiological

control of airway function and in the pathophysi-

ology of airway diseases [2, 6, 42, 53, 77].

Studies of human are consistent and have

demonstrated that (1) NO is critical in regulating

basal pulmonary vascular tone [13, 66]. (2)

Inhaling gas mixture with high concentrations

of NO diminishes hypoxic pulmonary vasocon-

striction at sea level [9, 22] and lowers pulmo-

nary artery systolic pressure at high altitude. (3)

Inhibiting NO synthesis exacerbates hypoxic pul-

monary vasoconstriction and polymorphisms

of the eNOS gene have been associated with

HAPE [19].

Exhaled Nitric Oxide

NO is produced endogenously within the upper

and lower respiratory tract and can be measured

in exhaled air by chemiluminescence analyzer

[25]. The measurement of exhaled NO is criti-

cally determined by ventilation and blood flow

[54]. Studies have shown that HA decreases

exhaled NO level in normal subjects and reduced

levels are found in those who are susceptible to

HAPE compared to control group under hypoxic

condition [8]. Study on Tibetans has shown

higher exhaled NO compared to lowlanders at

same altitude suggesting a higher pulmonary

blood flow in them [34].

Indian High-Altitude Natives
(Ladakhi Population)

Study on Ladakhi population has shown higher

levels of exhaled NO compared to lowlanders at

same altitude [24]. A significantly lower end-

tidal carbon dioxide level has been observed in

these high-altitude natives (HAN) compared to

lowlanders (LL) at 3,200 m (Fig. 1) indicating

their higher pulmonary ventilation.

Significantly higher pulmonary ventilation in

HAN shows their better adaptation to hypoxia

compared to LL. A significantly higher level of

exhaled NO is maintained despite higher ventila-

tion in HAN (Fig. 2) indicating a greater endoge-

nous production of pulmonary nitric oxide in

HAN as compared to LL which is in accordance

with a previous study on HAN of different geo-

graphical region [8]. HAN showed a better

acclimatization status as they maintain lower

pulse rate (Fig. 3), and despite lower end-tidal

carbon dioxide levels, their exhaled NO levels

Fig. 1 Comparison of End Tidal Carbon-dioxide

(ETCO2) levels of lowlanders (LL) with high altitude

natives (HAN) at 3,200 m. Values are presented as Mean

� SD. *P < 0.05

Fig. 2 Comparison of Exhaled Nitric Oxide (ENO)
levels of lowlanders (LL) with high altitude natives

(HAN) at 3,200 m. Values are presented as Mean � SD.

*P < 0.05

Fig. 3 Comparison of Pulse rate (PR) of lowlanders (LL)
with high altitude natives (HAN) at 3,200 m. Values are

presented as Mean � SD. *P < 0.05
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were higher compared to LL at same altitude.

Since in response to hypoxic stress, the rise in

sympathetic activity is less and pulmonary venti-

lation is more in HAN, while LL showed more

rise in compensatory sympathetic activity in

response to similar hypoxia indicating less

cardiorespiratory reserve.

Measuring exhaled nitric oxide

Reduced exhaled NOmay be related to altered

pulmonary epithelial NO synthesis [19]. Pulmo-

nary hypertension is associated with diminished

expression of endothelial nitric oxide synthase. It

is possible that decrease expression of nitric oxide

synthase may contribute to pulmonary vasocon-

striction and to the excessive growth of tunica

media observed in this disease [23].

NO and HAPE

An animal study using NOS gene transfer to the

airway demonstrates elegantly that increasing NO

decreases hypoxic pulmonary vasoconstriction

[10]. Moreover, sea-level natives exposed to

acute hypoxia (who have relatively high levels of

exhaled NO) have less hypoxic pulmonary vaso-

constriction [11, 20]. Administration of the

NOS antagonist NG-monomethyl-L-arginine

(L-NMMA) during hypoxia increases pulmonary

artery pressure and vascular resistance [9]. Fur-

thermore, it has been demonstrated that the exoge-

nous administration of 40 ppm (ppm) NO in

hypoxic subjects prone toHAPE evokes a decrease

in pulmonary pressure three times greater than

the decrease in HAPE-resistant subjects. These

findings suggest that reduced endogenous NO

synthesis in HAPE-susceptible individuals may

contribute to their heightened hypoxic pulmonary

vascular response. Scherrer in 1996 reported that

inhaled NO decreased pulmonary artery pressure

and improved ventilation-perfusion mismatch in

HAPE-prone subjects exposed to high altitude

[59]. There is evidence that oxygen and NO

cause pulmonary vasodilatation through the acti-

vation of different K + channels in the pulmonary

artery smooth muscle. Therefore, there are theo-

retical grounds to believe that the vasodilatory

effect of oxygen and NO could be additive [1].

Further studies also have shown that inhaled NO

with oxygen gives immense therapeutic benefit in

patients of HAPE [17, 21, 22, 45, 56, 59, 72].

Based on these facts NO and oxygen delivery

system has been developed by DIPAS and R&D

Engineers, Pune, for treatment of HAPE.

Inhaled Nitric Oxide (iNO)
for Treatment of HAPE

Currently HAPE is treated with supplementary

oxygen and descent to lower altitudes as soon as

feasible or, when descent is not possible,

simulated descent with the use of a portable

hyperbaric chamber. When neither descent nor

simulated descent is possible, administration of

calcium channel blockers like nifedipine may

help [7, 49]. Attenuating pulmonary hyperten-

sion with nifedipine is an effective prevention

and carries little risk [27, 50]. The administration

of the carbonic anhydrase inhibitor acetazol-

amide may be useful since it causes bicarbonate

diuresis and respiratory stimulation [49]. With-

out the administration of oxygen, rest, and

descent to a lower altitude, death may result.

At this juncture inhaled NO has emerged to be

a new, effective, and safe modality of treatment

for HAPE. The role of endothelial dysfunction to

explain the excessive pulmonary hypertension in

HAPE is of burgeoning interest. The decreased

nitrates and nitrites in bronchial lavage fluid of

HAPE patients reinforce the notion of decreased

NO production, possibly because of reduced

pulmonary NOS [11]. The focus is on preventing
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or reversing increased hydrostatic pressure in the

pulmonary circulation. Lung scans before and

after the inhalation of NO showed that the gas

diverted the pulmonary blood flow from edema-

tous regions of the lung to nonedematous regions

in patients of HAPE.

It is likely that the INO had a greater

vasodilating effect in the nonedematous regions of

the lung, where it could more easily enter the

alveoli. In contrast, no such redistribution of perfu-

sion in response toNOwas seen in subjects resistant

to HAPE. Thus, exaggerated hypoxic pulmonary

vasoconstriction resulting in ventilation-perfusion

mismatch appears to be an important mechanism in

the pathophysiology of HAPE [11]. It has also been

suggested that HAPE develops because of stress

failure in capillaries [75]. HAPE results from the

stress failure of overdistended, relatively thin-

walled pulmonary arteries [64, 76].

Two sites where NO may exert its beneficial

effect are as follows: (a) the muscular pulmonary

arterial vessels, where persons prone to HAPE

may have defects in NO-mediated vasodilatation,

and (b) capillary beds, where a defect in its

synthesis may cause increased leaking of water,

protein, and cells rather than from capillary rup-

ture [59]. Low-concentration NO inhalation

when compared to the prevailing conventional

and nifedipine therapies was very effective in

the treatment of HAPE [72].

It is advisable to continue administration of

combination therapy of NO and oxygen (15 ppm

NO + 50 % O2) to HAPE patient till peripheral

oxygen saturation reaches above 90 %.

Indian Scenario

Presently the Indian army is deployed at heights

up to 6,700 m (22,000 ft). The incidence of high-

altitude (HA) maladies are on the rise because of

increasing number of troops being deployed

under the prevailing geopolitical situation.

HAPE incidence which was 0.3–0.4 % is pres-

ently also at the same rate, but the total number

of patients is almost threefold. Currently the

treatment modality of HAPE is aimed at imme-

diate relief of symptoms and evacuation of

patient to a lower altitude. This includes oxygen

administration, aspirin, acetazolamide,

recompression in a pressurized chamber, and

de-induction to lower altitude. However, the

therapy of iNO would reduce the morbidity and

mortality due to HAPE and also help the organi-

zation to re-induct the acclimatized and trained

manpower back to the place of duty thereby

saving wastage of trained manpower. iNO is a

selective pulmonary vasodilator for which the

mechanism of action involves guanylate cyclase

activation leading to production of cyclic guano-

sine monophosphate and subsequent smooth

muscle relaxation [40, 51, 70]. Several studies

have suggested that iNO improves oxygenation.

A study was done to assess the safety and

physiological and clinical effects of various

doses of NO over a 28-day period [18]. An

acute response to NO was defined as a 20 %

increase in PaO2 in the first 4 h. The study

group considered days off the ventilator as the

primary long-term outcome. 24 % of patients in

the placebo group had showed a 20 % increase in

PaO2 during the first 4 h, compared to 60 % of

patients receiving NO. Virtually every study

found that inhaled NO (1) improves ventilation,

(2) reduced the blood pressure in the arteries

surrounding the lungs, and (3) improved oxygen

levels in the blood.

Experience in the armed forces: A milestone

study was conducted where the acute effects of

inhaling two gases in isolation and combination

(iNO, 50 % oxygen, and a mixture of NO plus

50 % oxygen) on hemodynamics and gas

exchange in 14 HAPE patients [1]. Each gas mix-

ture was given in random order for 30 min

followed by 30 min washout with room air. All

patients had severe HAPE as judged by Lake

Louise score (6.460.7), PaO2 (35.63 mmHg),

and alveolar to arterial oxygen tension difference

(AaDO2) (26.63 mmHg). NO had a selective

effect on the pulmonary vasculature and did not

alter systemic hemodynamics. Compared with

room air, pulmonary vascular resistance declined

36 % with NO (P < 0.001), 23 % with oxygen

(P, 0.001 vs. air; P, 0.05 vs. NO alone), and 54 %

with NO plus 50 % oxygen (P, 0.001 vs. air; P,

0.005 vs. oxygen and NO). NO alone improved

PaO2 (114 %) and AaDO2 (231 %). Compared

with 50 % oxygen alone, NO plus 50 % oxygen
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had a greater effect on AaDO2 (218 %) and PaO2

(121 %). This study reconfirmed the therapeutic

role of iNO in the management of HAPE. The

combined use of inhaled NO and oxygen has

additive effects on pulmonary hemodynamics

and even greater effects on gas exchange. This

study suggested that oxygen and NO may act on

separate but interactive mechanisms in the pulmo-

nary vasculature.

Another study was done in which iNO and

oxygen were administered to HAPE patients

[31, 32]. The study compared the disease prog-

ress and outcome of 27 HAPE patients on iNO,

20 HAPE patients on oxygen, and 50 HA stay-

matched HAPE-resistant individuals. Significant

findings of this study were that compared to the

oxygen group; in the iNO group the HR was

lower (74.2 � 7.8 vs. 87.8 � 16.8), SaO2 was

higher (94 % vs. 90 %), PaO2 was higher

(78.1 � 4.1 vs. 73.1 � 6.1), pulmonary artery

pressure was lower (20.1 � 3.8 vs. 33.2 � 4.1),

Vock’s score on day 2 was lower (3.8 vs. 11.6),

and the hospital stay was lower. Complete radio-

logical clearance occurred in 3.8 days in iNO

group when compared to the oxygen group

which took 5.6 days. All the iNO patients

returned to the place of duty in HA and two of

the oxygen groups were sent on leave for recu-

peration. The highlight of this study was that the

iNO was administered by an indigenously devel-

oped iNO delivery system.

iNO Therapy Unit for HAPE

Indigenous Gas Delivery Systems

Soldiers deployed at HA are prone to develop

acute mountain sickness (AMS), HAPE, and

other diseases due to malacclimatization. iNO is

the treatment of choice in patients of HAPE.

Patients suffering from HAPE are spontaneously

breathing, whereas commercially available

systems work in conjunction with a ventilator

[48, 59]. Hence there was a need to develop an

indigenous NO delivery system for treatment of

HAPE. Thus, an attempt has been made to design

and develop an indigenous NO delivery system

which may reduce the morbidity and mortality

due to HAPE.

Why Do We Need Another iNO
Therapy Unit?

We need an iNO therapy unit (ITU) tailor-made

for the patients of HAPE because of the number

of successful studies establishing the thera-

peutic value of iNO. Another advantage of

INO is its low toxicity and very low incidence

of side effects, which makes it a safe treatment

modality.

What Is Available?

In the market there are a number of NO delivery

systems available. They all are sensitive and

accurate electronic flow meters, which deliver a

specific dose of NO into the ventilator. However,

dedicated NO-equipped ventilators are also

available commercially but are not yet common

in clinical practice. With other ventilators, there

is no standardized procedure for the administra-

tion or monitoring of NO. The use of NO in

conjunction with a simple time cycled, pressure

regulated, flow-generating ventilator attached to

a model infant-sized lung has been described.

It is recommended that, when used as therapy,

NO levels in inspired gases should always be

measured [42]. It is also suggested that all com-

pressed air methods using tap water have char-

coal filters at the compression site and the gases

be assessed periodically for oxidants [69]. These

are designed for acutely ill moribund patients

who are on ventilatory support. Contrasting to

this, patients of HAPE are spontaneously breath-

ing individuals who do not require ventilatory

support. Hence such systems are not suitable in

their present form to deliver NO.

Designing a Tailor-Made iNO
Therapy Unit

The basic design and goal of delivery system is

to provide a system for safe gas delivery and
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precision gas analysis. While delivering the gas

through a ventilator, either a continuous or inter-

mittent flow of NO is fed into the inspiratory

limb of the ventilator tubing. The rate of NO

gas flow is controlled to maintain the desired

concentration. Prior to the patient connection of

the ventilator tubing, a sensor or sample line is

connected to an analyzer that displays NO, NO2,

and possibly oxygen levels, usually the displayed

NO and NO2 reading is measured in ppm.

Initial attempt has been made to modify

ventilator-based delivery system available in the

market to deliver NO to HAPE patient. This

system is coupled with a source of compressed

air and ventilator has been removed. However,

the whole system is cumbersome, complicated,

multimodular, not portable, and with very high

chance of developing mechanical faults. This

prompted us to design and develop iNO therapy

unit tailor-made to suit the needs of HAPE

patients. The design aimed at compactness, por-

tability, nonventilator dependent, mask delivery

system, simple to operate, accurate delivery of

NO + O2 mixtures, real-time online therapeutic

gas mixture monitoring of NO + O2, safe to use,

and nonpolluting to the environment.

Imported system modified by DIPAS

In addition to the above, special attention was

given to ascertain that the delivery system has to

be a single module instrument, accurate delivery

of 15 ppm NO + 50 % O2, and minimize forma-

tion of NO2 (permissive limits of NO2 < 2 ppm)

and to ensure that these gases are mixed in close

proximity (<than 150 cm) to the delivery mask.

Online real-time monitoring of the therapeutic

gas mixture (NO + O2) in which the sample is

drawn just before the mask to monitor the levels

of NO and NO2 and a desirable monitoring facil-

ity of the level of pollution, i.e., the rise in levels

of NO and NO2 in the vicinity of the machine,

has been provided for in the design.

Prototype I (Mark I) of this system has already

been developed in collaboration with R&D

Engineers. Prototype II (Mark II) has been

incorporated with a new design mass flow con-

troller for precise delivery of the gas mixture

and has been installed at HAMRC, Leh. The

system is to be used in large scale for therapy

of HAPE amongst Indian soldiers at various

heights, and in the future miniaturized versions

of the system would be made available even at

the remote posts where the nursing staff would be

trained to administer this to patients and save

precious life.

NO and oxygen delivery system Mark I

NO and oxygen delivery system Mark II
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Safety Concerns

As with any drug, there are legitimate safety

and toxicity concerns regarding the use of

inhaled NO. Inhaling very high levels of NO

(5,000–20,000 ppm) can be lethal causing a severe

and acute accumulation of fluid in the lungs (pul-

monary edema) and methemoglobinemia. How-

ever, there is little evidence of such toxicity when

the concentration is kept in the normal therapeutic

concentration range (1–80 ppm). According to a

recent study, animals could withstand inhaling the

gas in concentrations of 10–40 ppm, for 6 days to 6

months, without evidence of toxicity. Virtually all

patients receiving NO will also be receiving oxy-

gen. ARDS patients usually require high levels of

O2. The by-product of NO and O2 is nitrogen

dioxide (NO2), which is a highly toxic gas.

Although the Occupational Safety and Health

Administration (OSHA) has set the safety limit

for NO2 at 5 ppm, some investigators have found

that prolonged exposure to even 2 ppm of NO2 can

be injurious to the lungs. The amount of NO2

produced is dependent upon the levels of NO and

O2 and the duration for which they are mixed

together prior to inhalation. Therefore, the lowest

dose of NO and lowest concentration of O2 that

achieve the desired effect are used. NO is usually

fed into the ventilator tubing as close to the patient

as possible, limiting the mixing time between O2

and NO thus preventing NO2 formation. All deliv-

ery systems monitor NO2 levels continuously.

Safety Features

The features that make the unit safe for the

patient and the operator are accurate dosing of

NO and O2 with minimal formation of NO2

(<2 ppm). Online breath by breath analysis of

the gas mixture, audiovisual alarms for

concentrations of NO and NO2, audiovisual

alarm to indicate 30 min of gas reserve, auto-

matic switchover to pure O2 when NO concen-

tration increases, monitoring of ambient NO,

NO2 levels to check the level of pollution/leak-

age if any, all materials used being human grade,

gases of high purity and negligible chance of

mechanical failure, and power leaks or short

circuits also augment the safety of this system.

Advantages of the New Design

The advantages of the present design are single

module, compact, portable, easy to use, no dan-

ger of overdosage, oxygen delivery along with

NO, no mandatory requirement of ventilator,

emergent switchover to pure O2 when NO con-

centration increases preventing NO2 toxicity

demand valve breathing, 24 h power backup,

capable of operating in high altitude, less expen-

sive, and easy to procure. This system can be

coupled with a ventilator. It will deliver 50 %

of the available NO concentration in the cylinder.

Although it is not designed for varying doses,

different doses can be given by changing the

concentration of the feeder NO cylinder.

Other Medical Applications
of Inhaled Nitric Oxide

The vasodilatory action of iNO has found a place

in treatment of multitude of diseases. The short

half life of NO and minimal effects on systemic

arterial pressure or systemic vascular resistance

due to inhalation route of administration make

iNO the first seemingly selective pulmonary

vasodilator [21, 63].

Currently the range of medical applications of

iNO spans across the cardiovascular, respiratory,

neural, renal, and coagulation systems [30].

In neonates NO is helpful in severe respiratory

failure. The need for extracorporeal membrane

oxygenation (ECMO) was found to be dimin-

ished [48] in another disease where satisfying

results comparable to ECMO have been found

[16, 55, 68]. A number of studies have confirmed

the efficiency of iNO in improving oxygenation

in patients of acute respiratory distress syndrome

(ARDS) in both pediatric and adult age groups.

iNO is used with increasing frequency in infants

and children with right heart failure and pulmo-

nary hypertension following repairs of congeni-

tal heart defects [5, 56, 73]. iNO is found to

be beneficial in pulmonary hypertension [30].
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It has a life-saving role in patients with primary

pulmonary hypertension [43, 74] and is also used

in patients of primary pulmonary hypertension

(PPH) as a screening tool to predict response to

conventional long-term treatment with calcium

channel antagonists and prostacyclin [12]. iNO

has been shown to reduce pulmonary arterial

pressure (PAP), pulmonary vascular resistance,

and intrapulmonary shunt fraction following

lung transplantation [4, 15, 47]. Cardiac trans-

plant patients who develop right ventricular dys-

function also benefit from the pulmonary

vasodilatory properties of iNO [3, 65]. iNO is

found to be beneficial in congenital heart diseases

pre- and postsurgery, necrotizing enterocolitis

in neonates, any other disease whose patho-

physiology rests on pulmonary hypertension and

hypoxemia.

Conclusion

It may be concluded that acclimatization to high

altitude would be indicated by higher pulmonary

endogenous production of NO and ventilation as

observed in HAN. Reduced endogenous NO syn-

thesis may contribute to HAPE susceptibility and

their heightened hypoxic pulmonary vascular

response to hypoxia. iNO decreased pulmonary

artery pressure and improved ventilation-

perfusion mismatch in HAPE-prone subjects

exposed to high altitude. iNO therapy has also

emerged as a new modality of treatment for a

multitude of cardiorespiratory diseases. Cur-

rently available NO delivery systems are

ventilator-based for patients of respiratory failure

who require mechanical ventilatory support.

HAPE is a life-threatening disease in which

inhaled nitric oxide is of immense therapeutic

value. The presently available delivery systems

are unsuitable as these patients are spontaneously

breathing and cannot be coupled with a mechan-

ical ventilator. In this article we have designed a

tailor-made, easy to operate, safe, simple, com-

pact, fixed dose NO and O2 delivery system that

would be especially helpful in the armed forces.

The instrument awaits patenting and extensive

clinical trials.
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High-Altitude Medicine: The Path from
Genomic Insight to Clinical Applications

Soma Sarkar

Abstract

Translation of research findings into clinical practice is an important

aspect of medical progress. In context of high-altitude medical research,

understanding the functions of all genes and their regulation under high-

altitude environment is far from complete, and translation of genomics

research findings into clinical practice is yet an unexplored domain. With

advancement and accessibility to genomic and genomewide data sets,

understanding of the role of genes and environment under high altitude

will get accelerated which can potentially get converted to translational

research.

Introduction

Translational genomics research is a relatively

new field which aims to translate research

findings into clinical practice by way of

diagnostics, prognostics, and therapies which

are important aspects of medical progress by

applying the innovative advances from the

Human Genome Project. A significant proportion

of genomics research is still at an early stage in

terms of clinical outcome; nevertheless, research

endeavors which aim to expand understanding of

underlying mechanisms of disease and useful-

ness of such research in medical treatment and

public health are going to be of prime impor-

tance. Primarily based on the Watson and Crick’s

[83] model of the first proposed DNA structure,

genomics in current context encompasses a wide

array of technologies like DNA sequencing,

microarrays, and polymerase chain reaction

(PCR) technology including real-time and quan-

titative PCR (qPCR) that permit amplification

of genetic material within a very short period,

thereby advancing greater uses for the technol-

ogy. Genomics has enabled pharmaceutical

companies to undertake genetic diagnostics, and

improved information technologies have allowed

biological information to be better managed and

analyzed. Current research prospects involve

crossing the barrier of sequencing the human

genome for identifying novel genes and thera-

peutic targets. Combination of automated

technologies such as robotics and microarrays

has further expanded the scope for genomics.

One of the technologies which is now being

widely used in clinical diagnostics is single

nucleotide polymorphism (SNP)-based DNA
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fingerprinting. The industries have diversified

applications of genomics in various areas such

as molecular diagnostics, pharmacogenomics,

personalized medicine, and drug discovery.

Mapping of the human genes was an important

step in the development of medicines and other

aspects of health care. Human Genome Project

(HGP), which begun in 1990, was an international

scientific research project with a primary goal to

determine the DNA sequence and identify and

map the approximately 25,000–30,000 genes of

the human genome from both physical and func-

tional standpoint. Widespread international coop-

eration and advances in sequence analysis as well

as major advances in computing technology

enabled completion of the “rough draft” of the

genome in 2000, and announcement of the essen-

tially complete human genome was made in April

2003, 2 years earlier than planned. Key findings of

the Human Genome Project were as follows: (a)

there are approximately 25,000 genes in human

beings, which is the same range as in mice and

twice that of roundworms. Understanding how

these genes express themselves will provide

clues to how diseases are caused (http://www.

genome.gov/12011238); (b) the human genome

has significantly more segmental duplications

(newly identified repeated segments of DNA)

than other mammalian genomes; (c) fewer than

796 of protein families appeared to be vertebrate

specific [17].

Although most of the human genome (about

92.3 %) was completed by the end of 2003, a

number of regions like centromeres, telomeres,

and loci that contain members of multigene

families remained unfinished. The centromeres,

central regions of each chromosome, which are

possibly tens of millions of base pair long and

have highly repetitive DNA sequences, are diffi-

cult to sequence using current technology and still

remain to be sequenced. The telomeres, the ends of

the chromosomes, are also highly repetitive, and

for most of the 46 chromosome ends, sequencing

is incomplete. Presently it is not known how

much sequence remains before the telomeres of

each chromosome are reached. As with the

centromeres, current technological restraints for

sequencing the telomeres are also prohibitive.

Several loci in each individual’s genome that

contain members of multigene families that often

encode proteins important for immune function are

similarly difficult to sequence. There also remain

many gaps scattered around the genome which still

remain to be sequenced. The centromeres and

telomeres will remain unsequenced until new

sequencing technologies develop. Much of the

remaining unsequenced highly repetitive DNA is

unlikely to contain genes, but this cannot be

ascertained till it is entirely sequenced. The role

of junk DNA, the evolution of the genome,

differences between individuals, and many other

questions still remain to be answered. In context of

high-altitude medical research, understanding the

functions of all genes and their regulation under

high-altitude environment is far from complete,

and translation of genomics research findings into

clinical practice is yet an unexplored domain.

Medical Problems at High Altitude

More than 140 million people are permanently

settled on high-altitude regions, on continents

ranging from Africa and Asia to South America,

while a substantial number of people visit high

altitude for various reasons. The medical problems

at high altitude largely stem from hypoxia along

with risks of dehydration, accidental injury, cold

injury, weight loss, and psychological stress under

such environment in lowland sojourners who travel

to high altitude. At high and extreme altitudes

(>3,000 and 5,500 m above sea level, respec-

tively), hypobaric hypoxia induces a range of

normal or adverse responses at molecular, cellular,

and systemic levels. At the systems level, the major

physiological responses include increased heart

and ventilation rate and rapid erythrocyte

expansion [13, 35]. Symptoms of increased heart

rate and hyperventilation appear within the first

few hours when ascending to high altitude, due to

stimulation of the peripheral chemoreceptors by

hypoxia. In the following days, increased hemoglo-

bin concentration and erythrocyte numbers are

observed in the blood, which are more likely to

be a gene level regulation of the body. At the

cellular level, increased expression of genes that
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participate in anaerobic energy supply and

decreased expression of those involved in ATP

consumption processes are noted [20]. These

signs along with other responses of different

systems of the body comprise altitude

acclimatization. When acclimatization does not

happen, such individuals get maladapted and

develop high-altitude illnesses which may be clas-

sified as (1) acute such as acute mountain sickness

(AMS), high-altitude cerebral edema (HACE), and

high-altitude pulmonary edema (HAPE) and

(2) subacute such as subacute mountain sickness

and chronic mountain sickness (CMS) which

happen after sustained periods at high altitude.

AMS occurs in 50–90 % of the people who travel

to high altitude; HACE and HAPE have lower

frequencies than AMS but are fatal if not treated

on time [8, 35]. Inhabitants of Andes mountain

region of South America suffer CMS [59]. CMS

is common in Andeans, occasionally found in

Tibetans and absent from Ethiopians living on the

East African high-altitude plateau. The disease is

characterized by an array of neurologic symptoms,

including headache, fatigue, sleepiness, and

depression. Individuals with CMS often suffer

from stroke or heart attacks in early adulthood

due to increased blood viscosity.

Field studies on the physiological aspects of

high-altitude hypoxia have generated a great deal

of valuable data including ECG measurements

[66], arterial blood gases, and oxygen content

[32] for understanding the associated processes.

Studies on molecular mechanisms of high-

altitude hypoxia on human system as well as

mechanisms of human acclimatization/adapta-

tion to high altitude are limited [42, 69, 76].

Some studies on the role of hypoxia-induced

factors (HIFs) and erythropoietin response in

the high altitude are available [13, 20, 34]. The

signaling pathways and molecular functions that

mediate such responses (especially those that

modulate or are independent of HIFs and eryth-

ropoietin) are largely unknown. Genes are

undoubtedly the major determinants of suscepti-

bility to diseases, clinical outcome, as well as

response to therapy. It is challenging to reliably

identify the underlying specific genes and gene

mutations. Clinical studies have implicated

genetic background in susceptibility to HAPE

[35]. Those with higher pulmonary artery pres-

sure at rest or an exaggerated response to hypoxia

or exercise are considered to be at higher risk of

developing HAPE [39], and thus genetic variants

that affect pulmonary arterial pressure may serve

as susceptibility alleles for HAPE.

Genetic Basis for Altitude Illness

Evolution of complex physiological systems

that underlie acclimatization/adaptation to high-

altitude stress requires coordinated evolution of

many interacting genes [24, 81]. Susceptibility to

high-altitude maladaptation may be evidenced at

the individual level, familial level, or population

level. At the individual level, some persons

repeatedly develop altitude illness (recurrent

incidence) and may be considered as the true

susceptibles. Identifying the potential candidate

genes in such individuals is one of the ways of

establishing a reliable risk predictor of altitude

susceptibility which can have clinical transla-

tional potential. Some research laboratories are

actively engaged in such identification process

through candidate gene association studies [21,

22, 44, 61, 63, 71, 75, 79, 82]. Very little

evidence is available for familial pattern of

genetic transmission of susceptibility [39, 47,

55]. Highlander population has developed differ-

ent adaptive strategies for coping with high-

altitude environment [10, 11]. Lower frequency

of AMS is reported from Tibetans [84, 85]. In

a study on Andean Quechua, G allele at the

G894T polymorphism in NOS3, suggested to be

beneficial in hypoxic environments, was more

frequent compared to lowland Amerindians

[80], while the frequency of the same allele was

low in Nepalese population who suffered from

AMS [79]. In the Himalayan Ladakhi population,

allele 5160A of CYP11B2 was less frequent

compared to Indian lowlanders [65] and the

same allele was also shown to be associated

with HAPE [61]. EPAS1 along with other genes

in HIF pathway was studied in CMS in Andeans

although no association was reported [51].

Genetic contribution to susceptibility to altitude
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illness as well as contribution of specific genes as

potential contributors to predisposition have been

recently reviewed [48]. Understanding of genetic

basic andmolecular mechanisms leading to altitude

illness is critical for designing of preventive or

prophylactic strategies. A number of genomic

approaches that have provided insight into the

genetic basis of high-altitude acclimatization

and/or adaptive traits are discussed in the following

sections.

Genomewide Screening of Gene
and Protein Transcript Variations
Under High Altitude Stress

Gene expression profiles, apart from identifying

genes which cope with physiological challenges,

also provide insight into the putative pathways

present at the system level. Oligonucleotide and

cDNA microarrays have revolutionized the study

of differential gene expression in different cells

and tissues, enabling analysis of various disease

processes. Microarray techniques are sensitive

enough to detect expression of a target gene

among 50,000 to 300,000 transcripts [46].

Similar array techniques are also being devel-

oped to analyze proteins and their variants [58].

mRNA expression with DNA microarrays has

proven useful in generating hypotheses

concerning the mechanisms of acclimatization

and adaptation [28, 29]. Our studies on global

gene expression profiling in individuals who

acclimatized to high altitude showed

downregulation of more gene transcripts than

upregulation, and these transcripts were

implicated in the pathways like vascular smooth

muscle contraction (hsa04270), regulation of

actin cytoskeleton (hsa04810), calcium signaling

pathway (hsa04020), ubiquitin-mediated proteol-

ysis (hsa04120), and cytokine-cytokine receptor

interaction (hsa04060) [70]. Global gene expres-

sion profiling in individuals of established HAPE

compared to acclimatized controls provides

evidence for concurrent modulation of multiple

transcripts representative of different classes of

factors that regulate lung fluid homeostasis as

well as pathways that regulate vasoconstriction

through smooth muscle contraction and cellular

actin cytoskeleton rearrangement during HAPE.

Several regulators of systemic/pulmonary hyper-

tension including ADRA1D, ECE1, and EDNRA

were observed to be differentially expressed.

Other notable genes included Rho family

members, myosin light chain 2, focal adhesion

molecules, cadherins, claudins, paxillins, and

VCAM1. Pathway-specific transcripts which

could potentially culminate in perturbed endo-

thelial cell permeability (dysfunction) and

edema formation were seen to be modulated

(communicated) [73]. These studies provide evi-

dence for hypoxic signature of high-altitude

exposure in sea-level sojourners, and it may

be hypothesized that designing drugs that

would downregulate those genes which show

upregulated expression during HAPE or

upregulating those which show downregulation

could be beneficial in coping with hypoxic stress.

As an example, designing drugs which

downregulate expression of ADRA1, ECE1, and

EDNRA would be good candidates for transla-

tional purposes.

A proteomic study of native Tibetans showed

overexpression of glutathione-S-transferase

(GSTP1-1), Δ2-enoyl-CoA hydratase (ECH),
phosphoglycerate mutase (muscle form, PGA),

NADH-ubiquinone oxidoreductase (NUGM), and

myoglobin and downregulation of glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and lactate

dehydrogenase (LDH) compared to lowlander

Nepalese population indicating thereby that

Tibetans may be protected from ROS-induced

tissue damage and may also possess specific meta-

bolic adaptations [31]. Scope exists for translating

these and related research findings for prevention

and treatment of inhabitants of high altitude as well

as sojourners who travel to high altitude.

Genome-Wide Association Studies
for High-Altitude Adaptation/
Acclimatization

The availability of high-density single nucleotide

polymorphism (SNP) microarrays in recent years

has proven to be a great step forward in the
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context of global analysis of genomic

abnormalities in disease. SNP arrays offer great

robustness, high resolution, and the possibility to

detect a variety of different genomic copy num-

ber variations such as submicroscopic deletions,

amplifications, loss of heterozygosity, and

uniparental disomy. Moreover, they can be used

to perform genome-wide association studies.

Therefore, SNP arrays harbor several

advancements over traditional molecular

methods such as cytogenetic analyses, fluores-

cence in situ hybridization, or comparative geno-

mic hybridization methods to analyze genomic

aberrations. Several recent genomic studies of

high-altitude Andean and Tibetan population

samples have identified a set of candidate genes

(including EPAS1, EGLN1, and PPARA) thought

to contain variants that play a role in physiologi-

cal adaptation to high altitude [1, 12, 14, 15, 74,

86, 87]. High-altitude Amhara individuals (living

at 3,202 m above sea level) and low-altitude Aari

and Hamer individuals (living at <1,500 m

above sea level) residing in Ethiopia showed

that there are significantly higher hemoglobin

levels in high-altitude (3,200 m) relative to low-

altitude (<1,500 m) Ethiopian residents [72].

Genome-wide analysis of over 1 million SNPs

identified several candidates for involvement in

high-altitude adaptation in the Ethiopians,

including CBARA1, VAV3, ARNT2, and THRB
which were also the strongest candidates for

selection for genotype/phenotype associations

with hemoglobin levels [72]. HAPE is a multi-

factorial disorder resulting from the interaction

of genetic and environmental factors. The com-

bined study designs of genome-wide association

and epigenetic analysis should be undertaken to

elucidate the complex interactions between the

genome and hypoxic environment, pathogenesis

of HAPE, and appropriate drug designing both

for prophylactic and prevention purposes.

Whole Genome Sequencing

Genetic mechanisms underlying high-altitude

adaptation were recently studied using whole

genome sequencing and comparing genetic

variation between Peruvian individuals from the

Andes region with CMS and those without CMS.

Two genes, ANP32D and SENP1, with signifi-

cantly increased expression in the CMS

individuals compared to non-CMS individuals

were identified. It was hypothesized that

downregulating these genes could be beneficial

in coping with hypoxia [88]. This finding may

have important implications not only for those

who live at high altitudes but also in treating

certain cardiovascular and brain diseases related

to low oxygen levels in individuals living at any

altitude. These researchers are planning whole

genome sequencing for the almost 100 remaining

patient samples to test if biomarkers exist to

predict CMS.

Polymorphism Profiling for
High-Altitude Acclimatization/
Adaptation/Maladaptation

Much of what is known about the genetic basis of

high-altitude acclimatization/adaptation comes

from studies using “candidate gene” approach;

a total of 58 genes have so far been tested for

association with acute mountain sickness, high-

altitude pulmonary edema, chronic mountain

sickness, and high-altitude pulmonary hyperten-

sion, and out of these, 17 genes with at least one

variant were found to be associated with one or

more altitude illness [reviewed in 48]. A number

of genes encoding components of the renin-

angiotensin-aldosterone system (RAAS) have

been investigated in altitude illness, and ACE,

AGTR1, and CYP11B2 were found to be

associated with HAPE. A significant amount of

work has been undertaken to investigate the

insertion (I)/deletion (D) polymorphism of the

angiotensin-converting enzyme (ACE) gene

(ACE I/D polymorphism) in relation to human

adaptation to high altitude [4, 60, 67]. The ACE I

allele has been shown to be associated with Cau-

casian mountain climbers who ascended to

extremely high altitudes without supplemental

oxygen [53]. An overrepresentation of ACE D

allele was shown in HAPE-susceptible

individuals, while ACE I/I genotype in
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conjunction with specific EDN1 genotype was

more prevalent in HAPE-resistant individuals

[19]. A meta-analysis of association of ACE I/D
polymorphism with HAPE showed that ACE D

allele carriers were at significant increased risk of

developing HAPE [64]. Variants of CYP11B2
gene polymorphisms are also associated with

HAPE [2, 61] although more studies may be

required to unravel those variants that may be

functionally linked to HAPE. Single locus analy-

sis showed that the polymorphisms C-344T and

K173R in the cytochrome P450 family protein

CYP11B2 and the A-240T polymorphism in

the angiotensin I-converting enzyme (ACE)

protein were significantly associated with HAPE.

Gene-gene interaction analysis found that the

ACE A-240T, A2350G, and CYP11B2 C-344T

polymorphisms had a strong synergistic effect on

HAPE. Homozygous genotype combination of

-240AA, 2350GG, and -344TT, in particular,

conferred high genetic susceptibility to HAPE

providing evidence for synergistic effect of

RAAS gene polymorphisms on HAPE suscepti-

bility [62, 64, 68]. Mass spectroscopy-based

genotyping assay of polymorphisms in EGLN1

identified seven SNPs to be significantly differ-

ent in individuals of HAPE compared to HAPE-

free controls, and genotypes AA of rs1538664,

TT of rs479200, AA of rs2486729, GG of

rs2790879, CC of rs480902, AA of rs2486736,

and GG of rs973252 were identified as risk

genotypes [52]. Upregulated expression of

EGLN1 was also noted in HAPE [52]. In our

gene expression experiments, we noted

upregulated expression of EGLN3 in HAPE com-

pared to acclimatized controls (communicated)

[73]. Designing drugs/inhibitors which down-

regulate expression of EGLN in maladapted

individuals will have translational application.

Familial character and heritability studies

have suggested that genetic factors could make

a contribution to the pathogenesis of chronic

mountain sickness (CMS) and high-altitude

pulmonary hypertension (HAPH) [42]. The

ACE I allele and I/I genotype were shown to be

significantly overrepresented in high-altitude

pulmonary hypertension (HAPH) in Kyrgyz

highlanders compared to unaffected individuals

[4] as was I-G-A haplotype [3]. In Tibetan popu-

lation the AGT 235M allele was shown to be

associated with CMS. Even though some alleles

are more prevalent (G allele of eNOS polymor-

phism, Glu298Asp in Sherpas, and ACE I allele

in HAPH Kyrgyz) or less prevalent (ACE D

allele in Andeans) in the different high-altitude

populations, data so far are still insufficient to

rigorously test any hypothesis regarding the

implications of these gene polymorphisms

in CMS or HAPH.

Medication for Prevention and
Treatment of High-Altitude Illness

Much of the prevailing medications for high

altitude were developed as approved medications

for other purposes. As these drugs confer some

advantage in amelioration of high-altitude

adverse effects and also in absence of other

drugs at the moment, these are continued to be

used. These medications do not restore sea-level

physical performance at high altitude and/or may

compromise natural acclimatization processes.

The prevailing medications are discussed in the

following section.

Acetazolamide

[N-(5-Sulfamoyl-1,3,4-thiadiazol-2-yl)acetamide]

(trade name, Diamox): The role of acetazolamide

in prevention of AMS has been established

through multiple trials [9, 18, 25, 78]. Acetazol-

amide is a carbonic anhydrase inhibitor wherein

carbonic anhydrase is inhibited and carbonic

acid levels build up. It works by interfering

with bicarbonate (HCO3
�) and forces the

kidneys to excrete the bicarbonate through the

urine thereby reacidifying the blood [26]. Inhibi-

tion of carbonic anhydrase leads to a slowing of

the reverse reaction which causes an increase in

respiration and thereby aids in acclimatization.

It helps some people in rapid ascent to sleeping

altitude above 2,700 m (9,000 ft) and allows one

to breathe faster and utilize more oxygen,

thereby minimizing the symptoms caused by
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poor oxygenation. The drug is especially helpful

at night when respiratory drive is decreased. It

takes a while for acetazolamide to have an effect,

and thus it is advised to start the drug 24 h before

travel to altitude and continue for at least 5 days

at the high altitude. It is taken prophylactically

starting a few days before going to high attitude

[35]. The standard dose recommendation of the

Himalayan Rescue Association Medical Clinic is

125 mg twice a day (morning and night) although

some individuals may need 250 mg. The Everest

Base Camp Medical Clinic (Everest ER), a proj-

ect of the Himalayan Rescue Association-USA

(US-based nonprofit charity organization) and

Himalayan Rescue Association (a nonprofit

Nepali NGO) established during the 2003,

cautions against routine use of acetazolamide as

a substitute for a reasonable ascent schedule,

except where rapid ascent is forced by flying

into high-altitude locations or due to terrain

considerations. The center suggests a dosage of

125–250 mg twice daily for prophylaxis, starting

from 24 h before ascending until a few days at

the highest altitude or on descending with

250 mg twice daily recommended for treatment

of AMS. As acetazolamide is a sulfonamide

derivative, it is not recommended for sulfa-

allergic patients. An undesirable side effect of

acetazolamide is a reduction in aerobic endur-

ance performance. Dosage of 1,000 mg/day

produces a 25 % decrease in performance over

and above reduction in performance due to high-

altitude exposure [54]. Other possible side

effects include tingling of the lips and finger

tips, blurring of vision, and alteration of taste.

These side effects may be reduced with the

125 mg. A study by the Denali Medical Research

Project concluded that in established cases of

acute mountain sickness, treatment with acet-

azolamide relieves symptoms, improves arterial

oxygenation, and prevents further impairment of

pulmonary gas exchange [33]. A single study in

human showed blunt hypoxic pulmonary vaso-

constriction with acetazolamide [77], but any

other data supporting its role in HAPE preven-

tion is not available. Interestingly in our gene

expression studies, we noted upregulation of

carbonic anhydrase IX (CA9) gene transcript

in HAPE compared to acclimatized controls

(fold change 2.52, p-value 2.00E-004) and

suggest that the role of this drug or some other

moiety designed through in silico approaches

should be further probed in HAPE.

Dexamethasone

[8S,9R,10S,11S,13S,14S,16R,17R)-9-Fluoro-11,

17-dihydroxy-17-(2-hydroxyacetyl)-10,13,16-

trimethyl-6,7,8,9,10,11,12,13,14,15,16,17-

dodecahydro-3H-cyclopenta[a]phenanthren-

3-one] is a prescription drug that is very effec-

tive in treatment of AMS [23, 36, 43]. It

decreases brain and other swellings reversing

the effects of AMS. Extensive clinical experi-

ence supports the use of dexamethasone in

patients with HACE. It is a steroid and is

administered as an 8 mg dose (intramuscularly,

intravenously, or orally) followed by four every

6 h until symptoms resolve. A dose of 4 mg

twice a day for a few days starting with ascent

prevents most symptoms of altitude illness. It

should be used with caution and only on the

advice of a physician because of possible seri-

ous side effects. It may be combined with

Diamox. No other medications have been

proven valuable for preventing AMS. The

Centers for Disease Control and Prevention

(CDC), the national public health institute of

the United States, advises that dexamethasone

be reserved for treatment of AMS and HACE

during descents [37].

Nifedipine

(3,5-Dimethyl 2,6-dimethyl-4-(2-nitrophenyl)-

1,4-dihydropyridine-3,5-dicarboxylate) is a

dihydropyridine calcium channel blocker. Nifed-

ipine (20 mg sustained release version) over 8 h

was shown to be effective at preventing HAPE in

climbers/trekkers with a history of recurrent

episodes of HAPE [6]. Climbers/trekkers with

history of recurrent episodes of HAPE often

consider this drug for prophylaxis and are

advised to carry nifedipine when at altitude and
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use with the first sign of HAPE. Nifedipine

rapidly decreases pulmonary artery pressure

and relieves HAPE. A single, nonrandomized,

unblended study demonstrated utility of nifedi-

pine in treatment of HAPE when oxygen or

descent was not available [56].

Other Medications for Altitude
Illnesses

Ibuprofen [(RS)-2-(4-(2-methylpropyl)phenyl)

propanoic acid], a nonsteroidal anti-

inflammatory drug, has been found to be effec-

tive at relieving altitude headache. Following the

onset of altitude sickness, ibuprofen is suggested

as anti-inflammatory and painkiller that helps

alleviate both headache and nausea associated

with AMS, as well as in combating cerebral

edema (swelling of the brain) associated with

extreme symptoms of AMS [45]. It works

by inhibiting the enzyme cyclooxygenase

(COX), which converts arachidonic acid to

prostaglandin H2 (PGH2). PGH2, in turn, is

converted by other enzymes to several other

prostaglandins (which are mediators of pain,

inflammation, and fever) and to thromboxane

A2 (which stimulates platelet aggregation lead-

ing to the formation of blood clots). Two recent

studies showed that ibuprofen 600 mg three

times daily was effective at preventing AMS.

But it was not clear if this affected HAPE

or HACE [27, 30]. A single, randomized, con-

trolled trial found that sumatriptan may help

prevent altitude sickness [40]. Despite their

popularity, antioxidant treatments have not

been found to be effective medications for pre-

vention of AMS [5]. Phosphodiesterase-5

inhibitors such as sildenafil can also selectively

lower pulmonary artery pressure, with less effect

on systemic blood pressure. Sildenafil signifi-

cantly improved the cardiovascular and exercise

performance measures of trained cyclists at high

altitude, and the drug helped some participants

improve performance up to 45 %, while others

showed little change although it provided no

benefit at sea level [38]. Interest in sildenafil

has been, however, limited by the possibility

that these drugs might worsen the headache of

mountain sickness [7]. In a single, randomized,

placebo-controlled trial, tadalafil, also a phos-

phodiesterase type 5 enzyme inhibitor, 10 mg

twice a day, was found to be effective in

preventing HAPE in susceptible individuals dur-

ing ascent [49] and is being studied for treatment.

Another promising possible preventative for alti-

tude sickness may be myo-inositol trispyro-

phosphate (ITPP), a novel membrane-permeant

allosteric effector of hemoglobin (Hb) which

increases the amount of oxygen released by

hemoglobin [16].

Conclusion

With advancement and accessibility to genomic

and genome-wide data sets, our understanding of

the role of genes and environment in high-altitude

environment will get accelerated which can poten-

tially get converted to translational research.

Regulating key pathway target genes will be

important for management of physiological

changes due to environmental stress of high

altitude which may be beneficial for rapid

acclimatization as well as prevention of maladap-

tation. One approach which could be promising is

tailoring function of hemoglobin-based oxygen

carriers (HBOCs) in a specific fashion in disease

states and conditions by modulating activity of

HIF (hypoxia-inducible factor) which is a master

regulator of oxygen homoeostasis and has impor-

tant functional role in the transcriptional regulation

of major pathway genes that mediate the adaptive

responses to hypoxia.

The opportunities for using modern research

advances in genomics and proteomics and other

novel strategies to bring new insights into the

study of disease and human populations have

never been greater. It will be advantageous to

utilize these opportunities and transform medical

practice by expanding vision beyond cure and

intervening earlier in the treatment process. In

current times, great technological potentials are

available to stop diseases before they occur

by predictive, personalized, preemptive, and

participatory medicine. Practicing medicine in
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this way will help us in understanding the funda-

mental causes of diseases at their earliest molec-

ular stages so that one can reliably predict how

and when a disease will develop and in whom.

Utilization of biomarkers, which are the molecu-

lar, biological, or physical characteristics that

indicate a specific underlying physiological

state, is showing impact upon prevention and

treatment of diseases like blood pressure [57].

Cholesterol biomarkers have enabled diagnostics

and therapies contributing to a nearly 50 %

decrease in cardiovascular mortality in the

United States over the past 30 years. New pow-

erful scientific resources like genotype-

phenotype database for NIH-supported genome-

wide association studies are being created

through which it is envisioned to establish a

common data repository to promote and facilitate

widespread sharing of genotype and phenotype

data as well as the significant associations

between them.

Many challenges, however, remain as one

seeks to obtain complete descriptions of the sus-

ceptibility architecture of biomedical traits of

interest and translate the information into

improvements in clinical management. A major

challenge is that the risk marker alleles confer

very small relative risks (over a range of 1.1–1.5)

[50]. When alleles that are associated with a

modest increase in risk are combined, they

show low discriminatory and predictive ability

[41]. In coming years many more common

variants conferring a risk of disease or maladap-

tation to environmental stress may be identified

paving way for stability of individual risk

estimates. Translational research in high-altitude

medicine has just arrived, and a major challenge

in coming years will be determining when and

how high-altitude genomic information can be

usefully applied in clinical health practice.

Future research in high-altitude genomics will

definitely identify candidate processes at the sys-

temic level and drug candidates which will be

suitable for development of new drug and other

novel products for translational purposes. The

ultimate goal would lie in making genomic infor-

mation readily accessible for more informed and

better management of high-altitude environmen-

tal stress.
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Hypoxia in Acute Chemical
Emergencies: Toxicity, Mechanism,
and Treatment

Rahul Bhattacharya and M.P. Kaushik

Abstract

Hypoxia is a pathological condition in which the whole body or a particu-

lar region of the body suffers from oxygen deprivation. There are various

kinds of hypoxia viz. hypoxemic hypoxia (e.g., high-altitude pulmonary

edema, high-altitude cerebral edema, etc.), anemic hypoxia (e.g., chronic

anemia, carbon monoxide (CO) poisoning, etc.), stagnant hypoxia (heart

failure, vasodilatory shock, etc.), and histotoxic hypoxia. In histotoxic

hypoxia, the quantity of oxygen reaching the cells is normal, but the cells

are unable to utilize the oxygen efficiently. This is due to inactivation of

enzymes involved in oxidative phosphorylation. This causes profound

reduction in adenosine triphosphate production by the mitochondria,

leading to various cellular perturbations, and possibly cell death. The

gases considered as chemical asphyxiants act either by decreasing the

oxygen-carrying capacity of the blood (CO) or by interfering with cellular

utilization of oxygen (cyanide and hydrogen sulfide). Regardless of mode

of action, chemical asphyxiants can cause severe hypoxia (chemical

hypoxia), which is detrimental for the living organisms. Acute chemical

emergencies can be encountered during industrial disasters, occupational

exposures, accidents, use of chemical warfare agents, and acts of terrorism.

This chapter discusses the toxicity, molecular mechanism(s) of action,

and treatment modalities of chemical asphyxiants. Possible implication

of organophosphorus compounds in producing chemical hypoxia is also

addressed. This information will be useful for medical management of

hypoxia-related chemical emergencies.

Introduction

Oxygen is a fundamental requirement for animal

existence. Complete deficiency of oxygen in

the body is referred as anoxia, while deprivation

of oxygen is regarded as hypoxia. Hypoxia is a

life-threatening condition in which oxygen supply
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in the body is inadequate to meet the metabolic

requirements of the tissue [1, 2]. Hypoxia is

known to occur after ischemia, hemorrhage,

stroke, premature birth, and other cardiovascular

difficulties, among which hemorrhagic shock is

the leading cause of death and complications.

These complications can be experienced in both

military and civilian settings [3, 4]. Hypoxia may

lead to systemic inflammation response syndrome

(SIRS), multiple organ dysfunction (MOD), and

multiple organ failure (MOF) [5]. Hypoxia can

occur during physiological stress, disease, or

chemical stress. There are four major types of

hypoxia as shown in Fig. 1: (1) hypoxemic

hypoxia is the most common type of hypoxia

which is caused by decreased oxygen in air or

the inability to diffuse the oxygen across the

lungs. In this condition, the person has less than

100 % saturation of the blood in the arteries. This

can happen at an altitude where the oxygen con-

tent of air is low. This can usually be experienced

at an altitude over 12,500 ft, when one suffers

from high-altitude pulmonary edema (HAPE)

and high-altitude cerebral edema (HACE). Also,

in the case of damaged lungs, oxygen transfer is

impaired as in the case of smokers; (2) anemic

hypoxia is a state in which the arterial partial

pressure of oxygen is normal, but total oxygen

content of the blood is reduced due to decrease

in circulating hemoglobin, which carries the

oxygen. This occurs in chronic anemia and carbon

monoxide (CO) poisoning, (3) stagnant hypoxia is

also known as ischemic hypoxia, which occurs due

to decreased blood flow, as observed during heart

failure and vasodilatory shock. This usually

happens due to reduced cardiac output (impaired

pumping) or venous pooling during high G force

stress, and (4) histotoxic hypoxia occurs when

blood is enriched in oxygen, but cells are unable

to utilize the oxygen. This happens due to impaired

extraction of oxygen from the circulation by the

body tissues, as observed in case of cyanide, CO,

and hydrogen sulfide (H2S) poisoning [1, 2].

A chemical emergency occurs when a hazard-

ous chemical has been released, and the release has

the potential for harming people’s health. Chemical

release can be unintentional or accidental. This

includes industrial mishap, occupational exposure,

recreational mishap, and natural catastrophe.

Intentional exposures include use of chemical

warfare in war or terrorist attack with a chemical

weapon [6–14]. The major classes of chemicals

responsible for chemical emergencies include

asphyxiants (e.g., cyanide, CO), cholinesterase

inhibitors (e.g., organophosphorus (OP) nerve

agents), respiratory tract irritants (e.g., chlorine,

phosgene), and vesicants (e.g., mustards,

arsenicals) [12]. Various factors contributing to

different types of hypoxia are depicted in Fig. 1.

Asphyxiants are gases that deprive body tissues of

CHEMICAL
EMERGENCY

Asphyxiants Cholinesterase
inhibitors

Respiratory
tract irritants

Vesicants

Chemical
asphyxiants

Simple
asphyxiants

• PHYSIOLOGICAL STRESS
• DISEASE
• CHEMICAL STRESS

Hypoxemic hypoxia

Anemic hypoxia

Stagnant hypoxia

Histotoxic hypoxia

??

Fig. 1 Factors contributing to different types of hypoxia
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oxygen. They are generally divided into two

categories, namely, simple and chemical

asphyxiants [15]. Simple asphyxiants usually dis-

place oxygen from ambient air. In a confined

space, when the concentration of such gases

increases, with concomitant decrease in the frac-

tion of inspired oxygen (FiO2), it leads to hypoxia.

Simple asphyxiants include carbon dioxide (CO2),

nitrogen, and propane. On the other hand, chemical

asphyxiants act either by decreasing the oxygen-

carrying capacity of the blood (e.g., CO) or by

interfering with cellular utilization of oxygen

(e.g., cyanide and H2S). Such agents inactivate

the enzymes like cytochrome c oxidase (CCO),

which is involved in oxidative phosphorylation,

leading to histotoxic hypoxia. This results in

profound reduction in adenosine triphosphate

(ATP) production by mitochondria, leading to var-

ious cellular perturbations and possibly cell death

[12]. There are several other chemicals, which are

also known to interrupt the mitochondrial electron

transport chain leading to hypoxia, namely,

rotenone, antimycin A, azides, and 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP), etc.

[16, 17]. Several reports were published on

cellular and molecular events immediately

following hypoxia [18–20]. Although, organophos-

phorus (OP) compounds, including the highly toxic

nerve agents, have not been categorized as

chemical asphyxiants, they have also been shown

to produce effects similar to hypoxia caused by

chemical asphyxiants [21–24]. This chapter

discusses the toxicity, molecular mechanism(s) of

action, and treatment modalities of some important

chemical asphyxiants. Possible implications of OP

compounds in induction of chemical hypoxia are

also discussed. This chapter will be useful for

medical management of hypoxia during chemical

emergencies.

Biology of Hypoxia

In this section we have discussed the molecular

mechanisms underlying generalized hypoxia,

without any particular focus on histotoxic hyp-

oxia. Oxygen is essential for cell survival; there-

fore, tissue oxygenation is essential for all

normal physiological functions, predominantly

the cell growth, respiration, and metabolism.

Oxygen is an essential nutrient for mammalian

cells because of its role as the terminal electron

acceptor in oxidative phosphorylation. Supplied

through breathing, oxygen dissolves in plasma

and tissues and is carried throughout the body

as oxyhemoglobin (O2Hb), which releases

oxygen when it is needed for mitochondrial res-

piration. However, in several medical conditions

like high-altitude or underwater activities, and

rigorous exercise, deprivation of oxygen is

experienced leading to hypoxia. Additionally,

accidental or deliberate exposure to certain

chemicals (asphyxiants) can cause severe

hypoxia and tissue pathology, resulting in mor-

bidity or mortality [25]. The molecular biology

of hypoxia has been possibly explained by many

[3, 4, 26–28]. Three thresholds of hypoxia have

been defined [29]. They are as follows: (1) when

cellular oxygen decreases but ATP production is

maintained at a level sufficient to match ATP

demand by metabolic adaptation; (2) when

steady state ATP turnover is maintained by the

production of ATP from anaerobic glycolysis,

generating two molecules of ATP per one mole-

cule of glucose metabolized; this, however, can-

not meet the metabolic demands of functionally

active brain, kidney, and liver, and they suffer

from hypoxia; and (3) when glycolysis becomes

insufficient to produce enough ATP to maintain

cell function and structural integrity. Many

tissues after the second threshold develop ATP

depletion. Nerve cells in the brain require high

levels of ATP to operate the sodium-potassium

pump. At 50–60 % depletion of ATP, depolari-

zation of the membrane and uptake of sodium

and water take place [25]. Possible mechanistic

pathways of hypoxia-induced cell injury have

been depicted in Fig. 2. Hypoxia has been

shown to perturb calcium homeostasis. An influx

of [Ca2+]i through voltage-gated calcium

channels occur that lead to glutamate neurotrans-

mitter release [30, 31]. Glutamate binds to gluta-

mate receptors, initiating a process of [Ca2+]i
influx and excitatory injury called the glutamate

cascade. This results in cascade of complex

events leading to cell swelling and lysis,

Hypoxia in Acute Chemical Emergencies: Toxicity, Mechanism, and Treatment 231



characterizing apoptotic type of cell death [32].

Influx of [Ca2+]i is also known to be activated

due to inhibition of Na+/Ca2+ exchanger [33]. It

is also believed that cell death following abrupt

increase in [Ca2+]i is mediated by activation of

Ca2+-dependent enzymes that trigger the down-

stream cascade reaction, thereby probably lead-

ing to either necrosis or apoptosis [34, 35].

Overexpression of heat-shock protein (HSP-70i)

has been shown to reduce the hypoxia-induced

increase in intracellular Ca2+ and probably

increases cell survival [36]. There are several

instances of hypoxia, where the induction of

inducible nitric oxide synthase (iNOS), along

with cyclooxygenase (COX)-2, and CD14

upregulation has been documented [37, 38].

This promotes the inflammatory response by the

rapid and excessive production of nitric oxide

(NO) and prostaglandins. In addition, hypoxia

also alters expression of Bcl-2 and p53. Expres-

sion of Bcl-2 is usually accompanied by

inactivation of tumor suppressor protein p53,

which frequently leads to tumor progression

[39]. However, these responses to hypoxia are

organ and cell specific [3]. Hypoxia has also been

shown to trigger the activity of caspases

(executioners of apoptosis), particularly

caspase-3, which has been associated with DNA

fragmentation [40]. One study elucidated the

implication of nuclear Ca2+ influx and nuclear

Ca2+-mediated mechanisms, including signal

transduction, apoptotic gene transcription,

caspase activation, and nuclear DNA fragmenta-

tion, which resulted in hypoxic neuronal injury in

the newborn brain [18]. Further, hypoxia-

induced Bax and Bcl-2 protein expression,

caspase-9 activation, DNA fragmentation, lipid

peroxidation in mitochondria of the cerebral cor-

tex of newborn piglets, and possible role of NO

was also reported [19]. Authors concluded that

during post-hypoxic reoxygenation, the increase

in Bax protein expression and nuclear DNA
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Inadequate tissue oxygenation

Pyruvate dehydrogenase

ATP

Ca2+● Glutamate neurotransmitter release
● Excitatory injury

Inflammatory mediators
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Mitochondrial dysfunction

● ROS generation
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●   ●
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Fig. 2 Possible mechanistic pathway of hypoxia-induced cell injury
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fragmentation were mediated by NO derived

from neuronal nitric oxide synthase (nNOS).

It was further proposed that in addition to

NO-mediated nuclear DNA damage, the

hypoxia-induced increased ratio of Bax/Bcl-2-

protein could lead to caspase-activated cascade

of hypoxic neuronal death during post-hypoxic

reoxygenation [20]. Chemical hypoxia induced

by antimycin A, yet another inhibitor of mito-

chondrial electron transport, showed the involve-

ment of ATP depletion, reactive oxygen species

(ROS), alteration in the mitochondrial perme-

ability transition, and increase in intracellular

Ca2+ in human glioma cells [41].

Whatever may be the sequence of events after

hypoxia, there are some neuronal cells which can

withstand the hypoxic crisis and survive [31].

These surviving cells develop adaptive responses,

and express high levels of hypoxia inducible fac-

tor 1α (HIF-1α), which is a transcription factor

and a major regulator of the cellular response to

hypoxia [42]. In mammalian cells, HIF-1α has

been shown to play an essential role in the cellular

and systemic oxygen homeostasis [43]. HIF-1α
has been considered to be a master transcriptional

regulator in hypoxia [44] and be a key modulator

for the induction of genes that facilitate adaption

and survival of cells [45]. Various genes targeted

by HIF-1α include vascular endothelial growth

factor (VEGF), insulin-like growth factors (IGF),

and transforming growth factors (TGF), which can

activate signal transduction pathways, leading to

cell proliferation and survival [3].

Cyanide

Source

The use of cyanide in military operations is

negligible. However, its possible use in mass

terrorism is a matter of concern to civil authorities

[13, 46, 47]. Cyanide is widely used in industries

including mining operations, photography, tan-

nery, production of plastics, pigments, and dyes

and often used as fumigant pesticides [48–50].

Fire victims can also inhale significant amount of

cyanide and CO gases, which may cause synergis-

tic toxicity in humans [51]. In a closed space, fire

induces a combination of oxygen deprivation

directly related to combustion and simultaneous

intoxication by asphyxiant and irritant gases [52].

Iatrogenic release of toxic levels of cyanide has

been reported after administration of drugs like

amygdalin (Laetrile®), sodium nitroprusside

(Nipride®), and succinonitrile [53–55]. Cigarette

smoke and cassava-based food also contain

cyanide [54].

Signs and Symptoms

The maximum permissible concentration for

hydrogen cyanide (HCN) in human is 11 mg/m3,

and orally the fatal dose is estimated at 50–100mg

[50]. Inhalation of high concentration of hydrogen

cyanide produces reddish pink hue on the skin,

accompanied by tachypnea, tachycardia, and

nonspecific symptoms originating from central

nervous system (CNS). Stupor, coma, and seizure

immediately precede respiratory arrest and cardio-

vascular collapse, culminating in death [15]. Signs

and symptoms of acute cyanide poisoning are

often nonspecific and vary in both time and

intensity depending upon the scale of exposure

[56]. Probably the most widespread pathologic

condition attributed to chronic cyanide poisoning

is tropic ataxic neuropathy (TAN) following

cassava consumption [57]. Usually arterial blood

gases, serum electrolytes, cyanide, and thiocyanate

levels in the blood or urine are measured to

confirm cyanide poisoning. “Lee-Jones Test” is a

quick bedside test that can qualitatively detect

cyanide in gastric aspirate [50].

Mechanism of Action

Cyanide is described as a selective neurotoxin

[58]. The cyanide anion (CN�) rapidly causes a

non-competitive inhibition of the mitochondrial

metalloenzyme, cytochrome c oxidase (CCO).

The enzyme is essential for ATP production. Con-

sequently, aerobic oxidative metabolism and phos-

phorylation are compromised leading to histotoxic

hypoxia and lactic acidosis [52]. Various molecular

events mediating cyanide toxicity have been

illustrated in Fig. 3. Cyanide toxicity cannot be
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attributed to a single biochemical lesion but a com-

plex phenomenon. The hypoxia-induced neurotox-

icity of cyanide is also known to be mediated

through elevated intracellular [Ca2+]i levels, inhi-

bition of antioxidant enzymes, generation of ROS,

and lipid peroxidation [59–61]. Cyanide-induced

chemical hypoxia has been shown to increase the

expression of mRNA of iNOS, p53, Bcl-2, heat-

shock protein 70 (HSP-70), and β-actin in human

cells in vitro [40]. A correlation between chemical

hypoxia-induced apoptosis and expression of iNOS

and NO production has been shown earlier. Fur-

ther, inhibition of iNOS limited T-cell apoptosis by

decreasing the activity of caspase-3 without affect-

ing the expression of Fas/Apo-1/CD95 on the

surface membrane of T cells [38]. Subsequently,

cyanide-induced oxidative stress [62] was found to

be accompanied by increased expression of HSP-

70 activity in vivo, without any concurrent change

in the gene expression of antioxidant enzymes [63].

Modulation of N-methyl-D-aspartate (NMDA)

receptor has been widely implicated in cyanide-

induced neurotoxicity [64]. Alterations in the levels

of dopamine and protein kinase C, calmodulin, and

NO-dependent cyclic guanosine monophosphate

(GMP)-dependent enzymes are known to be

involved in cyanide-induced convulsions [65, 66].

Most of the biochemical lesions produced by

cyanide are emanating from histotoxic hypoxia,

lactic acidosis, and altered bioenergetics [67].

CYANIDE
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● Activation of voltage-sensitive calcium channel
● Inactivation of Na-K-ATPase & Ca-Mg-ATPase
● Modulation of NMDA receptor
● Glutamate release
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● Activation of proteases
● Activation of caspases
● Activation of endonucleases
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● ROS generation
● Lipid peroxidation
● Inactivation of antioxidant defense
● Neurotransmitter release

● Expression of iNOS, p53, Bcl-2, 
 HSP-70 & b -actin
● DNA damage
● Aberration in cell structure

Cell death

Inhibition of
cytochrome c oxidase

Fig. 3 Various molecular

events underlying cyanide

toxicity
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Treatment

The onset of cyanide toxicity is very fast, which

necessitates immediate and vigorous treatment.

The recovery of the victim largely depends on

termination of exposure, supportive care, and

institution of specific treatment. The supportive

therapy includes mechanical airway support, arti-

ficial ventilation with 100 % oxygen, possibly

delivered through an Ambu bag containing amyl

nitrite. Lactic acidosis resulting from anaerobic

metabolism and convulsions can be treated with

sodium bicarbonate and diazepam, respectively

[48, 50]. Critical patients, who are not satisfacto-

rily responding to supportive therapy, should be

administered specific cyanide antidotes including

sodium nitrite and sodium thiosulfate. Sodium

nitrite oxidizes hemoglobin to ferrihemoglobin,

which preferentially binds with cyanide to form

cyanomethemoglobin. As a result, the inhibited

CCO is restored for normal activity. Further,

sodium thiosulfate enzymatically eliminates

cyanide through urine in the form of thiocyanate.

4-dimethylaminophenol (DMAP), dicobalt

edetate, and hydroxocobalamin are also some

popular cyanide antidotes used in different

countries [50]. There are several other investiga-

tional drugs, which have shown promise against

experimental cyanide poisoning [50]. One of these

is a carbonyl compound viz. α-ketoglutarate,
which neutralizes cyanide to form a cyanohydrin

complex [68]. Presently, this molecule is

undergoing clinical trials in humans as an oral

antidote for cyanide [69].

Carbon Monoxide

Source

Yet another classical chemical asphyxiant is CO,

which is a colorless, odorless, tasteless, nonirri-

tating gas, and difficult to detect. It is produced

due to incomplete combustion of organic matter

due to insufficient oxygen supply, which

prevents complete oxidation to CO2. After CO2,

it is the most abundant atmospheric pollutant.

CO is the most common cause of fatal occupa-

tional inhalation in the United States [70, 71].

Natural sources of CO include forest fires and

volcanic eruptions, but mostly anthropogenic

activities include escape of carbon monoxide

from internal combustion engine and industrial

discharges [15, 72]. It is often produced in

domestic or industrial settings by old motor

vehicles and gasoline-powered engines, heaters,

and cooking equipments. Cigarette smoke is also

known to produce CO [73].

Signs and Symptoms

Different people and populations may have differ-

ent CO tolerance levels [74]. On an average, expo-

sure to 100 ppm or greater can be dangerous to

human health [73]. During mild CO poisoning,

headache, nausea, vomiting, lactic acidosis,

dizziness, myalgia, or confusion may be experi-

enced [75]. However, after severe CO poisoning,

victims are known to suffer from serious neuro-

psychiatry abnormality (e.g., depression, memory

loss, delirium, hallucination, dizziness, etc.) or

cardiovascular instability (e.g., altered sensorium,

seizure, coma, syncope, ischemia, etc.). In severe

cases, CNS depression, unconsciousness, and

respiratory arrest occur, immediately followed

by death [76]. A diagnosis of CO poisoning is

confirmed by an elevated carboxyhemoglobin

(HbCO) level, for which there are specific and

rapid tests available [12, 77]. However, low

HbCO values may be interpreted with caution,

because of possible interference of oxygen therapy

[77].Usually, HbCO ismeasured by aCO-oximeter

and pulse oximeter [78].

Mechanism of Action

When CO is not ventilated, it binds to the ferrous

(Fe2+) in the heme prosthetic group of

hemeproteins, which includes hemoglobin,

myoglobin, and some intracellular enzymes

(cytochromes, P-450). The affinity between CO

and hemoglobin is approximately 230 times

stronger than the affinity between oxygen and
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hemoglobin. As a result, oxygen fails to dissoci-

ate from the HbCO, leading to tissue hypoxia.

Hemoglobin is a tetramer with four oxygen bind-

ing sites. The binding of CO at one of these site

increases the oxygen affinity of the remaining

three sites, which refrains the hemoglobin mole-

cule from delivering the oxygen to the tissue,

leading to hypoxia [79]. Additionally, HbCO

causes a shift of the O2Hb dissociation curve to

the left, reducing delivery of oxygen to already

anoxic tissues [78]. The HbCO can revert to

hemoglobin, but the recovery takes time because

the complex is fairly stable. Also, CO binds to

the hemeprotein myoglobin, impairing its ability

to utilize oxygen. This may cause reduced car-

diac output and hypotension leading to brain

ischemia [80]. Similar to cyanide, CO also

inhibits the activity of CCO, hampering the

ATP synthesis. As a result, cells resort to anaer-

obic metabolism, causing anoxia, lactic acidosis,

and death [81]. Further, CO has also been shown

to prompt endothelial cells and platelets to

release NO, leading to formation of oxygen free

radicals including peroxynitrite [75]. This leads

to temporal mitochondrial dysfunction, capillary

leakage, leukocyte sequestration, and apoptosis

[82]. Lipid peroxidation, demyelinization of

white matter in the CNS, edema, various patho-

logical changes in different brain areas, and

necrosis are other complications observed after

CO poisoning [79].

Treatment

Initial treatment of CO poisoning is to immedi-

ately remove the victim from contaminated area.

Those who are unconscious may require cardio-

pulmonary resuscitation (CPR) on site. CO poi-

soning can be treated with 100 % oxygen.

Oxygen reverses hypoxemia and accelerates the

elimination of the chemical asphyxiant [12].

Hyperbaric oxygen (HBO) reverses hypoxia,

competes with CO for hemoglobin binding, and

facilitates HbCO dissociation. It has been shown

to shorten HbCO half-life from 4 to 6 h to

<30 min [15]. Usually, approximately 30 % of

victims with severe CO poisoning are likely to

have fatal outcome [83]. Extensive follow-up

and supportive treatment is often required to

manage delayed neurological damage, neuropsy-

chiatric sequelae, and other complications after

CO poisoning. Caution should be observed

during treatment of smoke-inhaled victims

co-exposed to HCN and CO. In such instances,

administration of nitrites to challenge cyanide

poisoning is contraindicated. Methemoglobin

generated by nitrites may have detrimental effects

on the oxygen-carrying capacity of blood, which

is already compromised due to HbCO formation

following CO poisoning [51, 52].

Hydrogen Sulfide

Source

H2S is a colorless, flammable, lipid-soluble

toxic gas produced in occupational settings

and from decaying organic matter. It is particu-

larly produced during the decay of sulfur-

containing proteins and is a by-product of

human and animal waste [84, 85]. It is naturally

present in crude petroleum, natural gas, volca-

nic gases, and in wetlands. Occupational

exposure to H2S is primarily a problem in the

sour gas segment of the natural gas industry,

particularly in the Canadian province of Alberta

[84, 85]. H2S is also a product of many industries

such as leather tanning, rubber vulcanization,

synthetic fabric and paper production, asphalt

roofing, etc.

Signs and Symptoms

H2S is a mucus membrane irritant and has a

characteristic pungent odor of rotten eggs [78].

However, olfactory desensitization is known to

occur at concentrations above 100 ppm. Thus, at

levels above 100 ppm, toxicity can continue

without the patient being aware [84, 85]. Also,

at lower concentrations, a keratoconjunctivitis or

“gas eye” can occur, which is a superficial

inflammation of the cornea and conjunctiva [84,

86]. High concentrations (>700 ppm) of H2S are
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known to be acutely lethal for humans and

animals. At a high concentration (400 ppm),

necrosis and ulceration of nasal respiratory and

olfactory epithelial cells are observed [87]. H2S

has a unique ability to cause sudden collapse or

“knock down” of the victims after breathing

contaminated air for a short while. This happens

because of its acute effect on the respiratory

center [78, 84].

Mechanism of Action

Toxicity of H2S has often been compared

with cyanide. It selectively binds with the Fe2+

of CCO enzyme in complex IV, the last step

involved in electron transport chain in the

mitochondria [88]. This leads to cessation of

aerobic metabolism and oxidative phosphoryla-

tion and a shift towards anaerobic respiration.

Impaired utilization of oxygen by the cells

leads to the development of lactic acidosis and

histotoxic hypoxia [1, 2, 4]. At higher

concentrations of H2S, death is inevitable due to

depression of respiratory center in the brain, and

at lower concentrations, death is caused by

pulmonary edema and congestion. Survivors

with periods of unconsciousness may suffer

permanent neurological sequelae such as mem-

ory loss. High exposures to near lethal

concentrations in animals have shown destruc-

tion to nasal epithelium [15]. In one study, effect

of H2S on lung mitochondrial chain enzymes in

rats was assessed. The study showed selective

inhibition of CCO activity, without any change

in the activities of NADH-cytochrome c reduc-

tase and succinate-cytochrome c reductase. Such

biochemical impairment could lead to functional

(histotoxic) hypoxia in the lung tissues [87].

Another study revealed that cytochrome P450

(CYP450)-dependent metabolism of H2S was

responsible for inducing ROS production,

which was associated with mitochondrial depo-

larization [89]. Further study indicated that

mechanisms additional to inhibition of CCO in

H2S toxicity could not be excluded [90]. Such

mechanisms included electron transport inhibi-

tion, uncoupling of mitochondrial respiration,

and opening of mitochondrial permeability

transition pore (MPTP). Other alternative

mechanisms, including activation of ATP-

activated potassium channels and cell signaling

pathways, were also postulated [91]. Subse-

quently, H2S exposure was shown to alter gene

expression associated with a variety of biological

processes, including cell cycle regulation,

protein kinase regulation, and cytoskeletal orga-

nization and biogenesis. However, no significant

changes in CCO gene expression or bioenerget-

ics were observed [92]. In contrast to its toxic

effects, H2S has also been shown to exert benefi-

cial effects in the body. It is a normal endogenous

substance that activates NMDA receptor, induces

hippocampal long-term potentiation, increases

intracellular calcium in glial cells, protects

neurons from oxidative stress by upregulation

of glutathione synthesis, and may function as a

smooth muscle relaxant [93].

Treatment

Treatment of H2S poisoning involves immediate

evacuation from the contaminated area followed

by artificial ventilation. Treatment is currently

empirical, with a combination of nitrite therapy

and hyperbaric oxygen [84, 85]. Sodium nitrite

induces methemoglobin, which in turn binds

with HS� ions to form sulfmethemoglobin. This

restores the activity of sulfide-inhibited CCO

enzyme [15]. Unlike cyanide poisoning, sodium

thiosulfate has no role in the detoxification of

H2S [12]. Delayed anoxic brain injury may be

observed in victims, depending on the duration of

unconsciousness. Also, irritant properties of H2S

may produce delayed pulmonary injury, which

may warrant hospitalization and symptomatic

treatment [78]. Protective efficacy of bicarbonate

and glucose against hydrogen sulfide-induced

coma and lethality has also been shown in rat

model [94]. Hydroxocobalamin has also been

shown as an effective antidote against H2S poi-

soning. Hydroxocobalamin cobalt can complex

H2S and also catalyze its autoxidation to form

thiosulfate and sulfate, which are renally

eliminated [95].
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Role of OP Compounds in Induction
of Hypoxia

OP compounds are widely used as pesticides,

petroleum additives, and chemical warfare

agents. Several occupational, accidental, and

intentional morbidity and mortality have been

reported due to OP poisoning [96]. Nerve agents

are OP compounds when referred in context of

war and terrorism [97]. Toxicity of neurotoxic

OP compounds is attributed to inhibition of ace-

tyl cholinesterase (AChE) resulting in accumula-

tion of acetylcholine (ACh) in the neural synaptic

junctions, which leads to enhancement of nerve

impulses. This leads to a wide variety of

hypercholinergic effects that ultimately results

in muscular dysfunction and nerve damage [98].

There are three types of effects after OP

poisonings. They are the following: muscarinic

(e.g., miosis, excessive salivation, rhinorrhea,

bronchorrhea, bronchospasm, bradycardia,

incontinence of micturition and defecation, nau-

sea, vomiting, etc.), nicotinic (e.g., muscle weak-

ness, respiratory paralysis, miosis, sweating,

tachycardia, hypertension, etc.), and central

effects (e.g., anxiety, headache, excitement,

ataxia, disorientation, coma, seizures, etc.). All

these effects have been associated with AChE

inhibition [99]. However, there are sufficient

evidences on non-cholinergic effects of OP as

well. They include changes in other enzymes,

neurotransmitters, immune changes, anaphylac-

toid reaction, behavior, etc. [100]. Non-

cholinergic toxicity of OP is ascribed to genera-

tion of NO and other free radicals and induction

of ROS, leading to oxidative damage [101]. Lit-

erature shows that OP compounds are neither

categorized as chemical asphyxiants nor known

to cause hypoxia [12]. However, possible role of

hypoxia in mediating OP-induced cellular and

molecular aberrations has been documented

[21–23]. A recent review discussed possible

implications of OP compounds in electron supply

pathways, respiratory chain enzymes (complex I,

II, III, and IV), mitochondrial respiration, ATP

synthesis and hydrolysis, oxidative stress,

mitochondrial membrane changes, calcium

uptake, and mitochondrial-dependent apoptotic

pathways [24]. Effect of OP compounds on respi-

ratory chain enzymes severely affects the energy

metabolism leading to hypoxia [102]. Current

therapy for OP poisoning relies on the use of

atropine, a cholinergic muscarinic antagonist,

and an oxime, such as pralidoxime (2-PAM), to

reactivate phosphorylated AChE. Anticonvulsant

like diazepam serves as a good adjunct to

challenge OP-induced convulsions [97]. How-

ever, in view of several non-cholinergic effects

of OP compounds, beneficial role of other agents

like antioxidants, alkalizers, calcium-channel

blockers, oxygen therapy, etc. has also been con-

sidered [97, 103]. Possibly, OP-induced hypoxia-

mediated cellular and molecular events could

be important sites for various pharmacological

interventions.

Conclusion

Chemical asphyxiants are gases that reduce the

utilization of dissolved oxygen in the blood by

body tissues. This results in acute hypoxia, more

particularly histotoxic hypoxia. Such hypoxia

leads to several alterations at biochemical, cellu-

lar, and molecular levels, possibly resulting in

tissue pathology and death. If confronted during

any chemical emergency, such hypoxia should

be immediately, appropriately, and vigorously

treated for better prognosis. In all cases of expo-

sure to chemical asphyxiants, a successful out-

come relies on the evacuation of casualties,

decontamination, resuscitation, oxygen therapy

followed by institution of specific antidotes, and

follow-up with good supportive care. Community

preparedness and emergency disaster response

should be given priority.
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102. Rousseau JM, Rüttimann M, Brinquin L (2000)

Acute neurotoxic organophosphate poisoning:

insecticides and chemical weapons. Ann Fr Anesth

Reanim 19:588–598

103. Nurulain SM, Szegi P, Tekes K, Naqvi SN (2013)

Antioxidants in organophosphorus compounds

poisoning. Arh Hig Rada Toksikol 64:169–177

242 R. Bhattacharya and M.P. Kaushik



Hypertension at High Altitude

Akpay Sarybaev, Deepak Mulajkar, Gaurav Sikri,
Tsering Norboo, Amit Badhya, Shashi Bala Singh,
and Maramreddy Prasanna Reddy

Abstract

Systemic hypoxia is associated with conditions like anemia, lung diseases,

sleep disorders, breathing, and exposure to high altitude. The physiologi-

cal responses including blood pressure regulation to acute, chronic, inter-

mittent normobaric, and hypobaric hypoxia have been under intense

investigation for the past many years; however, the regulatory

mechanisms are incompletely understood. The available literature

indicates a differential response to hypoxia in pulmonary versus systemic

circulation. Multiple physiological and metabolic changes contribute

towards high-altitude acclimatization; yet, in some individuals, exposure

to high altitude could be life threatening due to maladaptation. There are a

few studies on the prevalence of hypertension in high-altitude natives and

sea-level dwellers exposed to high altitude (acute and chronic). Elevated

blood pressure is an established risk factor for different cardiovascular

disease and the evidence suggests that the blood pressure rises to a modest

extent in patients with mild to moderate hypertension upon acute ascent to

high altitude (Luks et al., Congenit Heart Dis 5:220–232, 2010), but there

is no clear evidence on increased risk of complications due to increased

systemic blood pressures. This book chapter reviews available literature

on systemic blood pressure responses to high altitude.
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Introduction

Elevated blood pressure is an established risk factor

for different cardiovascular disease and the evi-

dence suggests that the blood pressure rises to a

modest extent in patients with mild to moderate

hypertension upon acute ascent to high altitude

(HA) [1]. And also it is well known that exposure

to high altitude (HA) is associated with significant

changes in several cardiopulmonary functions [2]. It

has been observed that ventilation, heart rate (HR),

arterial blood pressure (ABP), pulmonary arterial

pressure (PAP), and sympathetic nerve activity

(SNA) are increased during exposure to high altitude

(HA) in order to maintain adequate arterial partial

pressure of oxygen (Pao2) and tissue oxygenation

[3–6].Many of these physiological parameters grad-

ually come back to near normal values within

2 weeks of acclimatization [2]. But in some

individuals, PAP, ABP, and SNA remain signifi-

cantly elevated throughout their stay at high altitude

and sustained even after returning to the plains [7].

It iswell known that hypoxia causes vasodilation

in the systemic circulation, which can lead to sys-

temic hypotension. Hypoxia by direct stimulatory

effect on adrenal medulla causes a rapid increase in

epinephrine levels [8]. Epinephrine causes dilation

of systemic arteries, which helps to improve the

blood supply of tissues by increasing the capacity

of the vascular bed. It has been shown that hypoxic

dilation of systemic vessels is not only due to the

stimulation of β2-adrenergic receptors [9], but also
the action of vasoactive substances, such as adeno-

sine [10], prostaglandins [11], and nitric oxide [12].

Indeed, recently the increase of circulating nitric

oxide levels was shown in lowlanders during

high-altitude acclimatization [13].

Hypoxia influences peripheral chemoreceptors

to increase the systemic blood pressure by activa-

tion of sympathetic nervous system [10, 14]. It

should be noted, however, that despite the vasocon-

strictor effects of the sympathetic nervous system,

the selective dilatation of the coronary [15] and

cerebral blood vessels [16] occurs. Moreover, the

reduction of coronary artery constriction happens

in response to angiotensin and norepinephrine [17].

All of these events contribute to the redistribution

of blood flow to vital organs. There are several

studies demonstrating the effects of hypoxia on

pulmonary circulation. However, there are a very

few studies that have explored the effects of

hypobaric hypoxia on systemic circulation and

understanding the possible factors responsible for

a sustained rise in blood pressure upon acute and

chronic exposure of humans to high altitude.

Unlike pulmonary hypertension that occurs shortly

after the onset of hypoxia, sustained systemic

hypertension seems to be set in several days after

the onset of hypoxia [18]. The possibility of chronic

hypoxia causing systemic hypertension is not

entirely unexpected, since hypoxia is known to

cause acute and chronic changes in the pulmonary

circulation [19]. Substantiating this assumption, sev-

eral recent studies on intermittent and/or chronic

hypoxia clearly demonstrate that the effect of hyp-

oxia is not only confined to the pulmonary circula-

tion and can, in fact, involve the systemic circulation

as well [20–22]. However, the effects of prolonged

exposure to hypobaric hypoxia on systemic circula-

tion continue to be a subject of debate.

Elevated blood pressure is reported to be an

establish risk factor for several cardiopulmonary

and vascular diseases including dementia [20, 23].

It is possible that systemic hypertension at HA

may influence and/or aggravate the HA induced

maladies like thrombosis, stroke, pulmonary

edema, pulmonary hypertension, cerebral edema,

and cognitive impairment. Nevertheless, several

unanswered questions remain, like the cause

for sustained elevation of blood pressure during

exposure to high altitude and the factors associated

with interindividual variation. Further, it remains

to be addressed whether the high-altitude-induced

systemic hypertension is a clinical entity or not.

Blood Pressure During the Ascent
to High Altitude in Lowlanders

Ascent to high altitude causes some changes in the

blood pressure (BP). The main determinants of BP

at high altitude, as well as at sea level, are cardiac

output, which depends on the heart rate and stroke

volume; systemic peripheral resistance; and central

venous pressure, which reflects the volume of

circulating blood. High-altitude hypoxia, which
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causes vasoconstriction in pulmonary circulation,

has direct vasodilating effects on systemic arteries

as mentioned above, thereby reducing the systemic

arterial pressure. However, almost immediately, due

to significant activation of the sympathetic system,

the increased cardiac output and peripheral vasocon-

striction are observed that overcome the hypoxia-

induced vasodilation within a few hours and

increases BP [8, 24]. In other words, there is

an interaction between the direct influence of hyp-

oxia on the vascularwall and processes,mediated by

chemoreceptors [24, 25].

Recognition of underlying molecular processes

in hypoxic vasodilation of systemic arteries is the

subject of active research. Possibly several

mechanisms are involved, such as the release of

ATP from red blood cells and the generation of

nitric oxide by the endothelium of blood vessels

[26, 27]. The data of BP changes in normal

(nonhypertensive) people during induction at high

altitude are ambiguous. Most studies have reported

an increase in systemic arterial pressure during

acute hypoxia [28–33], while others report that BP

can remain unchanged [34–37] or even decrease

[38]. Some studies reported that the long-term

sojourning (for a year or longer) leads to decrease

in both systolic and diastolic blood pressure [39,

40]. Kamat andBanerji [29] observed an increase in

BP in 31 of 32 subjects brought to 3,500–4,000 m

above sea level. The systolic blood pressure

increased from 115 to 125 mmHg and diastolic

blood pressure from 78 to 93 mmHg. Wolfel and

his associates (1991) reported a significant increase

inBP and peripheral vascular resistance in 7 healthy

young people, who stayed at 4,300 m for 21 days.

Mean arterial pressure increased from 124/71 to

145/88 mmHg and peripheral vascular resistance

from 17 to 28Wood units (mmHg/L/min). Pressure

during exercise was higher than at sea level. Nor-

epinephrine levels were also higher at high altitude.

In another study, 4 plain residents climbed to high

altitude (4,350 m), where their mean arterial pres-

sure increased from 100 to 128 mmHg upon arrival

and maintained elevated for 10 days [41]. A

researcher from Japan reported about excessive

BP increase in some normotensive subjects when

shifting from the 1,336 to 5,400 m during the Japa-

nese expedition to Mount Everest [42]. Examina-

tion of workers at the telescopic station on Mauna

Kea in Hawaii revealed a significant increase (on

10 %) in diastolic BP after arrival compared to the

baseline level, which persisted for 40 days of stay-

ing at high altitude (Forster, 1986). Wolfel et al. [7]

also reported about the significant increase of sys-

temic BP in 11 subjects who had ascended to

4,300 m and a lowering in BP after propranolol

intake, suggesting that increased sympathetic acti-

vity was a causal factor in increasing BP. In another

study, a group of 24 trekkers climbed to Everest

Base Camp, where the average BP rose to 140/

90 mmHg at an altitude of 5,300 m from 130/

80 mmHg at sea level [43]. Taken together, the

available studies suggested that probably some

additional mechanisms besides sympathetic system

activation may play a role in the sustained rise of

BP and peripheral vascular resistance during high-

altitude exposure, since the oxygen administration,

as well as alpha- or beta-blockers, do not return the

system pressure to baseline levels [44, 45].

Very interesting data were obtained by Kumar

et al. [46]. The authors examined 46 normotensive

subjects, residents of low altitude, in the course of

their 30-day stay at 3,500 m. After acute induction

with altitude in 18 (32.4 %) of them, the altitude-

induced systemic arterial hypertension (BP � 140/

90 mmHg) developed, which persisted for 30 days.

Mean arterial pressure at low altitude had been

121.8 � 1.9/74.6 � 1.9 mmHg, and on the

1st, 10th, and 30th days of stay at high altitude, the

mean blood pressurewere 141.6 � 2.6/92.8mmHg,

139.7 � 2.3/91.0 � 1.3 mmHg, and 140.1so

� 1.9/96.3 � 1.5 mmHg (p <0.05), respectively.

The remaining 28 subjects had no significant

changes during the stay at high altitude. It is impor-

tant to note that the frequency of D allele of

angiotensin-converting enzyme was significantly

higher in hypertensive subjects than in normoten-

sive subjects (0.67 vs. 0.32 χ21 ¼ 10.6, P < 0.05).

Similarly data from different high-altitude medical

centers under Northern, Eastern, and Western

Command hospitals revealed an increase in prepon-

derance of high-altitude-induced systemic hyper-

tension among sea-level native soldiers deployed

at high and extreme altitude (unpublished report).

Recently, we carried out a cross-sectional study on

132 Indian army soldiers (sea-level natives)

who were admitted with elevated blood pressure

(�140/90 mmHg) at Army hospital, Leh, Ladakh.
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All the patients were sea-level natives, reported

to be normotensive before inducted to high

altitude and had been living in high altitudes

(11,500–20,000 ft) for the past 1–12 months or

more. To confirm the diagnosis of hypertension,

all the admitted patients were subjected to 24 h

ambulatory BP monitoring (ABPM, daytime,

every 15 min and, nighttime, every 30 min). The

following clinical and physiological parameters

like anthropometry, electrocardiogram (ECG),

chest X-Ray, fundus examination, and ultrasound

(kidney) were examined along with ABPM. Blood

and serum samples were collected for blood sugar

(fasting), biochemical and hematological tests.

Serum was used to evaluate the levels of pro-

inflammatory marker, high-sensitive C-reactive

protein (hs-CRP), monocyte chemoattractant pro-

tein (MCP-1), and anti-inflammatorymarker, inter-

leukin 10 (IL-10) in healthy control versus

hypertensive patients. Our results showed that

around 50 % of admitted patients (68 out of 132)

with elevated blood pressure were diagnosed with

hypertension. ABPM data of these patients is as

follows: 24 h mean BP � 130/80 mmHg, daytime

mean BP � 135/85 mmHg, and nighttime mean

BP � 120/75 mmHg, and the remaining 64

subjects were found to be normotensive (Fig. 1).

In hypertensive patients, the ECG, chest

X-Ray, and fundus examination revealed no

abnormal changes. Similarly, ultrasound exami-

nation of kidney showed normal status. The lipid

profile (total cholesterol, triglycerides, LDL,

and HDL), fasting blood sugar, blood urea, cre-

atinine, and sodium and potassium levels were

found to be within the normal limits. Further, no

significant difference in hemoglobin and

hematocrit values was observed between normo-

tensive and hypertensive subjects (Table 1).

Interestingly, the markers of inflammation

(hs-CRP; 1.37 � 0.2 vs. 0.64 � 0.25 ng/ml,

P < 0.01 and MCP-1; 37.2 � 3.46 vs. 32.1 � 5

pg/ml, P < 0.05) were found to be significantly

higher in hypertensive group compared to nor-

motensive. On other hand, anti-inflammatory

marker (IL-10) was found to be significantly

lower in hypertensive patients compare to

normotensive group (202.2 � 25.4 � 314 �
41 pg/ml, P < 0.01) (Fig. 2).

Our preliminary results indicate that the inflam-

mation and/or altered immune function may also

play an important role in the pathophysiology of

high-altitude hypertension besides proposed

established mechanism like exacerbated sympa-

thetic activity; however, further research is needed

in this direction in larger cohort of subjects to

prove the same. The magnitude of BP response

during high-altitude exposure may be determined

by a balance between the hypoxia-mediated

carotid body chemoreceptors-induced sympatho-

vasoconstriction and hypoxia-induced systemic

vasodilatation at vascular level, as well as, possi-

bly, by altitude level, ascent rate, ethnicity, and

other factors like cold, humidity, radiation, dehy-

dration, sleep disturbance, and psychological

stress either alone or in combination. Therefore,

it should be noted that the systemic BP response to

high-altitude exposure is a result of the interaction

of multiple factors like direct hypoxic effects on

blood vessels, autonomic nerves system, and

immunomodulation. Nevertheless, the prevalence

of high-altitude-induced systemic hypertension

and its clinical complication are not clearly

Fig. 1 Shows ambulatory BP values in hypertensive and

normotensive subjects; (a) 24 h mean BP � 130/80 mmHg,

(b) daytime (active state) mean BP � 135/85 mmHg, and

(c) nighttime (resting state) mean BP � 120/75 mmHg
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understood. One of the main difficulties in the

analysis of these studies is their heterogeneity, as

they differ in ascent rate, achieved height, length

of staying, physical activity, nutritional restrictions

and differences, and other methodological

features. It should be noted, however, that large-

scale longitudinal human studies are needed to

address the above issues with certainty.

Hypertension at High Altitude

Hypertension is defined as values �140 mmHg

systolic blood pressure (SPB) and/or �90 mmHg

diastolic blood pressure (DPB) [47]. Overall, the

prevalence of hypertension appears to be around

30–45 % of the general population, with a steep

increase with aging. Precise data on the preva-

lence of hypertension among high-altitude

travelers is lacking, but survey studies suggest

that 6–14 % of travelers to altitudes between

1,900 and 2,900 m are hypertensive [48, 49]

and therefore this requires special attention.

Studies on BP in hypertensive subjects during

short-term visits to high altitudes show wide

variability. In hypertensive patients, pressure

elevation is often more expressed because of endo-

thelial dysfunction associated with hypertension

which may restrict hypoxic vasodilation and

strengthen sympathetic vasoconstriction. On the

other hand, the ambient low humidity, increased

ventilation, and physical activity may lead to dehy-

dration, which could reduce the blood pressure. In

hypertensive patients taking diuretics or other

medications, this effect may be increased.

However, most studies report that, for hyper-

tensive subjects ascending high altitude moderate

increase in BP is more common [32, 50, 51].

However, the individual differences still have

importance [51, 52]. Furthermore, the changes in

BP may depend on the severity of hypoxia. At

lower height, the average increase of BP is mini-

mal. Palatini et al. [32] examined 12 normotensive

subjects and 12 patients with mild hypertension

using 24 h ambulatory BPmonitoring, at sea level,

12 h after arrival at 1,210 m and 1.5–3 h after

arrival at 3,000 m. BP was higher at 1,210 m in

all subjects during the day but not at night, and BP

elevation was similar in both groups compared

with sea-level figures (6.1 mmHg for systolic/

1.5 mmHg for diastolic BP in normotensive

subjects and 5.5 mmHg for systolic/4.3 mmHg

for diastolic blood pressure in hypertensive ones).

However, the marked interindividual variability

was observed. Maximum increase in BP was

17.4 mmHg for systolic and 16.3 mmHg for dia-

stolic pressure, while other subjects did not have

significant changes in systolic and diastolic blood

pressure. Short-term exposure to 3,000 m caused

further, although nonsignificant, increase in BP in

both groups. Average levels of serum

catecholamines also increased stepwise, but due

to the wide interindividual differences, these

changes were not statistically significant.

Roach et al. [33] described 4 subjects with

hypertension whose average blood pressure dur-

ing the first day at an altitude of 2,500 m rose up

to 197 � 7/101 � 9 mmHg, and other 5 hyper-

tensive subjects whose BP values maintained in

the normal ranges during their stay at high
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altitude (5 days). There are reports about

differences between races [53]. Several authors

found only slight changes in BP, which did not

reach statistical significance [32, 37, 54]. In stud-

ies with significant BP increase, the average

increase of systolic BP usually did not exceed

15 mmHg. So, according to Savonito et al. [52],

the systolic blood pressure rose from 154 � 18

mmHg at 1,370 m to 166 � 15mmHg at 3,460 m,

while Wu et al. (2007) reported that the systolic

BP rose from 154 � 18 to 168 � 17 mmHg at

altitudes between 3,486 and 5,072 m. Wu et al.

[55] and Roach et al. [33] noted that after the

initial rise, the BP reduced within a few days or

weeks, but they did not perform any statistical

comparison of these data with baseline values at

sea level. Nevertheless, in some studies, elevated

systemic pressure after ascent to high altitude has

been reported to be sustained for months [56].

The abovementioned studies examined BP

changes at rest. However, it is obvious that

many of the people visiting mountains will not

remain at rest; on the contrary, they will engage

in a variety of physical activity, such as skiing,

climbing, etc. Such situations, certainly, are

followed by increase of BP. Very few researchers

have paid attention for this issue. In a study

by Savonitto et al. [52], hypertensive patients

performed bicycle stress test with incremental

load from 50 to 150 W at 1,370 and 3,460 m.

Systolic BP increased from 154 � 18 to 207 � 3

mmHg, while at 3,460 m, pressure rose from

166 � 15 to 223 � 24 mmHg. Changes in dia-

stolic BP were not given and were not compared

with the control group. D’este et al. [54] com-

pared changes in the systemic pressure during

exercise in healthy subjects and hypertensive

patients at sea level and at 2,572 m. They found

a slightly greater increase in systolic pressure

during submaximal load in hypertensive patients

at high altitude at the same time, the maximum

load did not show any differences. In well-

controlled hypertensive patients, blood pressure

elevation was small both at rest and at exercise

[38, 57, 58]. It is necessary to note that studies of

arterial hypertension at high altitude included

only patients with mild to moderate hyperten-

sion. However, there is no information about

the BP response at high altitude in people with

severe or unstable hypertension.

Summing up the available data, it must be

emphasized that there is a wide interindividual

variability in hypertensive patients during ascent

to high altitude, and BP response to high-altitude

hypoxia is often unpredictable and variable. Now-

adays, we do not have adequate markers that could

predict which patients will experience a significant

increase in BP at high altitude. Nevertheless, it is

reasonable to let a person with well-controlled

hypertension go to high altitude without any seri-

ous risk of complications. However, all hyperten-

sive patients should be trained to control their BP

and change their antihypertensive medication [59]

in case of symptomatic hypotension or increase in

BP, especially during the first days at high altitude.

Hypertension, Risk of Acute Mountain
Sickness, and Other Adverse Events

The prevalence of AMS is about the same among

healthy individuals and hypertensive patients

who have risen to high altitude [49]. Due to the

fact that hypertensive patients have an increased

hypoxic pulmonary vasoconstriction compared

with healthy individuals [60], the increased prob-

ability of high-altitude pulmonary edema can be

expected, but this assumption was never tested

and needs clarification. Also, there are no data on

the relationship of hypertension and AMS.

It is difficult to draw definite conclusions

about the risk of short- and long-term

complications of arterial hypertension, because

information on this issue is very scanty. Wu et al.

[55] did not report about complications, such as

retinopathy, hypertension, intracranial hemor-

rhage, myocardial infarction, or stroke, despite

the fact that some subjects’ systolic pressure

exceeded 190 mmHg or the diastolic pressure

reached 125 mmHg during their stay at high

altitude for 4–6 weeks. Roach et al. [33] also

did not report about similar complications in

patients with high values of systolic and/or dia-

stolic BP, but the length of their stay at high

altitude was much shorter – 5 days. There were

no complications in other studies investigating
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the response of blood pressure during exercise at

high altitude [52, 54]. Only one study [61] refers

to the increase in the odds ratio (1.5 for mountain

hiking and 9.0 for skiing) for sudden death from

hypertension during hiking or skiing in the ski

resorts.

Despite the fact that the process of continuous

adaptation of high populations of people in dif-

ferent parts of the world had some differences

[62], most previous studies indicated that levels

of systemic BP in adult high-altitude residents

were lower than in populations observed at sea

level [40, 63–65]. For example, scientists from

Kyrgyzstan surveyed 774 male Kyrgyz aged

from 30 to 59 years, permanent residents of the

high-altitude regions of Pamir and Tien Shan

(3,600–4,200 m). As a control group, 817 male

Kyrgyz of same age, living at 700–900 m, were

examined. Systolic BP at high-altitude residents

was 116.08 � 0.62 mmHg and diastolic BP was

75.09 � 0.39 mmHg, while in lowlanders, pres-

sure was 129.43 � 0.72 and 81.88 � 0.49

mmHg, respectively. The prevalence of hyper-

tension in this high-altitude Kyrgyz group was

13 � 1 %, while in lowlanders, this value was

26 � 1 %. According to Sun [66], the prevalence

of hypertension among the Tibetans of China

was 11.02 %.

In other words the frequency of essential

hypertension among high-altitude residents is

significantly lower than among people living at

sea level. Moreover, some authors believe that

long-term residence at high altitude (up to 15

years) decreases the systolic and diastolic pres-

sure. This was explained by the fact that chronic

hypoxia had relaxing effect on smooth muscle

cells, followed by vasodilation [67]; furthermore

the prolonged hypoxia led to increased vascular-

ization [68, 69], followed by decrease in periph-

eral vascular resistance. That is, the lower

systemic pressure could be regarded as a “by-

product” of tissue adaptation to high-altitude

hypoxia.

This standpoint has long prevailed in the sci-

entific medical world. Occasionally, this position

is supported by the results of studies in recent

years [70–72]. But over the past decade, a num-

ber of studies received the data which are

contrary to this popular point of view [73–76].

So, Otsuka K et al. [75] showed higher diastolic

pressure and thicker walls of arteries in high-

altitude residents (Leh, Ladakh) compared with

sea-level residents. Moreover, in another study

[76] which examined a large sample size (more

than 1,000 subjects) of Tibetans at different

altitudes, significantly lower BPs were revealed

only in children and adolescents living at high

altitude, while there were no differences between

adult residents living at low and high altitude.

Tripathy et al. [77] reported that the prevalence

of hypertension among adult Tibetans in India

was 37.9 %. More recent studies conducted by

Chinese authors [78] showed the greater preva-

lence of hypertension among the Tibetans in

China, which in people older than 40 years

reached 55.9 %.

Previously, many researchers believed that

long-term residence or stay at high altitude had

so-called “protective” effect on the systemic

pressure [79–81]. Now, there is evidence that

systemic hypertension at high altitude can have

a more unfavorable course [82, 83], due to simi-

lar processes occurring both in pulmonary and

systemic hypertension at the molecular level [84,

85]. There are some changes with high-altitude

residents despite the successful adaptation. It was

reported that there was carotid body hyperplasia

and blunted response to hypoxia in older high-

altitude native population [86]. Besides that,

these residents demonstrated earlier cardiovascu-

lar degenerative changes with aging [87].

A population-based epidemiological study

was conducted (Norboo T; Stobdan T et al.

unpublished data) to determine the prevalence

of hypertension and its relation to altitude, occu-

pation, dietary habits, and ethnicity in a widely

dispersed (45,110 km2) representative group of

Ladakhis in Northern India (altitude

2,600–4,900 m). 2,910 subjects (aged 20–94

years) were enrolled to complete a questionnaire

including demographics, core behavior (tobacco,

alcohol, dietary habits, and physical activities);

personal and family history of hypertension, dia-

betes, coronary artery disease, and stroke; and

modified Rose questionnaire. Measurements

included height and weight for body mass
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index, waist circumference, ECG, Cardio-Ankle-

Vascular Index (CAVI), Ankle-Brachial Index

(ABI), and SpO2. BP was recorded with home

BP machine (Omron Dalian co., Ltd). Systolic

blood pressure �140 mmHg and/or diastolic BP

of �90 mmHg was taken as the criteria for label-

ling the subject as hypertensive. Following over-

night fasting, blood samples were taken for

fasting sugar and lipid profile estimation. The

rural population comprised of six subdivisions

with a distinct altitude and dietary and occupa-

tional pattern. Two special groups of monks and

service personnel were analyzed separately

because of their distinct diet and lifestyle pattern.

The prevalence of hypertension was found to

be high in all the rural and urban subgroups;

however, it was highest in Tibetan migrants

settled in Leh town (47 %) followed by Ladakhi

rural to urban migrants (43 %) and Tibetans born

in Leh (41 %). The lowest prevalence in service

personnel can be explained by their younger age,

healthy diet, and regular physical activity.

Relatively lower prevalence of hypertension in

Ladakhi (31 %) and Tibetan natives (21 %)

living at higher altitude (4,000–4,900 m) clearly

indicates that altitude does not play a major role

in causation of hypertension. However, there is a

definite relationship of BP with age with all the

subgroups showing a gradual increase in BP with

age with a significant steep increase in both sys-

tolic and diastolic BP after the age of late 60s in

the subgroup of highest altitude region

(4,000–4,900 m). Like everywhere else in the

world, hypertension prevalence in high-altitude

population has multifactorial etiology. The

Ladakh study shows that age, gender, socioeco-

nomic factors, diet, culture, race, and changing

lifestyle play major roles than altitude in preva-

lence of hypertension. However, at very high

altitude (over 4,000 m), chronic hypoxia leads

to accelerated steep in both systolic and diastolic

hypertension after the age of 69 years. The path-

ogenesis may have some resemblance to chronic

mountain sickness, which is an accelerated aging

process occurring at high altitude.

Despite increase in prevalence of arterial

hypertension and the number of people going or

living at high altitude, there are very few studies

to our knowledge addressing hypertension course

and its management at high altitude. In order to

clarify this issue, we need, firstly, the large-scale

clinical studies, which we will take into account,

and the different confounding factors, for

example, the impact of urbanization, ethnic

heterogeneity, and lifestyle. Secondly, it is very

important to take up the molecular genetic

studies that will determine the effects of chronic

hypoxia (favorable or negative) on systemic BP

regulation.

References

1. Luks AM, Stout K, Swenson ER (2010) Evaluating the

safety of high-altitude travel in patients with adult

congenital heart disease. Congenit Heart Dis 5:220–232

2. Higgins JP, Tuttle T, Higgins JA (2010) Altitude and

the heart: is going high safe for your cardiac patient?

Am Heart J 159:25–32

3. Calbet JA, Boushel R, Radegran G, Sondergaard H,

Wagner PD, Saltin B (2003) Why is VO2 max after

altitude acclimatization still reduced despite normali-

zation of arterial O2 content? Am J Physiol Regul

Integr Comp Physiol 284:R304–R316

4. Curran LS, Zhuang J, Sun SF, Moore LG (1997)

Ventilation and hypoxic ventilatory responsiveness

in Chinese-Tibetan residents at 3,658 m. J Appl

Physiol 83:2098–2104

5. Penaloza D, Arias-Stella J (2007) The heart and

pulmonary circulation at high altitudes: healthy

highlanders and chronic mountain sickness. Circulation

115:1132–1146

6. Zhuang J, Droma T, Sun S, Janes C, McCullough RE,

McCullough RG, Cymerman A, Huang SY,

Reeves JT, Moore LG (1993) Hypoxic ventilatory

responsiveness in Tibetan compared with Han

residents of 3,658 m. J Appl Physiol 74:303–311

7. Wolfel EE, Selland MA, Mazzeo RS, Reeves JT

(1994) Systemic hypertension at 4,300 m is related

to sympathoadrenal activity. J Appl Physiol

76:1643–1650

8. Mazzeo RS, Reeves JT (2003) Adrenergic contribution

during acclimatization to high altitude: perspectives

from Pikes Peak. Exerc Sport Sci Rev 31:13–18

9. Weisbrod CJ, Minson CT, Joyner MJ, Halliwill JR

(2001) Effects of regional phentolamine on hypoxic

vasodilatation in healthy humans. J Physiol 537:613–621

10. Marshall JM (2000) Adenosine and muscle vasodila-

tation in acute systemic hypoxia. Acta Physiol Scand

168:561–573

11. Markwald RR, Kirby BS, Crecelius AR, Carlson RE,

Voyles WF, Dinenno FA (2011) Combined inhibition

of nitric oxide and vasodilating prostaglandins

Hypertension at High Altitude 251



abolishes forearm vasodilatation to systemic hypoxia

in healthy humans. J Physiol 589:1979–1990

12. Blitzer ML, Loh E, Roddy MA, Stamler JS, Creager

MA (1996) Endothelium-derived nitric oxide

regulates systemic and pulmonary vascular resistance

during acute hypoxia in humans. J Am Coll Cardiol

28:591–596

13. Janocha AJ, Koch CD, Tiso M, Ponchia A, Doctor A,

Gibbons L, Gaston B, Beall CM, Erzurum SC (2011)

Nitric oxide during altitude acclimatization. N Engl J

Med 365:1942–1944

14. Lugliani R, Whipp BJ, Wasserman K (1973) A role

for the carotid body in cardiovascular control in man.

Chest 63:744–750

15. Kaufmann PA, Schirlo C, Pavlicek V, Berthold T,

Burger C, von Schulthess GK, Koller EA, Buck A

(2001) Increased myocardial blood flow during acute

exposure to simulated altitudes. J Nucl Cardiol

8:158–164

16. Daugherty RM Jr, Scott JB, Dabney JM, Haddy FJ

(1967) Local effects of O2 and CO2 on limb, renal,

and coronary vascular resistances. Am J Physiol

213:1102–1110

17. Heistad DD, Abboud FM, Mark AL, Schmid PG

(1975) Effect of hypoxemia on responses to norepi-

nephrine and angiotensin in coronary and muscular

vessels. J Pharmacol Exp Ther 193:941–950

18. Rimoldi SF, Sartori C, Seiler C, Delacretaz E, Mattle

HP, Scherrer U, Allemann Y (2010) High-altitude

exposure in patients with cardiovascular disease: risk

assessment and practical recommendations. Prog

Cardiovasc Dis 52:512–524

19. Bosc LV, Resta T, Walker B, Kanagy NL (2010)

Mechanisms of intermittent hypoxia induced hyper-

tension. J Cell Mol Med 14:3–17

20. Dempsey JA, Veasey SC, Morgan BJ, O’Donnell CP

(2010) Pathophysiology of sleep apnea. Physiol Rev

90:47–112

21. Kuo TB, Yuan ZF, Lin YS, Lin YN, Li WS, Yang CC,

Lai CJ (2011) Reactive oxygen species are the cause

of the enhanced cardiorespiratory response induced

by intermittent hypoxia in conscious rats. Respir

Physiol Neurobiol 175(1):70–79

22. Prabhakar NR, Kumar GK (2010) Mechanisms of

sympathetic activation and blood pressure elevation

by intermittent hypoxia. Respir Physiol Neurobiol 174

(1–2):156–161

23. Nagai M, Hoshide S, Kario K (2010) Hypertension

and dementia. Am J Hypertens 23:116–124

24. Bartsch P, Gibbs JS (2007) Effect of altitude on the

heart and the lungs. Circulation 116:2191–2202

25. Heistad DD, Abboud FM, Dickinson W (1980)

Richards lecture: circulatory adjustments to hypoxia.

Circulation 61:463–470

26. Lundberg JO, Weitzberg E (2005) NO generation

from nitrite and its role in vascular control.

Arterioscler Thromb Vasc Biol 25:915–922

27. Singel DJ, Stamler JS (2005) Chemical physiology of

blood flow regulation by red blood cells: the role of

nitric oxide and S-nitrosohemoglobin. Annu Rev

Physiol 67:99–145

28. Calbet JA (2003) Chronic hypoxia increases blood

pressure and noradrenaline spillover in healthy

humans. J Physiol 551:379–386

29. Kamat SR, Banerji BC (1972) Study of cardiopulmo-

nary function on exposure to high altitude. I. Acute

acclimatization to an altitude of 3,5000 to 4,000 meters

in relation to altitude sickness and cardiopulmonary

function. Am Rev Respir Dis 106:404–413

30. Kanstrup IL, Poulsen TD, Hansen JH, Andersen LJ,

Bestle MH, Christensen NJ, Olsen NV (1999) Blood

pressure and plasma catecholamines in acute and

prolonged hypoxia: effects of local hypothermia. J

Appl Physiol 87(6):2053–2058

31. Malhotra MS, Selvamurthy W, Purkayastha SS,

Mukherjee AK, Mathew L, Dua GL (1976) Responses

of the autonomic nervous system during

acclimatization to high altitude in man. Aviat Space

Environ Med 47:1076–1079

32. Palatini P, Businaro R, Berton G, Mormino P, Rossi

GP, Racioppa A, Pessina AC, Dal Palu C (1989)

Effects of low altitude exposure on 24-hour blood

pressure and adrenergic activity. Am J Cardiol

64:1379–1382

33. Roach RC, Houston CS, Honigman B, Nicholas RA,

Yaron M, Grissom CK, Alexander JK, Hultgren HN

(1995) How well do older persons tolerate moderate

altitude? West J Med 162:32–36

34. Kriemler S, Jansen C, Linka A, Kessel-Schaefer A,

Zehnder M, Schurmann T, Kohler M, Bloch K,

Brunner-La Rocca HP (2008) Higher pulmonary

artery pressure in children than in adults upon fast

ascent to high altitude. Eur Respir J 32:664–669

35. MacLean DA, Sinoway LI, Leuenberger U (1998)

Systemic hypoxia elevates skeletal muscle interstitial

adenosine levels in humans. Circulation

98:1990–1992

36. Richalet JP, Larmignat P, Rathat C, Keromes A,

Baud P, Lhoste F (1988) Decreased cardiac response

to isoproterenol infusion in acute and chronic hyp-

oxia. J Appl Physiol (1985) 65:1957–1961

37. Somers VK, Mark AL, Abboud FM (1988) Potentia-

tion of sympathetic nerve responses to hypoxia in

borderline hypertensive subjects. Hypertension

11:608–612

38. Levine BD, Zuckerman JH, deFilippi CR (1997)

Effect of high-altitude exposure in the elderly: the

Tenth Mountain Division study. Circulation

96:1224–1232

39. Canepa A, Chavez R, Hurtado A, Rotta A, Velasquez

T (1956) Pulmonary circulation at sea level and at

high altitudes. J Appl Physiol 9:328–336

40. Mirrakhimov MM, Meymanaliev TS (1984) High

altitude cardiology. Frunze, Kyrgyzstan, 316 p (in

Russian)

41. Vogel JA, Hartley LH, Cruz JC (1974) Cardiac output

during exercise in altitude natives at sea level and high

altitude. J Appl Physiol 36:173–176

42. Nakashima M (1983) High altitude medical research

in Japan. Prog Clin Biol Res 136:173–182

43. Levett DZ, Fernandez BO, Riley HL, Martin DS,

Mitchell K, Leckstrom CA, Ince C, Whipp BJ,

252 A. Sarybaev et al.



Mythen MG, Montgomery HE, Grocott MP, Feelisch

M (2011) The role of nitrogen oxides in human adap-

tation to hypoxia. Sci Rep 1:109

44. Bender PR, Groves BM, McCullough RE,

McCullough RG, Huang SY, Hamilton AJ, Wagner

PD, Cymerman A, Reeves JT (1988) Oxygen trans-

port to exercising leg in chronic hypoxia. J Appl

Physiol (1985) 65:2592–2597

45. Hansen J, Sander M (2003) Sympathetic neural over-

activity in healthy humans after prolonged exposure

to hypobaric hypoxia. J Physiol 546:921–929

46. Kumar R, Qadar Pasha MA, Khan AP, Gupta V,

Grover SK, Norboo T, Srivastava KK, Selvamurthy

W, Brahamchari SK (2003) Association of high-

altitude systemic hypertension with the deletion

allele-of the angiotensin-converting enzyme (ACE)

gene. Int J Biometeorol 48:10–14

47. Mancia G, Fagard R, Narkiewicz K, Redon J,

Zanchetti A, Bohm M, Christiaens T, Cifkova R, De

Backer G, Dominiczak A, Galderisi M, Grobbee DE,

Jaarsma T, Kirchhof P, Kjeldsen SE, Laurent S,

Manolis AJ, Nilsson PM, Ruilope LM, Schmieder

RE, Sirnes PA, Sleight P, Viigimaa M, Waeber B,

Zannad F, Redon J, Dominiczak A, Narkiewicz K,

Nilsson PM, Burnier M, Viigimaa M, Ambrosioni E,

Caufield M, Coca A, Olsen MH, Schmieder RE,

Tsioufis C, van de Borne P, Zamorano JL, Achenbach

S, Baumgartner H, Bax JJ, Bueno H, Dean V, Deaton

C, Erol C, Fagard R, Ferrari R, Hasdai D, Hoes AW,

Kirchhof P, Knuuti J, Kolh P, Lancellotti P, Linhart A,

Nihoyannopoulos P, Piepoli MF, Ponikowski P,

Sirnes PA, Tamargo JL, Tendera M, Torbicki A,

Wijns W, Windecker S, Clement DL, Coca A,

Gillebert TC, Tendera M, Rosei EA, Ambrosioni E,

Anker SD, Bauersachs J, Hitij JB, Caulfield M, De

Buyzere M, De Geest S, Derumeaux GA, Erdine S,

Farsang C, Funck-Brentano C, Gerc V, Germano G,

Gielen S, Haller H, Hoes AW, Jordan J, Kahan T,

Komajda M, Lovic D, Mahrholdt H, Olsen MH,

Ostergren J, Parati G, Perk J, Polonia J, Popescu BA,

Reiner Z, Ryden L, Sirenko Y, Stanton A et al (2013)

2013 ESH/ESC guidelines for the management of

arterial hypertension: the Task Force for the Manage-

ment of Arterial Hypertension of the European Soci-

ety of Hypertension (ESH) and of the European

Society of Cardiology (ESC). Eur Heart J

34:2159–2219

48. Faulhaber M, Flatz M, Gatterer H, Schobersberger W,

Burtscher M (2007) Prevalence of cardiovascular

diseases among alpine skiers and hikers in the

Austrian Alps. High Alt Med Biol 8:245–252

49. Honigman B, Theis MK, Koziol-McLain J, Roach R,

Yip R, Houston C, Moore LG, Pearce P (1993) Acute

mountain sickness in a general tourist population at

moderate altitudes. Ann Intern Med 118:587–592

50. Nault P, Halman S, Paradis J (2009) Ankle-brachial

index on Kilimanjaro: lessons from high altitude.

Wilderness Environ Med 20:72–76

51. Ponchia A, Noventa D, Bertaglia M, Carretta R,

Zaccaria M, Miraglia G, Pascotto P, Buja G (1994)

Cardiovascular neural regulation during and after

prolonged high altitude exposure. Eur Heart J

15:1463–1469

52. Savonitto S, Cardellino G, Doveri G, Pernpruner S,

Bronzini R, Milloz N, Colombo MD, Sardina M,

Nassi G, Marraccini P (1992) Effects of acute

exposure to altitude (3,460 m) on blood pressure

response to dynamic and isometric exercise in men

with systemic hypertension.AmJCardiol 70:1493–1497

53. Hasler E, Suter PM, Vetter W (1997) Race specific

altitude effects on blood pressure. J Hum Hypertens

11:435–438

54. D’Este D, Mantovan R, Martino A, D’Este F, Artusi

L, Allibardi P, Franceschi M, Zerio C, Pascotto P

(1991) The behavior of the arterial pressure at rest

and under exertion in normotensive and hypertensive

subjects exposed to acute hypoxia at a median

altitude. G Ital Cardiol 21:643–649

55. Wu TY, Ding SQ, Liu JL, Yu MT, Jia JH, Chai ZC,

Dai RC, Zhang SL, Li BY, Pan L, Liang BZ, Zhao JZ,

de Qi T, Sun YF, Kayser B (2007) Who should not go

high: chronic disease and work at altitude during

construction of the Qinghai-Tibet railroad. High Alt

Med Biol 8:88–107

56. Sizlan A, Ogur R, Ozer M, Irmak MK (2008) Blood

pressure changes in young male subjects exposed to a

median altitude. Clin Auton Res 18:84–89

57. Erdmann J, Sun KT, Masar P, Niederhauser H (1998)

Effects of exposure to altitude on men with coronary

artery disease and impaired left ventricular function.

Am J Cardiol 81:266–270

58. Schmid JP, Noveanu M, Gaillet R, Hellige G, Wahl A,

Saner H (2006) Safety and exercise tolerance of acute

high altitude exposure (3454 m) among patients with

coronary artery disease. Heart 92:921–925

59. Mancia G, De Backer G, Dominiczak A, Cifkova R,

Fagard R, Germano G, Grassi G, Heagerty AM,

Kjeldsen SE, Laurent S, Narkiewicz K, Ruilope L,

Rynkiewicz A, Schmieder RE, Boudier HA, Zanchetti

A (2007) 2007 ESH-ESC practice guidelines for the

management of arterial hypertension: ESH-ESC task

force on the management of arterial hypertension. J

Hypertens 25:1751–1762

60. Guazzi MD, Berti M, Doria E, Fiorentini C, Galli C,

Pepi M, Tamborini G (1989) Enhancement of the

pulmonary vasoconstriction reaction to alveolar

hypoxia in systemic high blood pressure. Clin Sci

(Lond) 76:589–594

61. Burtscher M (2007) Risk of cardiovascular events

during mountain activities. Adv ExpMed Biol 618:1–11

62. Beall CM (2003) High-altitude adaptations. Lancet

362(Suppl):s14–s15

63. Frisancho AR (1993) Human adaptation and accom-

modation. University of Michigan Press, Ann Arbor

64. Hultgren HN (1992) Effect of high altitude on

cardiovascular diseases. J Wilderness Med 3:301–308

65. Ruiz L, Penaloza D (1977) Altitude and hypertension.

Mayo Clin Proc 52:442–445

66. Sun SF (1986) Epidemiology of hypertension on the

Tibetan Plateau. Hum Biol 58:507–515

67. Monge MC, Monge M (1966) High altitude diseases:

mechanism and management. Thomas, Springfield

Hypertension at High Altitude 253



68. Heath D, Williams RR (1977) Man at high altitude.

The pathophysiology of acclimatization and adapta-

tion. Churchill Livingstone, Edinburg

69. Ward M (1975) Mountain medicine a clinical study of

cold and high altitude. Van Nostrand Reinhold Co.,

New York

70. Faeh D, Gutzwiller F, Bopp M (2009) Lower mortal-

ity from coronary heart disease and stroke at higher

altitudes in Switzerland. Circulation 120:495–501

71. Hanna JM (1999) Climate, altitude, and blood pres-

sure. Hum Biol 71:553–582

72. Shrestha S, Shrestha A, Shrestha S, Bhattarai D (2012)

Blood pressure in inhabitants of high altitude of West-

ern Nepal. JNMA J Nepal Med Assoc 52:154–158

73. Fiori G, Facchini F, Pettener D, Rimondi A, Battistini

N, Bedogni G (2000) Relationships between blood

pressure, anthropometric characteristics and blood

lipids in high- and low-altitude populations from Cen-

tral Asia. Ann Hum Biol 27:19–28

74. Gamboa A, Gamboa JL, Holmes C, Sharabi Y, Leon-

Velarde F, Fischman GJ, Appenzeller O, Goldstein

DS (2006) Plasma catecholamines and blood volume

in native Andeans during hypoxia and normoxia. Clin

Auton Res 16:40–45

75. Otsuka K, Norboo T, Otsuka Y, Higuchi H, Hayajiri M,

Narushima C, Sato Y, Tsugoshi T, Murakami S, Wada

T, Ishine M, Okumiya K, Matsubayashi K, Yano S,

Chogyal T, Angchuk D, Ichihara K, Cornelissen G,

Halberg F (2005) Chronoecological health watch of

arterial stiffness and neuro-cardio-pulmonary function

in elderly community at high altitude (3524 m), com-

pared with Japanese town. Biomed Pharmacother 59

(Suppl 1):S58–S67

76. Tripathy V, Gupta R (2007) Blood pressure variation

among Tibetans at different altitudes. Ann Hum Biol

34:470–483

77. Tripathy V, Charan Satapathy K, Gupta R (2006)

Nutritional status and hypertension among Tibetan

adults in India. Hum Ecol 14:77–82

78. Zhao X, Li S, Ba S, He F, Li N, Ke L, Li X, Lam C,

Yan L, Zhou Y, Wu Y (2012) Prevalence, awareness,

treatment and control of hypertension among

herdsmen living at 4300 in Tibet. Am J Hypertens

7:583–589

79. Henley WN, Bellush LL, Notestine MA (1992)

Reemergence of spontaneous hypertension in

hypoxia-protected rats returned to normoxia as adults.

Brain Res 579:211–218

80. Kolar F, Ostadal B, Prochazka J, Pelouch V,

Widimsky J (1989) Comparison of cardiopulmonary

response to intermittent high-altitude hypoxia in

young and adult rats. Respiration 56:57–62

81. Milano G, Corno AF, Lippa S, Von Segesser LK,

Samaja M (2002) Chronic and intermittent hypoxia

induce different degrees of myocardial tolerance to

hypoxia-induced dysfunction. Exp Biol Med

(Maywood) 227:389–397

82. Gupte SA, Wolin MS (2012) Relationships

between vascular oxygen sensing mechanisms

and hypertensive disease processes. Hypertension

60:269–275

83. Semenza GL, Prabhakar NR (2012) The role of

hypoxia-inducible factors in oxygen sensing by the

carotid body. Adv Exp Med Biol 758:1–5

84. Harrison DG, Guzik TJ, Lob HE, Madhur MS, Marvar

PJ, Thabet SR, Vinh A, Weyand CM (2011) Inflam-

mation, immunity, and hypertension. Hypertension

57:132–140

85. Paravicini TM, Touyz RM (2006) Redox signaling in

hypertension. Cardiovasc Res 71:247–258

86. Severinghaus JW, Bainton CR, Carcelen A (1966)

Respiratory insensitivity to hypoxia in chronically

hypoxic man. Respir Physiol 1:308–334

87. Otsuka K, Norboo T, Otsuka Y, Higuchi H, Hayajiri

M, Narushima C, Sato Y, Tsugoshi T, Murakami S,

Wada T, Ishine M, Okumiya K, Matsubayashi K,

Yano S, Choygal T, Angchuk D, Ichihara K,

Cornelissen G, Halberg F (2005) Effect of aging on

blood pressure in Leh, Ladakh, a high-altitude

(3524 m) community, by comparison with a Japa-

nese town. Biomed Pharmacother 59(Suppl 1):

S54–S57

254 A. Sarybaev et al.



Herbs for Mitigating High Altitude
Maladies
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Abstract

A large number of armed forces are deployed at mountainous regions of the

country. Nevertheless, a significant fall in work efficiency and physical perfor-

mance is observed at high altitude. In view of the above, there is an essential

requisite for identification of pharmacotherapeutic interventions (herbal, die-

tary, or chemical agents) to boost endurance and performance and to mitigate

cold injuries and promote wound healing under stressful conditions. In the last

few decades, DIPAS has extensively worked on this area, and this article

summarizes the studies conducted under the aegis of DIPAS to ascertain the

role of herbs inmitigating high-altitudemaladies. Extensive scientific studies at

DIPAS have focused on the development of adaptogens, herbal formulations

which help to enhance nonspecific resistance to stress and improve physical

performance. In this context, three herbal preparations such as Composite

Indian Herbal Preparation-I (CIHP-I), Composite Indian Herbal Preparation II

(CIHP-II), and“DIP-91”havebeendevelopedwith significant antistress aswell

as adaptogenicactivity.Aherbalwoundhealernamed“HERBOHEALER” is a

product which possesses antioxidant, antibacterial activity and wound-healing

activity in both acute as well as chronic wounds. DIPAS has also formulated a

creamnamed“ALOCAL,”which ishavingapromising roleagainst cold injury.

A hypolipidemic agent named “DIP-LIP” was also developed that possessed

antiatherogenic, cardioprotective activities and vasorelaxation activity.

Conclusively, herbs possess a wide range of therapeutic effects, and

through systematic scientific investigations using various animal models

and clinical trials, research at DIPAS has translated this knowledge into

products for protection against high-altitude maladies and also for enhanc-

ing performance under stressful conditions.
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High terrestrial altitudes have since long

attracted man, both for leisure and resources.

The populace at high altitude includes the indig-

enous natives (Tibetans and Sherpas), armed

forces, as well as sojourners like trekkers, skiers,

etc. High-altitude region may lead to medical

problems from the mild symptoms of acute

mountain sickness (AMS) to the potentially

fatal high-altitude pulmonary edema (HAPE)

and high-altitude cerebral edema (HACE). The

most common ailment of high altitude is AMS

and the symptoms are headache, nausea,

anorexia, insomnia, lassitude, vomiting, and diz-

ziness. Additionally, cold injuries and frostbites

also develop at high altitude due to low tempera-

ture. The other significant factors which affect

life at high altitude include hypoxia (a result of

the fall in the atmospheric pressure of oxygen,

required for all mammalian life), cold, wind, and

isolation from society and civilization. Although

individually all these factors form potent psycho-

physiological stressors; when present together

they evoke a formidable challenge to the human

adaptability and survival under such environ-

mental vagaries.

Evidence shows a significant fall in work effi-

ciency and physical performance under high-

altitude conditions. Cardiopulmonary changes

in cardiac output and blood pressure, a marked

decrease in body mass, and loss of muscle func-

tion are a known response to the hypobaric hyp-

oxia. The impairment in the physical

performance capacity is further exacerbated by

increased oxidative stress, polycythemia, and

decreased lactate production.

In view of the deployment of a large percent-

age of armed forces to the mountainous regions

of India, there is an essential requisite for identi-

fication of pharmacotherapeutic intervention

(herbal, dietary, or chemical agents) to boost

endurance and performance under strenuous

conditions. In the last century, an immense inter-

est has been shown towards Ayurveda. Ayurveda

is one of the traditional systems of medicine

practiced in India and can be traced back to

6000 BC [10]. Ayurveda (ayus, life; veda,

knowledge, meaning the science of life) is the

oldest medical system in the world, which

exploits the potential of various herbs generally

in polyherbal formulations. Due to fewer side

effects, ease in availability, and cost effective-

ness, there is an ever-increasing interest in

research on different plant species to find out

their therapeutic applications.

Plants have acquired an essential system to

reduce and scavenge active oxygen species

which are naturally generated during photosyn-

thesis and respiration [2]. Plants, as a source of

medicines and human sustenance, have been

in vogue since antiquity. Ancient Indian litera-

ture like Rigveda, Atharvaveda, Upanishads,

Charaka Samhita, and Sushruta Samhita cites

the use of medicinal plants as drugs, essences,

tools of worship, food, fuels, poisons, and

agricultural tools.

The World Health Organization (WHO) has

listed about 20,000 plant species in the world

yielding drugs. In India, over 2,500 species are

credited with medicinal values. Plants produce a

number of phytonutrients which when present

in an appropriate concentration act in synergistic

fashion having therapeutic activity. Plants are

rich source of vitamins, minerals, and other

bioactive components. Major classes of

phytonutrients include carotenoids, polyphenols,

anthocyanins, flavonoids, isothiocyanates,

sulfides, and phytosterols [5, 17, 18]. This broad

range of natural compounds appears to have

numerous biological functions which may be

overlapping and complementary. Interest in

phytonutrients has resulted in identifying mech-

anism of action at the cellular or molecular level

for many of these compounds. Several studies

have revealed that plants produce potent

antioxidants to control the oxidative stress

caused by excessive sun rays and oxygen and

represent a source of new compounds with anti-

oxidant activity [28].
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DIPAS in the last few decades has extensively

worked on developing herbal products for ame-

lioration of high-altitude stress. This article

summarizes the studies conducted under the

aegis of DIPAS to ascertain the role of herbs in

mitigating high-altitude maladies.

Herbal Adaptogens

DIPAS has focused on the development of

adaptogens, herbal formulations which help to

enhance nonspecific resistance to stress as well

as improving physical performance.

The term adaptogen was first proposed by

Brekhman and Dardymov [6]. These herbal

derivatives improve the human system against

stress and help in restoration of normal homeo-

stasis of the body and can be viewed as general

health tonics prescribed to enhance vitality

(Fig. 1). Adaptogen has a large range of thera-

peutic activity and does not cause any meta-

bolic alterations in the body during resting

state.

Multiple Stress Animal Model for
Evaluation of Adaptogenic Activity

To study the adaptogenic potential of herbal

formulations, DIPAS has developed a passive

multiple stress animal model way back in the

1990s, called as cold-hypoxia-restraint (C-H-R)

animal model. In this model, overnight fasted

rats are exposed to decompression chamber

which maintained cold temperature (5 �C), a low
atmospheric pressure of 428 mmHg pressure

equivalent to an altitude of 4,572 m, and restraint

stress simultaneously. Under such stressful

conditions, a rectal probe is inserted 2 cm past

the rectum and the rectal temperature (Trec) is

monitored once per minute by using a 16-channel

Iso-Thermex temperature recorder (Columbus

Instrument, Columbus, OH) (Fig. 2). The gradual

fall in rectal temperature is recorded from 37 to

23 �C. Attainment of a colonic temperature of

23 �C is taken as the termination point of

the exposure, as any further fall in colonic

temperature resulted in a high incidence of mortal-

ity.After exposure, rat is kept inside a conditioning

Fig. 1 Effects of

adaptogen on stress-

induced symptoms
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chamber for recovering temperature from 23

to 37 �C at normal atmospheric pressure and ambi-

ent temperature of 32 � 1 �C. The rat continues

to be restrained during recovery period. The

time taken to attain Trec of 23
�C and its recovery

to Trec of 37
�C is used as a measure of endurance

[27].

This C-H-R model has been exploited for

evaluating the adaptogenic and anti-stress effi-

cacy of many herbal formulations. This is based

on the simple principle that any formulation

which is capable to resist a change in its rectal

temperature (a physiological marker) after being

exposed to simulated high-altitude conditions

developed by C-H-R model could be considered

as adaptogens for cold, hypoxia, and restraint

stress. The formulations are usually administered

30 min prior to C-H-R exposure.

Using C-H-R multiple stress animal model,

numerous plant extracts and composite

(polyherbal, multicomponent) formulations

have been evaluated for their adaptogenic and

anti-stress activity.

Composite Indian Herbal
Preparation-I (CIHP-I)

Basically, composite Indian herbal preparation-I

(CIHP-I) is a mixture of number of herbs. The

accumulative effect of these herbals is able to

increase physical and mental performance.

Singh et al. [32] reported that oral administration

of CIHP-I to mice for 4 days at the dose of

50–150 mg/kg body weight increased survival

time of swimming and also prevented stress-

induced changes in the adrenals. CIHP-I was

also able to increase oxygen demand at high

terrestrial altitude [33] and also improved nutri-

tion, cell-mediated immunity, and blood proteins

without affecting glucose and cholesterol level

[23]. The LD50 of the CIHP-I is 56 g/kg (orally)

in mice, while it is effective at the dose of

50–150 mg/kg body weight.

Studies using CIHP-1 against cold-hypoxia-

restraint stress (C-H-R) found that a 3-week oral

administration of CIHP-I at the dose of 15 mg/kg

resulted in low body weight gain when compared

to control rats. The time taken to attain Trec of

23 �C increased by 30 % at the dose of 7.5 mg.

At a dosage of 150 mg/kg, the cooling time was

observed to be further increased (45 %). Recovery

time of Trec to 37 �C was also observed to be

decreased (~40 %) at a dose of 75 mg/kg and

above. The time required for Trec to fall to 23 �C
was increased by 9% after administration of single

dosage of CIHP-I. On the other hand, five consec-

utive doses of CIHP-I, once a day, increased the

time for Trec to fall 23 �C to 29 % and recovery

time of Trec of 37
�C decreased by 18 % [24].

Fig. 2 Animal

decompression chamber
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Composite Indian Herbal
Preparation-II (CIHP-II)

A composite Indian herbal preparation-II (CIHP-

II) is a preparation of 39 plant components and 6

minerals [15]. CIHP-II is also safe and nontoxic

on prolonged use. Singh et al. (1978) also

reported that the LD50 value of CIHP-II is

5–6 g/kg in mice while the beneficial effective

dose is 100–200 mg/kg body that is quite less

than LD50. Administration of CIHP-II at a dose

of 1 mg/kg body weight significantly delayed the

time for attaining Trec of 23
�C and recovery to

37 �C was significantly reduced.

DIPAS also conducted large-scale field trials

of CIHP-II for introduction into the armed

forces operating under extreme climatic

conditions. In this study, a double-blind

placebo-controlled randomized field trial was

carried out on age- and body weight-matched

volunteers to ascertain efficacy of CIHP in

curtailing altitude-induced maladies during

acute induction to an altitude of 3,500 m and

following prolonged residence at extreme alti-

tude of 4,800–6,000 m. A significant decrease in

AMS symptom score was observed in CIHP-II-

treated volunteers as compared to placebo-

treated group. The arterial oxygen saturation

(SaO2) in CIHP-II-administered volunteers was

higher than the placebo-administered group. The

pulse rate in CIHP-II-administered volunteers at

high altitude was lower than the placebo-

administered group. These results suggested

that CIHP-II administration is able to curtail sig-

nificantly the altitude-induced deterioration of

physical and mental performance of the soldiers

during prolonged residency at high and extreme

altitude.

DIP-91

“DIP-91” is a herbal anti-stress adaptogen prod-

uct developed by DIPAS. Studies conducted by

us show that “DIP-91” has significant anti-stress

and adaptogenic activity. “DIP-91” is prepared

from a single herbal component. It possesses

a noncumulative potent adaptogenic activity

and acts as anxiolytic, endurance promoter,

revitalizer, and rejuvenator. Besides this, “DIP-

91” has excellent antioxidant potential that helps

to reduce oxidative stress. Interestingly, “DIP-

91” does not cause any metabolic alternations

in the body during resting state, and it is far better

than available products as stand-alone prepara-

tion (Withania somnifera/Ginkgo biloba/Panax

ginseng) and polyherbal and multicomponent

preparations in the market. “DIP-91” is also

cost-effective, nontoxic, safe, and free of heavy

metal toxicity. “DIP-91” is effective as health

food supplement/nutraceutical and anti-stress

agent to manage day-to-day stress and increases

stamina and immunity; therefore, it is useful in

adapting to adverse environmental conditions.

Herbal Wound Healer

Wound repair and regeneration are essential pro-

cesses in maintaining tissue homeostasis in

response to injury. Wound healing is a complex

process of well-orchestrated and predictable

events and comprises of three overlapping

phases: inflammation, granulation tissue forma-

tion, and remodeling [31]. Optimum healing of a

wound requires an integration of the complex

biological and molecular events of cell migration

and proliferation and of extracellular matrix

deposition. Interplay between blood cells, endo-

thelial cells, fibroblasts, and keratinocytes and

the local release of growth factors and cytokines

influences the rate of wound repair [14, 25].

The normal healing process can be impeded at

any step along its path by a variety of factors.

Delayed wound healing is one of the major ther-

apeutic and economic issues in medicine today.

The World Health Organization (WHO)

estimates that 6.5 million individuals suffer

from chronic skin ulcers caused by prolonged

pressure, venous stasis, or diabetes mellitus and

burn injuries [36]. In contrast, military combat

injuries are almost exclusive to penetrating

wounds such as gunshot wounds, explosions,

splinters, and bruises. Combat-injured patients

are highly susceptible to microbial infections.

Multiple pathogenic abnormalities, ranging
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from disease-specific intrinsic flaws in blood

supply, angiogenesis, phenotypic changes in res-

ident wound cells, altered matrix metallopro-

teinases profiles, and extracellular matrix

turnover to extrinsic factors due to infection and

the presence of biofilms, bacterial colonization,

and excessive exudate, contribute to failure to

heal [29]. Wounds and wound healing

abnormalities cause a great deal of physical and

psychological discomfort and morbidity to

affected patients. Therefore, safe and effective

wound care modalities are required, which are

nontoxic, minimally invasive, and economically

feasible for improving wound healing.

Recent technological advances have led to

very promising breakthroughs in the treatment

of delayed wound healing. Research on pharmaco-

logical and non-pharmacological modalities to

augment wound healing is a developing area in

modern biomedical sciences. Recent advances in

cellular and molecular biology have greatly

expanded our understanding of the biological

processes involved in wound repair and tissue

regeneration and have led to improvements in

wound care management. The objective in wound

management is to heal the wound in the shortest

time possible, with minimal pain, discomfort, and

scarring to the patients.

The process of wound healing is promoted by

natural (honey, chitosan) and plant products

which are composed of bioactive phytocon-

stituents, viz. alkaloids, glycosides, triterpenes,

and flavonoids. These agents usually influence

one or more phases of the healing process. The

presence of various life-sustaining constituents

in plants has urged scientist to examine these

plants with a view to determine potential wound

healing properties [16, 22].

Herbo Healer

Recently, a potent herbal wound healer in the

form of a topical ointment has been developed

for wound care applications. The preparation has

been evaluated for its bioefficacy on experimen-

tal full-thickness dermal acute and chronic (burns

and diabetic) animal wound models, and its

possible mechanisms of action were also

investigated. The developed “Herbo Healer”

preparation contains a single herbal component,

nontoxic, economical, and highly rich in bioac-

tive phytochemicals (polyphenols and

flavonoids).

Herbo Healer preparation showed strong anti-

oxidant and antibacterial properties. In vitro

studies revealed that Herbo Healer possessed

antibacterial activity against tested wound

pathogens (Pseudomonas aeruginosa and Staph-

ylococcus aureus) and enhanced angiogenic

activity observed in chick chorioallantoic

membrane (CAM) model. In vivo studies

demonstrated that the formulation possessed

potent wound healing activity as assessed by

biophysical, biochemical, molecular, and histo-

logical parameters. The herbal preparation

increased cellular proliferation, collagen biosyn-

thesis, neovascularization, and wound area con-

traction. The healing activity of Herbo Healer

was found to be far better than silver sulfadiazine

and povidone-iodine ointments (standard care).

The treatment also reduced scar and upregulated

the expression of growth factors (VEGF, TGF-β),
extracellular matrix (ECM) protein (collagen

type III), and matrix metalloproteinases (MMP-

2 and MMP-9), which help in tissue regeneration

and remodeling phases of the wound healing.

These results were further supported by

histopathological examinations. The treatment

also increased the endogenous enzymatic (super-

oxide dismutase, catalase, glutathione

peroxidases) and nonenzymatic (reduced gluta-

thione, vitamin C) antioxidants and decreased

lipid peroxide levels and reactive oxygen species

in wound granulation tissue.

The studies suggested that Herbo Healer

promotes wound healing in experimental acute

and chronic (burns, diabetic) wounds. This was

indicated by a significant increase in re-

epithelialization and wound closure. The

increased wound contraction in treated rats

might be due to enhanced activity of

myofibroblasts in regenerated wound tissue,

which exert tension on the surrounding ECM

and secreting ECM proteins such as collagen to

stabilize the contraction. Collagen is a major
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protein of ECM and component that ultimately

contributes to wound strength. The enhanced

levels of hydroxyproline and hexosamine in

Herbo Healer-treated wounds probably provided

the strength to the regenerated wound tissue.

MMPs are key players in every phase of the

repair process, like eliminate damaged protein,

destroy the provisional ECM, facilitate migration

to the center of the wound, remodel the granula-

tion tissue, and probably control angiogenesis

and also regulate the activity of some growth

factors [16]. Increased expression of MMP-2

and MMP-9 in Herbo Healer-treated experimen-

tal rats suggested that it played an important role

in remodeling of the ECM. Angiogenesis is a

critical component of wound healing. The

Herbo Healer treatment promoted angiogenesis

in both in vivo and in vitro models as indicated

by histological studies and new vessel formation

in CAM model, which might be due to enhanced

expression of VEGF in regenerated tissue. VEGF

is an important proangiogenic cytokine and

improves angiogenesis during wound healing

by stimulating the migration and proliferation

of endothelial cells through the ECM [14]. In

conclusion, as illustrated in Fig. 3, Herbo Healer

possesses a significant wound healing activity in

both acute and chronic wounds (Fig. 4).

The detailed study for safety and toxicity

evaluation (oral and dermal) of the Herbo Healer

ointment formulation has been carried out by

Shriram Institute for Industrial Research, Delhi

(ISO and NABL accredited laboratory), and

reported that herbal wound healer is completely

safe for dermal applications. Furthermore, Herbo

Healer ointment dermatologically tested under

limited field trial studies conducted on human

subjects found that it protects skin from dryness

and heals skin’s moisture barrier providing

soothing effects at harsh climatic conditions.

The developed Herbo Healer has immense

wound healing potentials and wide applications

in skin tears, abrasions, incision, excision

injuries, superficial/deep burns, scalds, bruises,

and diabetic wounds.

Alocal (Cream for Cold Injury)

Armed forces operating at snowbound cold areas

of high altitude are facing the problem of cold

injuries. Hypoxia has been shown to play an

important role in the reduction of blood flow to

the extremities and therefore may modulate the

cold injury [13]. Cold injuries can be divided into

two general categories: nonfreezing cold injuries

(chilblains and trench foot) and freezing cold

injuries (frostbite). Chilblains are itchy, painful,

reddish, or purplish areas of swelling that usually

affect the fingers, toes, nose, or ears, though other

areas of the body may also be involved. On the

other hand, frostbite is a major health and serious

medical problem for persons who are exposed to

cold climatic conditions like military personnel

operating in snowbound areas, mountaineers,

trekkers, skiers, pilgrims, and civilian population

engaged in construction work at high altitude [9].

Fig. 3 “Herbo Healer” ointment for topical wound

healing application
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It is responsible for the loss of fingers and toes in

large number of affected cases.

Trench foot (immersion injury) was named

after the condition suffered by many soldiers in

the trenches during World War I. Trench foot

develops after prolonged exposure to a wet,

cold environment and is typically a more serious

condition than chilblains. The symptoms of tench

foot indicate pain, numbness, and swelling.

Severe trench foot leads to the development of

gangrene and amputation of injured body part

may also occur (Fig. 5). Frostbite occurs when

there is freezing of the affected tissue and it is the

most serious form of the cold injuries. Frostbite

usually affects the exposed body parts, i.e.,

hands, feet, nose, or ears, though other parts of

the body may also be affected (Fig. 6). This type

of injury results from decreased blood flow and

heat delivery to body tissues resulting in damag-

ing ice crystal formation.

Freezing Simulation Machine for
Inducing Frostbite Injury in Animals

Frostbite injury was induced experimentally by

exposing the one of the hind limb of the

harnessed rat in freezing simulation machine

(Fig. 7) (designed and fabricated at DIPAS

workshop) using the method described by

Purkayastha et al. and Himashree et al. [26, 21,

20]. A stream of compressed air from an air

Fig. 5 Trench foot

Fig. 4 Possible mechanisms by which “Herbo Healer” enhances wound healing process
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compressor, which has a pressure regulator, was

passed through a series of copper coils

submerged in a freezing mixture of ice and

salt. The cold air then enters the glass receptacle

in which the limb of the rat is exposed. This

effectively simulates the conditions for frost-

bite. Consequential factors affecting frostbite,

viz. temperature, duration of exposure, and

Fig. 6 Cold injuries in the glacier

Fig. 7 Frostbite induction

assembly developed at

DIPAS
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velocity of the wind, can be concurrently and

exclusively controlled in the freezing machine;

the degree of frostbite is conditional to all these

factors [35]. Left hind limb of the harnessed

rats was exposed at �20 � 1 �C with wind

flow of 25–30 l/min, for 15 min; temperature

recording was done by YSI telethermometer

(Model 46 TUC, USA). During exposure, only

one of the hind limb of the rat is exposed and the

temperature around the animal was maintained

at 26–28 �C to prevent hypothermia so as to

study the effect of local cold injury alone.

Using freezing simulation machine, numerous

plant extracts have been studied in DIPAS for the

protective efficacy against cold injury in which

Aloe vera is found to be promising. Aloe vera is

known to have tissue regeneration, vasodilatory,

anti-inflammatory, and antimicrobial properties

[11, 12] and have been extensively used in tradi-

tional Indian, Tibetan, Chinese, and Mongolian

medicine for wounds and burns [7, 19, 30, 34]. It

is also used in burns as the pathophysiology of

frostbite is similar to burns. Hence the efficacy

of Aloe vera in frostbite was tested at DIPAS.

Aloe vera contains different compounds such

as polysaccharides, steroids, organic acid, and

enzymes. Aloe vera can penetrate through the

injured tissue, dilates the blood capillaries, and

increases blood circulation. It also inhibits platelet

aggregation and has anti-inflammatory properties.

Aloe vera also prevents tissue necrosis by wound

healing.

Aloe vera was developed by DIPAS as a

topical cream, named “Alocal.” The cream is hav-

ing 50 % Aloe vera with aqueous base and mois-

turizer. It is not oily or greasy and importantly it

does not freeze or flake at subzero temperature

even at�30 �C. The cream has also been found to

be effective in offering protection from sunburn

and chafing of cheeks, lips, and fingers. Prophy-

lactic/therapeutic effect of “Alocal” is due to its

anti-inflammatory, vasodilatory, wound healing,

and tissue-regeneratin properties. The cream

needs to be applied on all parts of the exposed

body three times a day for its prophylactic use

against frostbite/cold injury.

With these specifications, we approached the

industry and Ms Fem Pharma (now Dabur India)

accepted the proposal and made the “Alocal

cream” (Fig. 8). Presently other companies have

also taken the “transfer of technology” to make

and market the same.

DIP-LIP Hypolipidemic Agent

High-altitude exposure from one to several days

or weeks results in hypoxic condition,

emphasized by diminished ambient oxygen pres-

sure, decreased temperature, lower humidity, and

increased ultraviolet radiation. These hypoxic

conditions cause changes in the myocardium

with profound effect on the morphology and

function of the cardiopulmonary system [4].

Prolonged exposure to high altitude leads to an

increase in heart rate, myocardial contractility,

and cardiac output [8]. Atland and Highman

[1] found severe atherosclerotic lesions in the

pulmonary vessels with calcification in rabbits

when the animals are exposed to 11–17 weeks

at 16,000 ft simulated height.

Keeping complications in mind, DIPAS has

developed a hypolipidemic agent named “DIP-

Fig. 8 Alocal cream
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LIP.” Besides hypolipidemic property, it also

possesses antiatherogenic and cardioprotective

activities. It is basically synthesized by super-

critical CO2 extraction. In a study conducted on

rabbit model, administration of DIP-LIP along

with high-cholesterol diet restricted further rise

of total cholesterol and caused a significant

decline of triglyceride and LDL cholesterol as

compared to animals fed on high-cholesterol

diet only. The rise in HDL cholesterol over the

basal values in DIP-LIP-treated animals was

significantly higher than the nontreated animals.

Besides this, DIP-LIP also caused a significant

vasorelaxation activity [3].

Conclusion

This series of studies highlights the translation of

traditional ethnopharmacological wisdom into a

process and product with a scientific rationale

and development of products for acclimatization

to high altitude. Herbs have wide range of thera-

peutic effects, and through systematic scientific

investigations using various animal models and

clinical trials, research at DIPAS has translated

this knowledge into products for protection against

high-altitude maladies and also for enhancing

performance under stressful conditions.
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Lessons from a 20-Year Investigation
of Intermittent Hypoxia: Principles
and Practices

T.V. Serebrovskaya

Abstract

Widespread use of the intermittent hypoxic training/treatment (IHT)

methods in sports, military, and medical practice during recent decades

has provoked a discussion: “What is ‘intermittent hypoxia’?” In contrast to

studies from the former Soviet Union countries that emphasized mainly the

beneficial effects of IHT on an organism, intermittent hypoxia research in

Western Europe and North America was primarily focused on the detri-

mental effects associated with sleep apnea. However, during the past

decade, such a gap of division between East and West is progressively

shrinking, and mutual understanding on what “intermittent hypoxia” means

becomes clearer. Potential mechanisms underlying both beneficial and

adverse effects of IHT have been described. Basic investigations led to

the proliferation of various methods of IHT exposure and the development

of different medical equipment – hypoxicators – for its implementation in

sport practice and military operations and also for clinical application.

However, wide array of different protocols and measurements makes the

results difficult to harmonize. Meanwhile, the mode of hypoxic influence

(depth, duration, and intermittence) appeared to be critical for the determi-

nation of healing or harmful result. Therefore, special purposeful

investigations are needed to elucidate basic mechanisms of different IHT

effects depending on the modality of hypoxic stimuli and elaborate the most

effective and safe regimen for the introduction in human practice.

Introduction

Intermittent hypoxia (periodic hypoxia, interval

hypoxia, hypoxic preconditioning, etc.) became

today “the talk of the town” among physiologists

and clinicians who deal with hypoxic problems.

Although the roots of this topic go deep into

Middle Ages, sharply intensifying in the 30th

year of the twentieth century in Soviet Union

due to military needs, the most fundamental

investigations were made during the last two

decades. The number of publications indexed in

PubMed under the keyword “intermittent hyp-

oxia” increased from 49 in 1993 to 520 during
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the first half-year of 2013. Several monographs

have been published [1–4].

Many types of protocol with different num-

bers of hypoxia episodes, severity, and total

exposure duration have been used by

investigators, and these combinations may have

resulted in various physiological responses.

Principles of IHT application for cell cultures

and animal experiments (mice, dogs, cats,

rabbits, pigs, horses, and even insects) have

been elaborated. A variety of technical

implementations for treatment of animals and

humans have been tested.

Widespread use of the intermittent hypoxic

training/treatment (IHT) methods in sports, mili-

tary, and medical practice during recent decades

has provoked a discussion: “What is ‘intermittent

hypoxia’?” [5]. All papers using this term should

be divided into four main classes: (1) hypoxic

hypoxia (intermittent hypoxic training using gas

mixtures or barochambers, recurrent sojourn at

high altitudes, hypoxic preconditioning in stem

cell transplantation therapy), (2) ischemic

preconditioning (cardiac, cerebral, etc.), (3) hyp-

oxia induced by breath holding (divers, yogic

technique pranayama, training with extra dead

space), and (4) obstructive sleep apnea syndrome

(OSAS) and other diseases associated with

brainstem disorders.

The three first classes are generally consid-

ered as beneficially influencing on an organism,

whereas the fourth one (which is characterized

by the similar pattern of hypoxic and normoxic

episodes) is an example of the pathological pro-

cess. Rats exposed to chronic intermittent hyp-

oxia (CIH) simulating recurrent apnea in OSAS

patients demonstrate autonomic morbidities and

hypertension similar to those described in recur-

rent apneic patients [6, 7 and many others].

Meanwhile, such comparison seems to be rather

mechanistic because it does not take into account

several significant differences between other

factors accompanying hypoxia in these four

paradigms.

For example, most researchers do not take

into account that IHT methods in the vast major-

ity of cases use eucapnic hypoxia which results in

hyperventilation and hence hypocapnia. At the

same time, ischemic preconditioning which

was proved to activate endogenous defense

mechanisms and shows marked protective

effects is accompanied by hypercapnia, acidosis,

and the accumulation of metabolites absent dur-

ing IHT. In experiments on rats, only hypoxic

component is modulated, whereas inspired CO2

is maintained at normal level. Meanwhile, pCO2

and pH play one of the main regulative roles in

respiration and metabolism and could affect the

organism very differently from hypoxia per se.

Intracellular acidosis due to hypercapnia raises

concerns about potential harmful effects. In con-

trast to intermittent hypoxia, the effects of inter-

mittent hypercapnia and its cohabitation with

hypoxia are the areas of research that remain to

be explored. Therefore, a direct comparison of

IHT, ischemia, and sleep apnea effects seems

inconsistent.

Although intermittent hypoxia research in

Western Europe and North America was primar-

ily focused on the detrimental effects of chronic

intermittent hypoxia associated with sleep-

disordered breathing, during the last decade

such a gap of division is progressively shrinking,

and mutual understanding on what “intermittent

hypoxia” means becomes clearer.

In this mini-review we will just outline the

main recent achievements in the field of intermit-

tent hypoxia focusing on recent advances in the

mechanisms of IH investigation.

Mechanisms

An impressive amount of scientific information

has been gathered with regard to the responses to

hypoxia, from the integrative systems level to the

molecular and genomic level, such as (1) regula-

tion of respiration and circulation, (2) free radical

production, (3) mitochondrial respiration, (4) role

of genetic factors (HIF, MTF-1, NF-βκ, c-Fos,
c-Jun, etc.), and (5) epigenetic mechanisms of

adaptation to IH. Repeated exposures to hypoxia

have been examined for both their beneficial

and adverse effects. The following questions
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arise: what are the key mechanisms determining

the adaptive versus maladaptive nature of differ-

ent paradigms of intermittent hypoxia and what

molecular pathways are mediating the observed

pathological or physiological response? Until now

there is no exact evidence about the precise mech-

anism for switching adaptive or maladaptive

responses to hypoxic impact. The most important

arguments are presented in recent papers [8, 9].

Many discoveries demonstrated that intermit-

tent hypoxia leads to remodeling of the carotid

body function manifested by augmented sensory

response to hypoxia and induction of sensory long-

term facilitation (LTF). More than 20 years ago we

have shown that intermittent normobaric hypoxia

augments hypoxic ventilatory response (HVR) and

does not substantially influence hypercapnic venti-

latory sensitivity (HCVR) [10]. Later on JohnWeil

and his co-workers [11] described variations in the

HVR in human subjects. There are many reviews

that reflected further investigations in this field

[12–14 and oth.]. Recent studies strongly indicate

that endothelin-1 takes part in this process

resulting from reactive oxygen species-dependent

activation of endothelin-converting enzyme [15].

The role of such gasotransmitters as nitric oxide,

carbon dioxide, and hydrogen sulfide (H2S) in the

regulation of respiration under intermittent hyp-

oxia was excellently described by N. Prabhakar,

2013 [16].

It is widely known that during acute episodes of

hypoxia, chemoreceptor-mediated sympathetic

activity increases heart rate, cardiac output, periph-

eral resistance, and systemic arterial pressure.

Tyrosine hydroxylase (TH) is the rate-limiting

enzyme for catecholamine synthesis. Several

mechanisms contribute to the short- and long-

term regulation of TH which are well established.

IH-mediated activation of TH leads to the increase

in catecholamine level in the brainstem and

adrenal medulla [9]. In our lab, it was shown

that a 2-week IHT course increased dopamine

synthesis in adult and old rats and the animals

with experimental Parkinson’s disease (PD),

especially in the right striatum, restoring partially

the skewness of DA distribution between brain

hemispheres which has been lost during aging [17].

However, different IH paradigms produce

remarkably divergent effects on systemic arterial

pressure in the posthypoxic steady state [18]. The

hypertensive effects of OSA versus the depressor

effects of therapeutic hypoxia exemplify this

divergence. Why do OSA and IHT produce such

disparate effects on blood pressure? It is useful to

consider the fundamental differences between the

two phenomena: duration of hypoxic periods,

hypercapnia and acidemia versus hypocapnia and

alkalemia, hypoxic episodes occurring at day- or

nighttime, etc. As a result, OSA ignites a crescendo

of factors which activate the sympathetic nervous

system and systemic inflammation, culminating in

maladaptive, persistent hypertension. In contrast,

therapeutic IHT activates the parasympathetic

system and dampens other factors.

Another IH effects on the cardiorespiratory

system should be only mentioned here. There

are increased alveolar ventilation and lung

diffusion capacity, increased hematopoiesis,

increased capillary density and tissue perfusion,

suppressed function of mitochondrial enzyme com-

plex I (MEC I), and the alternative activation of

MEC II (see reviews [8, 13, 19–22]). Some authors

[23] consider intermittent hypoxia as a multifunc-

tional tool of a natural mitochondria-rejuvenative

strategy.

Besides, hypoxic exposure significantly

increases the tolerance and regenerative properties

of stem cells and progenitor cells. During the last

decade it was shown that short-term hypoxic

exposures can mobilize hematopoietic stem cells

(HSC) and increase their presence in peripheral

circulation [24–27]. Different intensities and

durations of hypoxia could have important and

diverse effects on stem cell development. Special

study was designed to compare the effects of

intermittent versus acute hypoxia on human HSCs

and some immune parameters [28]. The effect of a

2-week program of cyclic 5 min exposures to 10 %

O2 were (1) decrease in circulating hematopoietic

stem cells, (2) complement activation, and

(3) phagocytic and bactericidal activities of

neutrophil stimulation while suppressing

proinflammatory cytokines. In contrast to the 14d

program, a single IHT session provoked
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appreciable yet transitory increase in circulating

HSC which quickly subsided after hypoxic

exposures. Results raise the possibility that IH

induces HSC emigration from niches into the cir-

culation, followed by homing and sequestration in

target tissues during posthypoxic recovery. The IH-

induced decrease in blood TNF-α content with

simultaneous increase in IFN-γ could contribute

to the moderation of infectious inflammatory

processes.

One of the key mechanisms of cell damage

during hypoxia and reoxygenation is an exces-

sive production of reactive oxygen and nitrogen

species (ROS and RNS) in mitochondria. ROS

and RNS generation leads to mitochondrial pro-

tein, lipid, and DNA oxidation which impedes

normal mitochondrial physiology and initiates

cellular death pathways [29]. On the other hand,

ROS function as signaling molecules in a variety

of physiological systems [30, 31]. Several

attempts were undertaken to analyze this ques-

tion [20, 32, 33]. It was shown that low levels of

ROS production are protective and may serve

as a trigger for hypoxic adaptations. At the

cellular level, intermittent hypoxia leads to

reprogramming of mitochondrial metabolism

that ensures adequate ATP generation and

prevents adverse consequences of excess mito-

chondrial ROS generation. These metabolic

adaptations are due to hypoxia-inducible

factors 1 and 2 (HIF-1 and HIF-2) transcrip-

tional regulation of glycolytic enzymes, mito-

chondrial electron transport chain components,

and other metabolic enzymes [8, 34]. Recent

studies have shown that HIF-1 and HIF-2-

regulate the expression of gene products with

opposing functions that regulate the redox state

[16]. For instance, HIF-1 regulates the expres-

sion of prooxidant enzymes, including NADPH

oxidases, whereas HIF-2 regulates the expres-

sion of antioxidant enzymes.

In our lab, Drevytska et al. [35] investigated

the role of another subunit – HIF-3α – in adapta-

tion to IH and physical load. It was shown that

this subunit plays a negative role in the adapta-

tion to hypoxia. HIF-3α mRNA expression

increased sharply under acute hypoxia in the

heart, lung, and kidney but did not changed

after a 5-week IHT. Inhibition of HIF-3α expres-

sion led to an increase in physical endurance.

Thus, every HIF subunits plays different role

in response to hypoxic load. It seems that

the investigation of their ensemble functioning

under different IH modes (depth, duration, and

intermittence) could explain the mechanism for

switching adaptive or maladaptive cellular and

systemic responses to hypoxic impact.

One of the new directions in the investiga-

tion of hypoxic adaptations is epigenetics –

heritable modifications of DNA that do not

involve changes in the DNA primary sequence

[16, 36, 37]. Epigenetic mechanisms can deter-

mine whether a gene is activated or silenced.

These studies seem to be very promising in this

rapidly emerging area.

While all the abovementioned fundamental

studies provided important insights into

mechanisms of HIF activation by hypoxia, they

cannot answer as yet practical question on what

dose and regimen of hypoxic impact could be

mostly beneficial for animals and humans.

Use in Clinical Practice

To the present days, intermittent hypoxic training

(IHT) has been used extensively for altitude pre-

acclimatization, for treatment of a variety of clinical

disorders, and in sports.Wide spectrumof protocols

for IHT is represented now in literature showing

both beneficial and detrimental effects. Beneficial

results were shown for treatment and prophylaxis of

numerous disorders in pulmonology (chronic

obstructive diseases, bronchial asthma, chronic rhi-

nitis, etc.), cardiology (ischemic heart disease,

hypertension, cardiosclerosis, etc.), hematology

(hypoplastic and iron deficiency anemia,

postradiation hematological disturbances, etc.),

neurology (functional neurological disorders,

Parkinson’s and Alzheimer’s diseases, neurosis,

syndrome of autonomic dystonia, diabetic neuropa-

thy, psychosomatic disorders), diabetes mellitus,

obstetrics and gynecology (juvenile bleedings,

toxicosis of expectant mothers, pathology of

climacteric period, etc.), gastrointestinal diseases

(gastroduodenitis, peptic ulcer), professional
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diseases (pneumoconiosis, vibration- and dust-

induced pathology, acute and chronic intoxication,

etc.), postradiation disorders of the immune system

and male reproductive system, and many others. In

this mini-reviewwe cannot mention all spectrum of

papers devoted to this problem. The interested

reader is referred to several reviews and

monographs [3, 4, 37–39 and many others]. Much

literature may be found on the websites www.

go2altitude.com and www.bionova.ru. Here we

mention just some last publications.

IHT clinical applications are clearly presented

by S. Basovich in his last review, 2013 [40].

Among others, he described beneficial results of

IHT application for treatment of bronchial asthma,

chronic obstructive pulmonary disease, and hyper-

tension; to correct abnormalities during pregnancy;

in epilepsy treatment; for preparation of patients to

surgery to increase nonspecific resistance, etc. The

efficacy of IHT was demonstrated for improving

male subfertility and other andrological disorders

[41]. Intermittent hypoxia protocols may be devel-

oped for treatment and prevention of osteopenia

and osteoporosis [42, 43].

Recently, a new mode of adaptive training

was explored, which combines periods of hyp-

oxia and hyperoxia [44–46]. A novel principle of

short-term periodic adaptive training by varying

the oxygen level from hypoxia to hyperoxia is

substantiated both theoretically and experimen-

tally. Studies support the viewpoint that moder-

ate periodic generation of free radical signal

during hypoxic/hyperoxic bouts causes better

induction of antioxidant enzyme protein synthe-

sis than hypoxic/normoxic exposures that may be

an important trigger for specific adaptations.

Another new direction in IHT application is

developing during the last years: hypoxic

postconditioning [47–51]. While preconditioning

is induced before stroke onset, experiments

on animals have shown that ischemic

postconditioning performed after reperfusion

attenuates brain injury. Clinical investigations tes-

tify on cardioprotective impact of postconditioning

in patients with acute myocardial infarction and

cardiac surgery patients.

Some works are devoted to the application of

hypoxic-hypercapnic or intermittent hypercapnic

treatment to clinical practice. This question is

elucidated in the review of Pokorski and

Serebrovskaya [52]. The effects of hypercapnia

are somewhat surprising. CO2 is a recognized vaso-

dilator of myocardial blood vessels; it is capable to

substantially increase cerebral blood flow leading

to increased tissue oxygenation. Hypercapnic aci-

dosis may have a beneficial effect in its own right

in severe respiratory conditions and may, paradox-

ically, be helpful in patients with organ failure due

to ischemia-reperfusion-related cellular injury.

That brings us to the use of “therapeutic hypercap-

nia,” a purposefully increased inspired CO2 con-

centration to achieve some beneficial health

effects. Hypoxia and hypercapnia, used in tandem,

may strengthen the curative effects of either. So,

intermittent hypercapnia seems an obvious area of

future research focusing not only on the

mechanisms of long-term potentiation and synaptic

plasticity in the brainstem respiratory network but

also on the health-related applicability of this kind

of respiratory strategy. The controversies that sur-

round the use of therapeutic hypercapnia uphold

research interest. The potential of intermittent

hypercapnia is just starting to be realized and hope-

fully will be further explored.

During the past few years, numerous debates

about the ethical evaluation of diagnostic and

therapeutic use of hypoxia in humans are raised.

Although the works devoted to this problem

obtained the approval from the Human Research

Ethics Committees, there is the lack of evidences

about strong evaluation of risk/benefit ratio. The

analysis of such ratio and the creation of

standardized guidelines for hypoxic treatment/

training application are complicated due to the

differences in criteria for individual dosage

and utilized methods. One of the attempts to

solve this problem was made by applying a new

mathematical method – “Method of Expert

Assessing Scales” (MEAS) – for the estimation

of IHT application safety in human practice [53].

MEAS dilates capabilities of traditional probabi-

listic safety assessment and allows determining

the danger degree at the most early stage of its

development and fulfilling well-timed actions for

danger prevention. It includes the description of

(a) hazard causal factors, (b) situations as a set of
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values of causal factors, (c) influences of separate

factors on the origin of basic events, and (d) joint

influence of factors on basic event probability.

The methodology provides the forming of the

system of indexes characterizing the risk of

IHT-negative effects and determination of legiti-

mate value scopes for basic physiological

parameters, creation of the classification system

allowing to set human individual cardiorespira-

tory reactivity, and development of proper IHT

regimen for every class of reactivity.

But this is just one of the first steps which is far

from the elaboration of concrete methodic

recommendations. Mode of hypoxic influence

(depth, duration, and intermittence) appeared to

be critical for the determination of beneficial or

detrimental effects of IHT. Low doses of hypoxia

might not be sufficient stimuli to mobilize adaptive

mechanisms, while severe or prolonged hypoxia

may provoke dangerous pathological processes.

Meanwhile, in practice hypoxic regimens which

are used for the study of hypoxic adaptations vary

broadly from 3 to 12 short hypoxic sessions

(2–10 min) with 2–20 min normoxic breaks during

7–30 days to hypoxic influences lasting from 1 to

12 h during 2–90 days. In our lab, we compared the

effects of the five most spread modes of IHT on rat

gastrocnemius muscle PO2 and heart and liver

mitochondrial respiration [54]. Minutes of

hypoxia, % O2, and recovery minutes on air in

each mode were (1) 5, 12 %, 5; (2) 15, 12 %, 15;

(3) 5, 12%, 15; (4) 5, 7%, 5; and (5) 5, 7%, 15. Our

experimental data indicated that among 5 tested

modes of IHT, optimal hypoxic dose for muscle

oxygen supply is 5-min breathingwith 12%O2 gas

mixture and 5-min breaks (Mode 1), 5–6 times a

day during 2 or 3 weeks. Under such mode, PmO2

dropped minimally to the end of every hypoxic

period and recovered quickly after every hypoxic

set to initial level or even exceeded it. A 2-week

training with this mode raised basal tissue

oxygenation during normoxia and provided higher

PmO2 level during acute hypoxia. Such mode

caused the substrate-dependent reorganization of

liver and heart mitochondrial energy metabolism

favoring NADH-dependent oxidation and improv-

ing the efficiency of oxidative phosphorylation.

However, we must take into account that all

these beneficial results were obtained on rat

models. Are we ready to propose this as a clinical

therapeutic method? More rigorous studies need

to be provided in the near future on patients with

several diseases. Besides, in actual human prac-

tice including sports and military applications of

hypoxic training [55], the IHT regimen (the

degree of hypoxia, exposure duration, and num-

ber of sessions) could be also titrated to the

mission requirements, such as the operational

target altitude, risk of developing acute mountain

sickness, or anticipated physical activity levels.

Basic investigations led to the proliferation

of various methods of IHT exposure and the

development of different medical equipment –

hypoxicators – for its implementation in sport

practice and military operations and also for

clinical application [56].

In conclusion, intermittent hypoxic treat-

ment/training represents a promising field of

study in prevention and treatment of many

diseases. The proper choice of the hypoxic

dosage depending on individual’s reactivity

must be titrated for each patient to avoid nega-

tive effects of hypoxia and to augment the

favorable properties. We can envisage a bright

future for individualized IHT, which may play

a significant role in the fast-developing field of

personalized preventive medicine against vari-

ous human diseases.
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